
Optical velocity measurements in
the ocean using a remote
operated vehicle (ROV)

Thea Josefine Ellevold
Master’s Thesis, Spring 2020



This master’s thesis is submitted under the master’s programme Mechanics, with
programme option Mechanics, at the Department of Mathematics, University of
Oslo. The scope of the thesis is 60 credits.

The front page depicts a section of the root system of the exceptional Lie group E8,
projected into the plane. Lie groups were invented by the Norwegian mathematician
Sophus Lie (1842–1899) to express symmetries in differential equations and today
they play a central role in various parts of mathematics.



Optical velocity measurements in the ocean
using a remote operated vehicle (ROV)

BY

Thea Josefine Ellevold

Mechanics

60 credits

Faculty of Mathematics and Natural Science
University of Oslo





Abstract

The aim of this thesis was to design a low-cost setup that can perform
optical velocity measurements in the ocean by a remote operated vehicle
(ROV). A variety of traditionally in-situ measurements are already in use
in different research fields to measure the water motion and characteristics.
Still, the data obtained are often limited by only managing to record
data at a fixed point or points along a single profile. Thus, the primary
object was to construct a setup that can measure the two-dimensional
instantaneous velocity field within a given sample area. A vital component
of the design generates air bubbles to be utilized as tracer particles
to visualize the water’s motion in the sampling area. A thorough
investigation of the bubbles dynamic was performed to investigate the
bubbles’ ability to be used as tracer particles. The results show that
the bubble characteristics and dynamics are influenced by numerous
parameters, such as the bubble generators’ materials, how the bubble
holes are generated, and the amount of airflow rate applied. The results
show that air bubbles can be utilized as tracer particles when they are
small, spherical, and experience a low drag force, but further validations
and examinations of the bubble systems should be conducted. The
variation of bubble dynamic from system to system makes it challenging
to create a general prediction between the bubbles’ terminal velocity and
size.

Implementing the measuring technique in the ocean will hopefully
contribute further to understand the relationship between ice and
the water. Hence, to further evolve the mathematical models and
understanding of the air-ice-ocean systems’ energy exchange. This
knowledge will, for instance, provide better weather and current forecasts
in the north that is needed due to the increasing development of
human activities and offshore operations when the ice retracts even
further north. Qualitative field studies have been conducted at Svalbard.
Here the methodology was placed in ice-water interaction and floe-floe
interactions. Even though the ROV encountered some problems in the
harsh environment, the measurement technique was successfully deployed
in the ocean. Throughout the field works, we could observe that the
bubbles manage to capture the water’s motion. Processing the results
obtained during field works in not a part of this thesis, but should be
carried out in the future.
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CHAPTER 1

Introduction

Experiment is the only means of
knowledge at our disposal.
Everything else is poetry,
imagination.

Max Planck

Interactions between waves and sea ice are vital mechanisms in the Arctic.
Sea ice is an essential factor in the global climate concerning the air-ice-ocean
system’s energy exchange [42]. In recent decades, sea ice is declining and is
moving further north, allowing for more human activities where there is now
more open water. Broken ice and icebergs accelerated by waves constitute a
risk to human and offshore operations in the polar regions. We have too little
knowledge of the unique interaction between waves, ice, sea, and the atmosphere.
Gaining this knowledge will provide insight into developing mathematical
descriptions of, for instance, the wave-in-ice dynamics [5].

1.1 Motivation

Observation over the past 50 years shows a decline in the Arctic sea-ice
extent and that the decrease is likely to continue [43]. The reduction of
sea−ice has led to increased human activities in the region, which requires
improving their safety. To ensure better security for human operations and
structures, the meteorologists need to improve the weather and the ocean’s
current forecasts. Wind, ocean currents, penetration of surface waves below
the ice, forces transmitted within the ice cover itself, etc., causes the sea-ice
to be in constant motion [28]. Investigations of waves propagating into ice-
covered water have been of increasing interest over the last decade to enhance
the understanding of how the ice breaks up, and where the energy progresses.
Waves can destroy relatively large solid drift-ice areas in just a few hours,
resulting in broken ice. Broken ice has a less insulating capacity than solid ice,
which increases the energy exchange between the ocean and the atmosphere [7,
27]. The resulting outcome is that the ocean affects the atmosphere and the
weather. Therefore, it is essential to describe the relationship between ice, sea,
waves, and the atmosphere, to create better weather models and sea models
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1. Introduction

in the north [17]. Additionally, this will also result in an improvement of the
ice-chart and the predictions on where ice-floe and icebergs will travel.

This thesis is an effort to provide and design a setup to perform optical
velocity measurements in the ocean using a remote operated vehicle (ROV).
Though, we want to measure the instantaneous two-dimensional velocity field
within a sample area. Implementing the measuring technique in the ocean will
hopefully contribute further to understand the relationship between ice and the
water, as described above.

1.2 Previous work

To investigate the propagation of waves in ice-covered water, ice and water
characteristics and interaction, energy dissipation and wave attenuation, etc.,
a variety of in- situ measurement methods have been used for this purpose.
The instruments can rely on a variety of sensors allowing direct measuring of
water motion, ice motion, and other characteristics for the purpose needed.
Measurement method such as Acoustic Doppler current profiler (ADCP) has
been used for measuring the water column velocity profile below the ice in
[25]. Hence, to collect data to investigate characteristics of under-ice currents
and energy dissipation rate of waves propagating below continuous ice cover.
Other measurement methods are Acoustic Doppler velocimeters (ADVs) [26],
Inertial Motion Units (IMUs) [18, 37], Conductivity-Temperature-Depth (CTD)
[11, 26], and accelerometers [22, 46]. However, the data collected with those
instruments are limited in several ways. One of the difficulties is that they
record a time series of the velocity at a fixed point or points along a single
profile. A proposed technique using two sensors to measure the turbulent shear
stress in the presence of surface waves is presented in [45]. The article illustrates
the advantage of measuring the velocity at multiple points.

Two non-intrusive optical measurement techniques to investigate the velocity
field of an entire region within the flow simultaneously, are particle tracking
velocimetry (PTV) and particle image velocimetry (PIV) [15, 36, 38]. PIV and
PTV systems have been applied successfully in-situ in recent years, to investigate
the turbulence in the coastal ocean [31]. An implementation of an enhanced
submersible PIV system was developed in [32] to be implemented at the bottom
of the coastal ocean to conduct a two-dimensional turbulence measurement
in the bottom boundary layer. Tracer particles used in the investigation are
plankton and sediment floes, i.e., naturally occurring particles. Even tough
PIV/PTV systems have been implemented on the coast, there is a lack of
implementing such measurement techniques in the polar region to investigate
the velocity field of an entire area within the flow simultaneously near ice-water
interaction.

In [14], they conducted a study of visualizing large-scale flow using synthetic
aperture PIV with small air bubbles as tracer particles to measure the flow
around a swimmer. Bubble flow, bubble dynamic, and bubbles practical
importance in both nature and industrial applications have been studied
numerous, e.g. [20, 23, 30, 40].
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1.3. Research questions

1.3 Research questions

As described earlier, there is a lack of wave-ice interaction theory, mathematical
models, and implementation of measurement methods to study the velocity
field of an entire area simultaneously in the ocean. Hopefully can this thesis
contribute to developing a methodology to be utilized in-situ in the sea and
in polar regions to obtain a more detailed picture of the fluid dynamics, for
instance, in the ice−water interaction. New tools are needed be developed to
conduct a feasibility study on using optical measurement techniques such as
PIV and PTV in harsh, dangerous, and remotes areas. In this thesis, we want
to design a low-cost particle tracking system that can be implemented in-situ
in the harsh environment near or below the ice in the Arctic to investigate the
ice-water interactions. In standard PIV/PTV technique, it is common to seed
the flow with small, passive tracer particles in the area of interest to visualize
the flow motion. Still, seeding in this manner is too tricky and arduous to
accomplish in the field. To seed particles in remote areas, such as below the ice,
an arrangement of a bubble generator hose implemented on a grid is designed.
The system can then be placed in remote areas. An open-source remotely
operated vehicle (ROV) is assembled to function as an optical instrument to
record the two-dimensional velocity field represented by the rising air bubbles.
Two different bubble generators are produced in two different ways. The primary
aspect of this thesis is to investigate and validate how the air bubbles produced
can be utilized as tracer particles. The validations of the bubble generators
are examined experimentally in a small water tank and the big wave tank in
the Hydrodynamic laboratory at the University of Oslo. By performing PTV
on bubbles released in stagnant water, we can investigate the bubble dynamic
related to the bubble radius, Reynolds number, the drag coefficient, and the
terminal velocity of the bubbles. A regular wave field is provided in the big
wave tank with three different frequencies and three different amplitudes. This
is to investigate the bubbles’ ability to represent the velocity field below wave
crest. By measuring the surface elevation of the waves and tracking the bubbles
to get the velocity profile below the crest, we can compare the results with
theoretical values.

Experimental data from field work are relatively sparse due to the harsh and
dangerous environment for both researchers and instruments. Two qualitative
field studies are conducted in this thesis, where the goal is to test the
implementations in ice-water interaction and floe-floe interaction.
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1. Introduction

1.4 Outline

The outline of this thesis is as followed,

Chapter 2 presents an introduction of bubble dynamic and essential parame-
ters used in this thesis when validating the bubbles. This includes a short outline
on how to estimate the drag force on the bubbles, the drag coefficient, and the
terminal velocity to rising bubbles. The parameters and calculations presented
here are used when comparing experimental results to theoretical predic-
tions. Several complex phenomena concerning bubble swarm flow and dynamics
are not discussed, since we only consider the motion and forces of single bubbles.

Chapter 3 contains the methodology of the thesis, and the chapter is
divided into six sections. The first sections present a summary of the two
particle tracking methods used in this thesis. In the second part, the design
and the setup of the measurement technique are outlined. This includes a
description of the ROV, the bubble generators, and how the experimental
setup is designed. The third, fourth, and fifth sections contains the validations
of the methodology. The validation is performed in two different experi-
mental configurations. Each validation is thoroughly explained and includes
the experimental setup, method, and the results obtained in that validation.
In the last section, the discussion of the results from the validations is presented.

Chapter 4 contains the two qualitative field works conducted in this the-
sis, where the methodology is tested out in-situ. The chapter includes the
experiment setups and methods, locations of the field works, and challenges on
conducting field work in harsh environments.

The final conclusion and further work are presented in chapter 5.
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CHAPTER 2

Bubble physic

If you cannot explain it simply,
you do not understand it well
enough.

Albert Einstein

I started this incredible journey thinking and believing that such a small
gas particle, as an air bubble, was something uncomplicated to understand and
almost too elementary to use for our purpose. A curtain full of air bubbles to
tell a story of something so majestic and grand like fluid motion. It sounded
both unchallenged and trouble-free at the same time. When time passed, and I
immersed myself in the topic of bubble physic and dynamics, I realized that
my expectations and beliefs were entirely wrong. My curiosity to learn and
investigate grew as a result.

In both nature and industry are bubble flow both a natural physic process
and of fundamental importance. As a result of their wide application and
significant practical importance, many studies and investigations have been
conducted over decades [20, 23, 30, 40]. However, there are still many important
questions that are still under investigation. For example, the complexity that
expands around the interface that separates the gas and the liquid makes this
field far from finished. This chapter will give an introduction to the bubble
physic and dynamic, a description of the rise of a bubble, and some of its
characteristics. Several complex phenomena concerning bubble swarm flow and
dynamics are not introduced when we only consider the motion and forces of
single bubbles.

2.1 Introduction

The term particle is widely used in many areas and does not necessarily mean
the same. Even though it is the phenomena and process between the particle
and the surrounding fluid that is of interest, the term particle can be defined
quite differently depending on the field of interest. In this thesis, a particle
is presented as an air bubble. They are self-contained bodies with a complex
interface separating the body from its surrounding medium. The material
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2. Bubble physic

forming the body is often referred to as the dispersed phase, and a particle is
characterized as a bubble when the dispersed phase is a gas [6].

To understand the velocity field underneath an ice cover with the help of a
multiple-particle system, we need to break down the system into single bubbles
and study their behavior. To investigate their behavior, we are focusing on
their bubble characteristics such as radius and shape, Reynolds number and the
drag coefficient, and their terminal velocity. Property differences between the
bubble and the liquid, such as density difference, is also an important factor to
examine how its changes the characteristics of the bubble [10, 20].

2.2 Bubble dynamic

In [6], [21] and [3] they explains that the motion of gas bubbles varies con-
siderably with the Reynolds number. Hence, in the following, we shall look
at the bubble motion in the moderate Reynolds number regime. This means
that we are looking at Reynolds number from 1 to 700. In this regime, we can
assume that the shape of the bubble remains unchanged and can be considered
spherical. When the Reynolds number enters the next regime, Re = 700 to
4500, the bubble loses its spherical shape. A non-spherical bubble presents
problems that are more complex than those arising for spherical bubbles.

When the diameter of the bubble increases, the Reynolds number increases
rapidly, and the boundary layer theory becomes applicable. The boundary
layer is the region in which viscous diffusion of vorticity is significant [3]. When
examining the motion of the liquid near the surface of the bubble, i.e., near the
gas-liquid interface, any tangential motion of the fluid in the interface is possible,
which means that the tangential velocity component does not become zero.
In flow past a bubble, the stress tensor’s tangential components must remain
continuous at the phase interface. Viscous effects should become significant in a
thin boundary layer near the bubble surface. The viscous forces establish that
the tangential velocity at the surface of the bubble will be constant, but do
not assure that it is zero. Only the normal velocity components on the surface
vanish. The constancy of the tangential velocity affects the derivative of the
velocity, but not the velocity of the moving liquid itself. Therefore, the change
in the velocity distribution near the bubble’s surface and the difference of this
distribution from that of an ideal liquid flowing past a sphere is less pronounced
than in the case of flow past a solid sphere. This allows us to assume that the
velocity distribution, in the case of flow past a gas bubble, is relatively little
different from the velocity distribution of an ideal liquid. In [21], he states that
at a certain angle at the surface of the bubble, a separation phenomenon occurs
due to a sharp increase in the tangential velocity component. A turbulent flow
appears in the region of separation, and a turbulent wake appears behind the
bubble. The variations of pressure distribution in the liquid over the bubble
boundary layer due to motion tend to distort the bubble. Still, observations
show that the distortion is small for bubbles with radii up to about 0.05 cm.
We shall, therefore, assume that the boundary layer does not separate from
the bubble surface and that the internal motion of the gas does not affect the
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2.2. Bubble dynamic

liquid motion. Under the assumed condition, the vorticity is confined to a thin
boundary layer at the bubble surface and a narrow axisymmetric wake. The
irrotational flow outside this region is approximately the same as if the liquid
were wholly inviscid. For a spherical bubble with radius a, is moving with speed
U through a fluid at rest at infinity, the flow outside the boundary layer and
the bubble’s wake is given approximately by the velocity potential

φ = −1
2V a

3 cosθ

r2 (2.1)

where r and θ are spherical polar coordinates with origin at the instantaneous
position of the centre of the sphere[3].

To estimate the drag force, D, on the bubble in a steady motion, it is not
necessary to analyze the flow in the boundary layer. This is because the rate
at which buoyancy forces in the bubble do work, viz. UD, must be equal to
the total rate of dissipation in the liquid. This can be determined from the
irrotational flow alone. In the present circumstances of irrotational flow the
rate of dissipation in a volume of fluid V bounded by the surface A is

µ

∫
∂2

∂xi∂xi
( ∂φ
∂xi

)2dV = µ

∫
n · ∇( ∂φ

∂xi
)2dA (2.2)

The normal vector n is directed out of V . The integral of n · ∇( ∂φ∂xi
)2 over the

outer boundary of the liquid at infinity is zero. The drag on the bubble is then
given by

UD = −µ
∫ π

0

[
∂

∂r
( ∂φ
∂xi

)2
]
r=a

2πa2sinθdθ (2.3)

(2.4)

By using the motion given by the velocity potential equation (2.1), the
calculation becomes

UD = −µ
∫ π

0

[
∂

∂r
(U

2a6

4 ( ∂
∂r

cosθ

r2 + 1
r

∂

∂θ

cosθ

r2 )2)
]
r=a

2πa2sinθdθ

= −µ
∫ π

0

[
∂

∂r
(U

2a6

4r6 (4cos2θ + 4cosθsinθ + sin2θ))
]
r=a

2πa2sinθdθ

= 12µπU2a

∫ π

0
(sinθcosθ + cosθsin2θ + 1

4sin
3θ)dθ

= 12µπU2a

∫ π

0
( 7
16sinθ + 3

16sin3θ + 1
4cosθ −

1
4cosθ)dθ

= 12µπU2a

[
− 7

16cosθ −
3
48cos3θ + 1

4sinθ −
1
12sin3θ

]π
0

= 12µπU2a (2.5)

This gives us a relation for the drag force

D = 12µπUa (2.6)
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2. Bubble physic

From this, the corresponding drag coefficient becomes

CD = D
1
2ρU

2πa2

= 12µπV a
1
2ρU

2πa2

= 48
Re

(2.7)

To find the velocity of a rising bubble, [21] states that when having Re < 650,
turbulence resistance has no substantial effect on the overall resistance during
the motion of the bubble. Therefore the velocity of the bubble moving under the
action of gravity alone can be determined, where the drag force is equal to the
difference between the weight and the buoyancy force given in equation (2.8).

4(ρw − ρg)πgr3

3 = 1
2ρwV

2
TACD (2.8)

where A = πd2

4 is the frontal area of the bubble where d is the diameter of
the bubble. The terminal velocity is now denoted by VT , g is gravity, r is the
bubbles’ radius, ρg is the density of the gas and the density of water is denoted
ρw. By rearranging equation (2.8) for the terminal velocity VT we get

V 2
T = 8(ρw − ρg)gr

ρwCD
(2.9)

With the drag coefficient given in equation (2.7), the terminal velocity
becomes

VT = 1
9

(ρw − ρa)gr2

µw
(2.10)

where µw is the dynamic viscosity of the water.
In [6], they present a second prediction of a drag coefficient which they

conclude with should present a good fit to a numerical prediction of the drag
on a spherical bubble, and is given as

CD = 14.9Re−0.78 (2.11)

Inserting equation (2.11) into equation (2.9), the terminal velocity to the bubble
becomes

VT = 0.38
(

(ρw − ρa)gr1.78

µ0.78
w ρ0.22

w

) 1
1.22

(2.12)

For further simplicity to refer back to these equations later in the thesis,
the drag coefficient in equation (2.7) will be referred to as CD1 , whereas the
drag coefficient in equation (2.11) will be assigned to as CD2 . The terminal
velocity in equation (2.10) will be referred to as VT1 , and the terminal velocity
in equation (2.12) will be assigned to as VT2 .
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CHAPTER 3

Methodology

This chapter presents the core of the thesis. The chapter is divided into six
sections to provide a sufficient overview, where each part will be thoroughly
explained. Section 3.1 presents the two particle tracking methods − Particle
Image Velocimetry (PIV) and Particle Tracking Velocimetry (PTV) − utilized
in this thesis. When processing our data with PIV, we are using an in-house
HydrolabPIV code developed at the University of Oslo by Jostein Kolaas [19],
whereas for PTV, we are using DigiFlow [8]. In section 3.2, we present the
design of the measurement technique. This section will give an insight into how
the remote operated vehicle (ROV), along with the bubble generators, are build
and assembled. This methodology is then validated in two different methods in
the Hydrodynamic Laboratory at the University of Oslo and will be presented
in section 3.3, section 3.4 and section 3.5. The method and experimental setup,
the post-processing, and the results from each validation will be given in its
respective segment. The discussion of the results from section 3.4 and section 3.5
will be provided in section 3.6.

3.1 Particle tracking

One of the main goals and maybe the most significant challenge within
experimental fluid mechanics is to investigate flow field characteristics. To
visually represent the fluid motion and the fluid field characteristics, Particle
Image Velocimetry (PIV) and Particle Tracking Velocimetry (PTV) are the
two most popular measurements technique used [44]. PIV makes it possible to
reconstruct the velocity field, whereas PTV tracks the motions of each individual
particle between the images. Both measurements rely on comparing images
that are separated by a short time, ∆t, taken off the flow seeded with, for
instance, passive tracer particles [8, 35]. It is the motion of these particles that
are measured.

The two following subsections will give a short introduction to PIV and
PTV, and how these measurements techniques are designed to work. When
processing our data with PIV, we are using an in-house HydrolabPIV code
developed at the University of Oslo by Jostein Kolaas [19], whereas for PTV,
we are using DigiFlow [8].

9



3. Methodology

3.1.1 Particle Image Velocimetry

A common way to measure the flow field characteristic is to use a quantitative
imaging (QI) technique called Particle Image Velocimetry (PIV). There are
various ways to implement and utilize PIV. PIV relies on comparing images
that are separated by a short time, ∆t, taken of the flow to extract the velocity
field. For example, you can have a single frame with double exposure or a
single frame with multiple exposures based on auto-correlation analysis. Other
implementations are multiple frames with a single exposure or multiple frames
with multiple exposures, which are cross-correlation based [1, 19, 44]. The
implementation discussed and used in this thesis is multiple frames with single
exposure with cross-correlation analysis.

A great variety of seeding particles are available for the study of fluid motion
[29]. The most common seeding particles used in the study of fluid velocity are
very small tracer particles or passive tracer particles. The reason for choosing
passive tracers is that they are assumed neutrally buoyant with respect to the
fluid flow, in the sense that they have a negligible influence on the deduced
velocity field [13]. Important parameters that affect the particle capability to
follow the fluid motion is the density ratio between the fluid and the particle,
the shape (preferable spherical) and the size (small diameter) of the particle.
To ensure neutrally buoyancy, the particle should have a similar density as the
fluid. This is why particles used in experiments performed in water usually
have a density ρ ≈ 1000 kg/m3 [13, 29]. To be able to seed the ocean with
these types of particles can be demanding in terms of managing to maintain
and arrange a proper seeding distribution in the whole field of interest. A part
of the new methodology is to use air bubbles as tracer particles. Section 3.2.2
will give a thorough description on how to use bubbles as tracer particles.

The tracer particles need to be illuminated to be detected by the camera(s).
The conventional way is to use a light sheet that is thin orthogonal to the plane
of motion and wide enough in the other two directions to illuminate the area of
interest [44]. To capture the movement, camera(s) pointing to the field of view
collects images of the tracer particles when they pass through the light sheet.
The image pair is collected with a known ∆t. To find the average velocity, the
optimal match displacement of the pattern is divided by the known ∆t.

In order to find the Eulerian description of the velocity field and to find the
cross-correlation, the images are divided into sub-windows. The length and
width of the sub-windows are N = 2n, where n is an integer. See figure 3.1.
Letting the sub-windows overlap makes more particles part of the calculation,
but errors can be introduced, such as oversampling if the overlap is too high.
The limits of the search range set the maximum displacement of the particles.
This range is usually set to be one-third of the sub-window size, which implies
that we do not assume a displacement bigger than N/3 in either direction.

The cross-correlation function is defined in equation (3.1), where CC is the
cross-correlation between the sub-windows F1 and F2. Within the sub-window,
i,j is the pixel location of the particle [44].
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3.1. Particle tracking

Figure 3.1: Particles (red) found in the first frame, is pattern recognized with
particles (blue) found in second frame, within the sub-window (rectangles) to
find the displacement.

CC(s, t) = 1
N2

N∑
i=1

N∑
j=1

F1(s, t)F2(i+ s, j + t) (3.1)

The size of the sub-window is also related to the issue of resolution. When
having bigger sub-windows, the cross-correlation peaks are more correlated,
and the peaks are more pronounced than when having smaller sub-windows.
This can result in that the cross-correlation peaks may become ambiguous, and
the uncertainty increases. To reduce this uncertainty, we need to introduce a
sub-pixel estimation. When having sub-pixel estimation, one significant and
severe error that can occur is peak-locking, which is a bias effect towards integer
pixel displacement. This occurs if the cross-correlation peaks now become
too narrow that the sub-pixel resolution is lost. To avoid this error, the pixel
diameter of the particle must be at least 2-3 pixels [39].

To get any physical quantitative information, the coordinate system in pixels
must to be converted to real world coordinates. The most basic transformation
is a linear transformation that includes rotation, scaling, and translation. A
linear transformation is not always an adequate mapping. If the camera is tilted
or the lens has a fish-eye effect, a cubic transformation, which is non-linear, can
be applied to describe the mapping [19].

3.1.2 Particle Tracking Velocimetry

The second QI technique is Particle Tracking Velocimetry (PTV). The setup of
PTV is the same as PIV regarding particle tracers, light source, and camera(s).
Instead of visualizing the flow through pattern recognition, PTV identifies and
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3. Methodology

tracks individual particles through space and time (Lagrangian). This is a more
fundamental technique to visualize the fluid flow than PIV [8]. Working with
image sequences enhances the accuracy in estimating the location of a particle
at given times. When the spatial localization is higher, this also leads to an
improvement of the particle’s velocity. The accuracy of location depends, in
turn, on the particle size, the bit depth and quality of images, and the method
used to determine their positions [8, 39].

The following description of the two-dimensional particle tracking technique
is utilized in DigiFlow. To get an accurate, robust, and efficient method
of getting the best result in locating the particles, DigiFlow is built on the
experience from DigImage [8, 9]. To locate the particles, thresholds requirements
regarding the particle’s intensity and other characteristics are set in the program.
When the threshold is satisfied, the particle that is found is determined and
compared against a set of characteristics requirements. These requirements
determine if the particle found is a particle. To track each particle when all the
particles have been accounted for in the image, they need to be related back
to the previous image. For further simplicity, the particles located in t = tn
is referred to as pi (i = 1 to N) and particles located in t = tn+1 is referred
to as sj (j = 1 to M). Each particle (pi, sj) detected is also assigned some
characteristics and various desired information. Some characteristics are given
in table 3.1. To match the particles, the parameters such as intensity, size,
tracking history, etc. are compared. If the characteristics and information at
i, j is equal or within some given thresholds, then pi at time t = tn is the same
particle as sj at time t = tn+1. Additional cost parameters can also be applied
when the particles are compared. See [8] for more information.

Table 3.1: A few particle characteristics assigned each particle located in
DigiFlow.

Particle characteristics
Boundingbox
Volume Intensity
Area nEdgePoints
Volume-weighted-RMS Area-weighted-RMS
Volume-weighted-correlation-coefficient Area-weighted-correlation-coefficient

A strong factor around PTV is that PTV is less vulnerable to bias error if
the seeding of the flow is inhomogeneous. This is particularly important if the
measurements in done near, for instance, a wall [39].
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3.2. The design

3.2 The design

Our goal is to design a low-cost particle tracking system that can be implemented
in the ocean and in harsh and remote areas. With this setup, we desire to
be able to perform optical measurement of the water’s velocity. Compared
to traditional measurement methods, as mentioned in chapter 1, we want to
obtain a two-dimensional velocity field of the sample area. Instead of seeding
the fluid with traditionally rigid spheres, the choice of tracer particles is a
curtain of air bubbles to be implemented in the field of interest to obtain the
water’s motion. To illuminate the bubbles in-situ, the solution presented is
front-lighting illumination. This solution provides illumination without the
need for a standard light sheet.

In this section, we present the remote operated vehicle, the bubble generators,
and how they are combined.

3.2.1 Remote Operated Vehicle

A Remote Operated Vehicle (ROV) is an underwater robotic diver that allows
the vehicle’s operator to remain, for instance, onboard the surface vessel or on
the ice. At the same time, the ROV performs operations in any condition and
environment below the surface. ROVs are often classified in terms of size and
application. We are going to use a small ROV for the implementation of being
the camera and the illumination source in our particle tracking setup.

The author and colleagues assembled the ROV that was delivered from JM
Robotics [16] as a kit. The ROV is a high-performance BlueROV2 with a heavy
configuration setup and open-source software [4, 16]. We choose to include
the heavy configuration setup kit to increase the stability and precision of the
vehicle’s performance in the water. This setup consists of an eight-thruster
configuration instead of a standard structure that only includes a four-thruster
setting. The eight-thruster configuration also provides full six-degree-of-freedom
control. The design of the ROV is robust and straightforward. Figure 3.2 a and b
shows two essential steps in the construction process, where the main electronics
are installed, and the couplings of the thrusters are almost finished, respectively.
Figure 3.2 c shows the finished assembled ROV. The open frame that carries
all the electronics, lights, camera, thrusters, ballast weights, buoyancy foam
and the battery enclosure is sturdy. It protects all the crucial parts from being
damaged in the harsh environment that the Arctic is famous of. Figure 3.3
shows the locations of the different parts of the vessel.

We got to know how the system’s components work and how everything
fits together during the assembly. With this knowledge, it was easier to make
improvements and adjustments that suites the ROV implementation in the
measurement technique setup. Additionally, to be able to repair the ROV if
some parts get damaged during experiments or field work.

The ROV is physically connected to the surface operator by a tether carrying
and transferring video and data signal between the ROV and the driver’s
computer. A drone flight controller controls the ROV. The drone flight controller
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3. Methodology

(a) The frame is assembled
with the main electronics in
the middle with the camera
in front.

(b) All the thrusters elec-
tronics needed to be con-
nected.

(c) The finished assembled
ROV.

Figure 3.2: Assembly of the BlueROV2 heavy configuration setup.

is running an open-source ArduSub subsea vehicle control firmware. An open-
source QGroundControl (QGC) application on the operator’s computer works
as the user interface that provides a live video stream and various information
on the computer screen. We can additionally change settings and configuration
in QGC, such as the camera settings to adjust exposure, brightness, gain, etc.
to optimize the video in different environments and conditions. The camera is a
wide-angle low-light HD USB camera that has excellent low-light performance,
desirable color handling, and low distortion lens that provides superb picture
quality. These are essential properties when taking a video of small rising
bubbles under different conditions in the ocean.

Four powerful dimmable lumen lights are mounted on in front of the ROV,
as seen in figure 3.3. They can each give up to 6000 lumens, which should
provide a sufficient light source to illuminate the air bubbles. The lights are
connected around the camera, providing an evenly distributed illumination in
front of the camera. Hopefully, this illuminates all the bubbles and makes the
intensity of the bubbles evenly distributed in the field of view, providing the
same light source effect as a standard particle tracking configuration with a
light sheet, as explained in section 3.1.

Technicalities

The size of the ROV is 25.39 cm high, 57.50 cm wide, 45.71 cm long, and weighs
approximately 12 kg.

• Camera mounted on a tilting servo

· Wide-angle low-light HD USB camera. Low distortion (1%) and a
focal length of 2.97 mm.
· 1080p with 30 fps.
· Field of view: 80◦ horizontal, 64◦ vertical
· The tilting servo is a high-quality digital HS-5055MG servo with
metal gears.
· The camera has an H.264 compression chip.

14



3.2. The design

• Lights

· 4 lumen lights attached on the front of the ROV around the camera.
· Dimmable, can give up to 6000 lumens.

• Thrusters

· A eight-thrusters configuration to give a high level of performance
and flexibility when operating the ROV.

• Battery

· 4S6P Lithium-ion battery, 14.8V, 18Ah

• Additional

· 100 meter long Fathom Tether on a Fathom spool, Fathom-X Tether
Interface (FXTI), joystick to control the ROV, laptop (see figure 3.5)

(a) (b)

Figure 3.3: BlueROV2 heavy configuration setup [4]
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3.2.2 Air bubbles as tracer particles

As mention before, a great variety of seeding particles are available for the
study of fluid motion. These particles usually have a similar density as the
fluid to ensure neutral buoyancy. Air bubbles do not have this property. Air
has a quite low density (ρ ≈ 1.2Pa s), and therefore the bubbles will not be
neutrally buoyant when they are in the water. The bubbles’ motion is affected
by numerous properties such as size, shape, Reynolds number, drag force, etc.
Therefore, it is essential to understand the dynamic and physic of the bubbles
to a certain extent (as mentioned in chapter 2) when air bubbles are to be
used as tracer particles, to be able to get high-quality results and an adequate
understanding of the results. To provide this, we need a thorough investigation
and validation of the bubbles and the bubble generators used in the different
experiments conducted in this thesis. Getting a proper validation of the bubbles
is quite demanding since the dynamic of the bubbles’ behavior, as we will
see, differs from system to system. This makes it challenging to develop a
generalized understanding of the movement and rise velocity of the bubbles.
The validation of the bubbles and the bubble systems used are scrutinized and
outlined in section 3.3 .

Air bubble generators

A uniform seeding size and distribution are well desirable and beneficial when
it comes to using bubbles as tracer particles. Two different techniques on
two different materials are used and tested out to generate bubbles with a
small enough diameter to produce spherical bubbles. To easier refer to the
two different bubble generators constructed, they will be referred to as bubble
generator #1 and bubble generator #2. Two different compressors are used to
provide airflow to the bubble generators and will be referred to as compressor
#1 and compressor #2.

Bubble generator #1
The first bubble generator is constructed out of a 6 meter long and slim silicon
rubber hose, shown in figure 3.4a. The holes are generated with a thin needle
with a diameter of approximately 0.3 mm. The distance between each hole is
about 1 cm over a distance of 76 cm measured from the end of the hose. The
end of the tube is sealed with a plug to prevent any air from leaking out.

Bubble generator #2
The second bubble maker is assembled out of two different components. A 5
meter long rubber air compressor hose attached to a 0.52 meter long, narrow
carbon fiber pipe, shown in figure 3.4b. The holes are made by drilling into the
carbon fiber pipe with a 0.1 mm drill. The distance between each hole is 1 cm
over a length of 42 cm and the end of the tube is as well sealed with a plug to
prevent any air from leaking out. The outer diameter of the carbon fiber pipe
is 0.78 cm.
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3.2. The design

(a) Bubble generator #1 consisting of a
slim silicon rubber hose with tiny holes in
one end.

(b) Bubble generator #2 consisting of a
rubber hose attached to a slender carbon
fiber pipe consisting of tiny holes.

Figure 3.4: The two different bubble generators used to produce air bubbles.

3.2.3 Experimental setup

The experimental setup of the measurement technique consists of two different
main parts. One part consists of the implementation of the ROV with its
instruments, as seen in figure 3.5. This includes the ROV with a battery, a
Fathom Tether, the Fathom-X Tether Interface, a laptop, and a joystick. This
structure is the standard setup of the ROV when doing experiments in the
laboratory and doing field work.

The second part consists of the bubble generator, coordinate-system (a
grid), and a compressor. To get the quantitative physical information from the
experiments, we need to implement a coordinate system in our methodology
to be able to convert from pixels to real-world coordinates. The coordinate
system needs to be in the framework where the bubble generator is located.
In a traditional particle tracking setup, the camera and the light-sheet are
fixed in one position through the whole experiment, making it easy to take
a picture of a coordinate system whenever it is suited. In our measurement
technique, the ROV will always be in some movement that will lead to different
distances between the coordinate system and the camera. Therefore, the bubble
generator is integrated at the bottom part of a grid, resulting in always having
the bubble generator and the grid in the same location. Figure 3.6 shows
bubble generator #2 connected to the inner frame in the grid, in-between two
holes. This method makes it possible to change between the bubble generators
and compressors easily. In the same figure, two big bolts can bee seen attached
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Figure 3.5: Setup of the ROV with the ROVs equipment.

to the bottom of the grid. When deploying the methodology in the ocean, the
grid needs to be heavy enough to hang vertically, unaffected by the sea’s motion.

Compressor #1:

· Unknown origin, but is measured to give around 6 bar in pressure.

· Power supply is 230V 1-face.

Compressor #2:

· 1.1 kW ABAC Start O15 oil-free compressor with 1.5Hp. Air flow capacity
of 180 l/min with a 6 l tank and can give up to 8 bar in pressure.

· Additionally a Druck Hydraulic, Pneumatic Digital pressure indicator,
DPI104, is installed between the compressor and the hose. It has a
accuracy of 0.05 % full scale.

· Power supply is 230V 1-face.

When the experimental setup consists of the ROV, bubble generator #1 attached
to the grid and compressor #1, this will be referred to as setup A. When having
the ROV, bubble generator #2 connected to the grid and compressor #2, this
will be referred to as setup B.
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3.3. Validation of the methodology

Figure 3.6: Setup B consisting of bubble generator #2 attached to the grid and
compressor 2.

3.3 Validation of the methodology

To implement and use air bubbles as tracer particles in the ocean, we need to
investigate and study the different characteristics of the bubbles produced from
the bubble generators in a more controlled environment. One of the essential
reasons to validate the bubbles in a known environment is because when the
measurement technique is applied in the field, it can be difficult to track each
bubble and subtract their respective velocity to get the representative velocity
field. The outcomes from this evaluation will present an estimate of the bubble’s
terminal velocity and other vital parameters.

The investigation is divided into two parts, section 3.4 and section 3.5 to
provide overview and structure. Each segment will be adequately presented with
the method, the post-processing, and the results produced from the experimental
setup presented.

Since the bubble generators are made out of different materials and the
holes are differently made, they will both we examined.

An important bubble characteristic to investigate that affects the velocity
of the bubble, the drag force, and the Reynolds number is the radius. These
are all essential parameters when understanding the motion and behavior of
the bubbles that need to be taken into consideration when studying the ocean’s
velocity field using bubbles. The first validation will take a more detailed
evaluation of the horizontal radius, terminal velocity, Reynolds number, and the
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3. Methodology

drag coefficient when no external forces are affecting the system. When these
parameters are evaluated, we will investigate how the measurement technique
performs under the influence of waves. The purpose is to assess how well bubbles
can be used as tracer particles to represent the fluid’s motion.

3.4 Small tank

The first validation will take a more detailed evaluation of the terminal velocity,
Reynolds number, and the drag coefficient when no external forces are affecting
the system. An important parameter involved in all of these essential parameters
is the radius of the bubbles produced. Since the bubble generators consist
of different materials, and the holes are differently constructed, they will
generate different bubble sizes. It is therefore necessary to examine both
bubble generators. The validations were conducted both in tap water and
saltwater in a small tank in the Hydrodynamic Laboratory at the University of
Oslo. This investigation will not consist of the ROV as the illumination and
camera source. We needed to use a high-speed camera to gain a higher pixel
resolution of the bubbles necessary for this validation.

3.4.1 Experimental setup and method

The small tank is 1.5 meters long and has a width of 0.4 meters. The water
depth can be adjusted and was chosen to be h = 27 cm when having tap water
and h = 27.3 cm for saltwater experiments. To have similar salinity as the
ocean in the Arctic, salt was mixed with tap water to create saltwater with a
salinity of 35 psu. Table 3.2 shows the density, ρw of the two fluids where the
measured temperature of the water was 18◦C.

Table 3.2: Experimental parameters

Fluid ρw (kg/m3) (18◦C)
Tap water 998
Saltwater 1026

The system consisted of a Photron FASTCAM high-speed camera, a light
source, two compressors, and the bubble generators. The Photron FASTCAM
high-speed camera has an image resolution of 1024x1024 pixels with a 12-bit
dynamic range controlled by the software "Photron FASTCAM Viewer 4 for
High-Speed Digital Imaging". The frame rate and shutter speed could be
changed to give the best result and were set to 500 fps and 1/9000 seconds,
respectively. The camera was located outside the tank of a distance of 15 cm
from the tank wall. The bubbles generated reach their terminal velocity quickly
after they left the bubble generator. But to be curtain, the hight of the camera
was set to have the middle of the field of view of the bubbles 18 cm above the
bubble generator. The Field of View for validation in tap water was 40.1×40.1
mm, and in saltwater, the Field of View was 48.8×48.8 mm
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3.4. Small tank

Figure 3.7: Illustration of the setup in the small tank

The light source to illuminate the bubbles was a LED-light working lamp
with 5000 lm and 43 W in power, placed on the opposite side of the tank
than the camera. This can bee seen in figure 3.7, showing a schematic of the
experimental setup.

The bubble generator was placed at the bottom of the tank approximately 15
cm from the tank wall closest to the camera. When validating bubble generator
#1, an integrated Kaeser KMM 3 compressor in the laboratory was used to
produce a stable airflow. For the validation of bubble generator #2, compressor
#2 was used with four different air pressures, 0.06 bar, 0.16 bar, 0.26 bar, and
0.36 bar.

3.4.2 Post processing of data

The PTV processing was first performed in DigiFlow on the recorded tif-files
from the high-speed camera. From this processing, we get dft-files containing
the necessary information about the bubbles, as described in section 3.1.2.
The dft-files were then further processed in Matlab. The files only provide
information in pixels, hence image calibration was performed with HydrolabPIV
with linear transformation. The Matlab script dfttracker.m developed by Jostein
Kolaas (found in appendix A), was then used to extract the desired information
about the bubbles from the dft-files.

The high-speed camera sampling frequency was set to be 500 fps, giving
a resolution in the time domain to be ∆t = 0.002. Each run lasted between
0.870 seconds up 1.384 seconds. The bubbles pixel vertical displacement varied
between 5 to 20 pixels, depending on size, shape and the fluid.

Inbuilt functions in Matlab are used to find the standard deviation of the
horizontal radius and the velocities of the bubbles, and to visualize the results.
In the probability histogram plots provided to visualize the different data
distributions obtained, the bin width it set to be 2 + log2(n) where n is the
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total number of values from the processing.

Validation of the bubble’s radius

The validation of the bubble radius is performed on bubble generator #1 in tap
water and saltwater, but the concept applies to both bubble generators. After
processing the data through DigiFlow, can we extract the radius of the bubbles
in two different manners from the dft-files. Fundamentally, the bubble detected
in DigiFlow is defined as a list of connected pixels satisfying a given threshold
and several geometric criteria set in DigiFlow. With additional information
recorded during the processing, various data of the bubble can be determined
from the list of pixels [8]. The two parameters concerning the radius are the
area and the bounding box for the bubble, from which we can extract the radius.
The area of the bubble is found from the number of pixels within the bubble.
The area’s restriction is that it only provides the total amount of pixels, and
not how the pixels’ distribution is within the bubble. If the goal alone is to gain
information about the size, assuming that the bubbles are perfectly spherical,
the area is a suitable tool to provide this.

From the bounding box, we can get the information about the size and the
shape a bit more accurate than what we get from the area. The bounding box
extracts four different positions of the bubble, xMin, xMax, yMin, and yMax.
Figure 3.8 is showing a schematic of the four locations by black stars. From
this, the horizontal and the vertical radius are taken as

horizontal radius = xMin+xMax
2

vertical radius = yMin+yMax
2

This gives us the size of the major (horizontal) and minor (vertical) axis,
which provides a better understanding of the bubble’s shape and size. Figure 3.9a
shows a section of an image displaying a bubble from an experimental run,
visualizing the radius extracted from the two different parameters together. The
red square shows the bounding box with a red circle plotted with the horizontal
and the vertical radius. The blue circle illustrates the circumference with the
radius found from the area. The information from the bounding box provides us
with the details on where DigiFlow determines the center of the bubble. When
visualizing the red and the blue circle, they are both outlined from the same
pixel location.

Numerous visual inspections were conducted on how the red circle and the
blue circle represented the shape and contour of the bubble. When the bubble is
spherical, the difference between the red circle and the blue circle is not immense,
as shown in figure 3.9a. Figure 3.9b is visualizing that the difference becomes
more significant when the bubble’s horizontal diameter becomes slightly larger
than the vertical diameter. The red circle (radius from the bounding box) gave
us the best adequate representation of the bubble’s shape and size through the
whole examination.
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From the extensive visual investigations of the accuracy of the red circle,
a maximum error of 4 pixels and 3 pixels in tap water and saltwater,
respectively, was determined of the diameter. This corresponds to a maximum
underestimation of 13 % in tap water and 14 % in saltwater, when finding the
diameter of the bubble. The resulting accuracy in tap water is better because of
a slightly larger number of pixels involved in the calculation. The camera and
the bubble generators were located in the same location during the validations,
but the camera-focus needed to be adjusted when performing the validations in
saltwater, resulting in a slightly bigger field of view.

Figure 3.8: The four positions that the bounding box extracts, xMin, xMax,
yMin and yMax, marked by a black star.

Further calculations with means of the radius and determination of the
bubble shape, we will use the information extracted from the bounding box.
The error concerning the underestimation is not taken into account in the
further calculations.
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(a)

(b)

Figure 3.9: The blue circle is plotted with the radius found from the area. The
red circle is plotted with the horizontal and vertical radius from the bounding
box, and the red square is showing the bounding box. (a) A spherical bubble
showing moderately difference between the blue circle and the red circle. (b) A
bubble that is turning more elliptical, visualizing a more extensive difference
between the red circle and the blue circle.
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Processing conditions

After processing the data through DigiFlow, there are still some bubbles that
need to be filtered out that are misinterpreted during the processing in DigiFlow.
Throughout the experiment, bubbles interacted with each other, as shown in
figure 3.10. DigiFlow misinterprets this as one bubble instead of two separate
ones. This gives us an error in determining, for instance, the relation between
the terminal velocity and the horizontal radius of the bubble. We additionally
want to filter out bubbles that are neither spherical nor elliptical, to use the
theory given in chapter 2. These bubbles/misinterpretations are filtered out by
applying different threshold parameters in the Matlab script. The threshold
parameters involved are ratio parameter, the standard deviation of the horizontal
radius, and the standard deviation of the vertical velocity.

The bounding box provides us the horizontal and the vertical radius. The
ratio between them, calculated from equation (3.2), gives us to some extent
information of the shape of the bubble. A ratio close to 1 implies that the
bubble has a spherical shape. When the ratio is lower than 1, the bubble is
turning into a horizontal ellipse with a major axis bigger than the minor half
axis.

ratio = vertical radius
horizontal radius (3.2)

For each bubble, we can find the standard deviation of its horizontal radius
(σr) and the standard deviation of its vertical velocity (σv). Table 3.3 contains
the thresholds parameters used in the validation of bubble generator #1, and
table 3.4 contains the thresholds parameters used in the validation of bubble
generator #2.

Table 3.3: Experimental threshold parameters applied when processing the data
from bubble generator #1

Parameter Tap water Saltwater
Ratio 0.6 ≤ ratio ≤ 1.0 0.6 ≤ ratio ≤ 1.0

σr σr ≤ 0.012 σr ≤ 0.015
σv σv ≤ 0.007 σv ≤ 0.01

Table 3.4: Experimental threshold parameters applied when processing the data
from bubble generator #2

Parameter Tap water Saltwater
Ratio 0.5 ≤ ratio ≤ 1.0 0.5 ≤ ratio ≤ 1.0

σr σr ≤ 0.06 σr ≤ 0.04
σv σv ≤ 0.03 σv ≤ 0.03
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Figure 3.10: Two bubbles are interacting with each other during the experiment
that is interpreted as one bubble when processed in DigiFlow. The blue circle
is plotted with the radius found from the area. The red circle is plotted with
the horizontal and vertical radius from the bounding box, and the red square is
showing the bounding box.

3.4.3 Challenges - sources of error

The biggest challenge was to make small uniform holes in the bubble generators.
The holes generated in bubble generator #1 were made with the same thin needle,
but the size of the bubble depends on the angel the needle was pressed into the
tube and how the material deformed again when the needle was removed. The
result shows that the holes’ circumferences are of varying dimensions, creating
various bubble sizes. We thought generating holes in a different material (bubble
generator #2) and by using a drill thinner than the needle would make consistent
smaller bubbles. When drilling into the carbon fiber pipe the outer surface
will be sharp, but on the inside it will tile up. When air is pressured through
the pipe, the tiles will prevent a uniform air supply through the hole making
various bubble sizes. The material and the coating on the two different bubble
generators will create conditions on how long the bubble will hold on to the
hose. How the bubbles are released from the pipe will affect the size of the
bubble. This issue is not investigated in this thesis.
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3.4.4 Experimental results

The results obtained from the experiments in the small tank will be presented
in this section. Because of a large number of results, the section is divided into
two subsections to provide overview and structure. The first part will present
the result obtained from bubble generator #1, and the second part will give the
results obtained from bubble generator #2. Each section includes probability
histograms to display the distribution of the horizontal radius of the bubbles,
the ratio, the vertical velocity, and the maximum horizontal velocity, in addition
to the standard deviation of the horizontal radius and the vertical velocity of
the tracked bubbles. The relation between the bubbles diameter and velocity is
plotted and compared to the theoretical parameters given in table 3.5. Lastly,
the Reynolds number and the drag coefficient are calculated and plotted against
the vertical velocity and the bubble diameter.

To examen how the two different fluids affect the parameters mentioned
above, the results obtained from experiments in tap water are given to the left
with corresponding saltwater results to the right when presenting the results.

Calculations

Theoretical calculations
Table 3.5 present a summary of the parameters presented in chapter 2 to
analyze the bubble dynamics. As mentioned earlier, the parameters presented
are important to understand to understand the flow pattern to the bubbles.
In the calculations of terminal velocity, VT , the gravity is set to be g = 9.81
[m/s2] and the density of the bubble is ρa = 1.2 [kg/m3]. The parameters
presenting tap water values are labeled with a subindex f , and with a subindex
s for saltwater. The diameter, d, is 2r where r is the radius. In the theoretical
calculations, the diameter is defined from 0 mm up to 1.3 mm. [6] states that
when the diameter of the bubble exceed 1.3 mm, it enters an ellipsoidal regime.

Experimental calculations
From the dfttracker.m script we get out a structure containing the information
of the tracked particles, such as Position, Area, BoundingBox, Frame, Bubble
ID, etc., as described in section 3.1.2. The horizontal and vertical velocity of
the bubble are found from data stored in Position which contains the bubbles’
position (xi, yi) from each framei the bubble is tracked through. The horizontal
velocity and the vertical velocity of the bubble between each frame are estimated
from

Ui = |xi+1 − xi|
∆t (3.3)

Vi = |yi+1 − yi|
∆t (3.4)

where the time difference is ∆t = 0.002 and i = 1 to N − 1, where N is the
numbers of frames from the experiment. From Ui and Vi we can find the
mean, maximum and minimum velocity. Umin is the minimum horizontal
velocity (min(Ui)) the bubble experience, whereas Umax is the maximum
horizontal velocity (max(Ui)) of the bubble. The vertical velocity of the bubble
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3.4. Small tank

is represented by V and is taken as the mean of Vi.
The standard deviation of the vertical velocity (σv) to a bubble, is found
from taking the standard deviation of Vi. When plotting a bubble’s vertical
velocity over its diameter, as seen in e.g. figure 3.14a, the bubble’s standard de-
viation of the vertical velocity and the horizontal diameter are as well visualized.

When the vertical velocity, V , and the horizontal radius of the bubble are
found, we can calculate the Reynolds number and the drag coefficient to the
bubble, as given in table 3.6.

Table 3.6: Parameters used for analyzing the bubble dynamic in both tap water
and saltwater from experimental results.

Parameter Tap water (f) Saltwater (s)

Density ρa [kg/m3] ρa = 1.2 ρa = 1.2
Dynamic viscosity µ [Pa s] µf = 0.001027 µs = 0.001103
Kinematic viscosity ν [m2/s] νf = µf/ρa νs = µs/ρa
Reynolds number Ref Ref = dV

νf
Res = dV

νs

Drag coefficient CD1 CD1 = 48
Ref

CD1 = 48
Res

Drag coefficient CD2 CD2 = 14.9
Re0.78

f

CD2 = 14.9
Re0.78

s
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3.4.4.1 Results from validation of bubble generator #1

(a) Tap water. (b) Saltwater.

(c) Tap water. (d) Saltwater.

Figure 3.11: Probability histograms obtained with data from bubble generator
#1. (a) and (b): distribution of the horizontal radius (mm) from experiments
in tap water and saltwater, respectively. (c) and (d): distribution of the ratio
(equation (3.2)) from experiments in tap water and saltwater, respectively.

The distribution of the horizontal radius shown in figure 3.11a and
figure 3.11b from tap water and saltwater, respectively, indicates that the
distribution lies in the same range from around 0.4 mm to 0.75 mm. The
corresponding mode in tap water is 0.56 − 0.60 mm and 0.52 − 0.54 mm in
saltwater. The ratio of the bubbles in tap water, shown in figure 3.11c, is
multimodal distributed with a mode of 0.83− 0.86. The shape of the bubble
is going towards a horizontal ellipse with a major axis bigger than the minor
axis. The ratio of the bubbles in saltwater is bimodally distributed, as shown in
figure 3.11d with a mode of 0.91− 0.94. A distribution close to 1 implies that
the bubbles generated in saltwater have a more spherical shape. The bubbles
in saltwater are slightly smaller and tend to have a more uniform distribution
of bubbles with the same contour.
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(a) Tap water. (b) Saltwater.

(c) Tap water. (d) Salwater.

Figure 3.12: Probability histograms obtained with data from bubble generator
#1. (a) and (b): distribution of the vertical velocity (m/s) from experiments
in tap water and saltwater, respectively. (c) and (d): distribution of the
maximum horizontal velocity (m/s) from experiments in tap water and saltwater,
respectively.

Figure 3.12a and figure 3.12b shows the distribution of the vertical velocity of
the bubbles. Figure 3.12c and figure 3.12d shows that the maximum horizontal
velocity (m/s) the bubbles are both right-skewed and with the same mode of
0.02 − 0.03 m/s. Even though they have the same mode, the distribution of
horizontal velocity in saltwater shows a more evenly distribution between 0.01
and 0.06 m/s. Despite that the bubbles in tap water have more distribution of
contours, as seen in figure 3.11c, they do not have a higher horizontal motion
than the bubbles in saltwater.
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(a) Tap water. (b) Saltwater.

(c) Tap water. (d) Saltwater.

Figure 3.13: Probability histograms obtained with data from bubble generator
#1. (a) and (b): distribution of the standard deviation of the horizontal
radius (mm) from experiments in tap water and saltwater, respectively. (c) and
(d): distribution of the standard deviation of the vertical velocity (m/s) from
experiments in tap water and saltwater, respectively.

The standard deviation of the horizontal radius and the vertical velocity
in both tap water and saltwater are presented in figure 3.13. The standard
deviations are low, order 10−3, for both parameters in both fluids, showing
good consistency in the data.

Table 3.7 presents the modes in figure 3.11 and figure 3.12.
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Table 3.7: The mode in the probability histograms from bubble generator #1

Mode

Parameter Tap water Saltwater

Radius (horizontal) [mm] 0.56 – 0.60 0.52 – 0.54
Ratio 0.83 – 0.86 0.91 – 0.94
Vertical velocity [m/s] 0.34 – 0.36 0.36 – 0.38
(Max) Horizontal velocity [m/s] 0.02 – 0.03 0.02 – 0.03
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(a) Tap water

(b) Saltwater

Figure 3.14: Terminal velocity of the air bubbles in water at 18◦C from
experiments in tap water and saltwater, respectively, compared to the theoretical
calculations that are presented in table 3.5.
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The terminal velocity of the rising bubbles in tap water and saltwater
are presented in figure 3.14a and figure 3.14b, respectively. The two curves
visualized with the experimental results are calculated from the theory presented
in table 3.5. The terminal velocity for bubbles in tap water follows the theoretical
calculations of VT2 closest to a diameter of approximately 1.2 mm, where the
bubbles’ velocity continues to increase in a stable linear pattern. In both fluids,
the bubbles show a steady rise path, resulting in an increase in the terminal
velocity when the diameter increases. The terminal velocity of bubbles rising in
saltwater, exhibit a higher terminal velocity and lies above both the theoretical
calculations presented. Additionally, it can be observed from the graph that
bubbles with diameters from 0.9 mm to 1.2 mm experience a more logarithmic
increase in terminal velocity (this also corresponds to the mode in figure 3.12b)
before it flattens out, and even though the diameter increases, the bubbles
experience the same velocity.

The standard deviation of each bubble’s horizontal diameter and vertical
velocity is small, providing good consistency in the data, hence we can determine
a reasonable estimate of the bubble’s terminal velocity to its corresponding
diameter in both fluids.

The bubbles Reynolds number and drag coefficient, given in table 3.6, are
calculated and compared with the theoretical calculations provided in table 3.5.
Both the Reynolds number and the drag coefficient calculations are plotted
against the diameter and the vertical velocity, to visualize how they are related.
From figure 3.16 for tap water results, we can observe that the drag coefficient
calculations with CD2 (tracked) lies closer to the theoretical predictions of CD2

(theoretical) then the other estimate. This coexists with the terminal velocity
of the bubbles lies closer to VT2 . As observed from the saltwater results, the
bubbles experience a higher terminal velocity than bubbles in tap water for the
same horizontal diameter, resulting in a slightly higher Reynolds number and
lower drag coefficient. For a bubble with a diameter of 1.2 mm, it experiences
a terminal velocity of 0.38 m/s, a Reynolds number around 430, and a drag
coefficient, CD2 (tracked), of approximately 0.13 in saltwater. In tap water,
the bubble with the same horizontal diameter experience a terminal velocity of
0.32 m/s, a Reynolds number of approximately 380 and a drag coefficient, CD2

(tracked), of about 0.15. All of the bubbles produced have a Reynolds number
less than 600.
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(a) Tap water. (b) Saltwater.

(c) Tap water. (d) Saltwater.

Figure 3.15: (a) and (b): Reynolds numbers as a function of the horizontal
diameter (mm) of the bubbles, from experiments in tap water and saltwater,
respectively. (c) and (d): Reynolds numbers as a function of the vertical velocity
(m/s) of the bubbles, from experiments in tap water and saltwater, respectively.
Compared with Reynolds number Re1 and Re2 from table 3.5.
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(a) Tap water. (b) Saltwater.

(c) Tap water. (d) Saltwater.

Figure 3.16: (a) and (b): Drag coefficient as a function of the horizontal diameter
(mm) of the bubbles, from experiments in tap water and saltwater, respectively.
(c) and (d): Drag coefficient as a function of the vertical velocity (m/s) of the
bubbles, from experiments in tap water and saltwater, respectively. Compared
with drag coefficient CD1 and CD2 from table 3.5.
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3.4.4.2 Results from validation of bubble generator #2

The new bubble generator is connected to compressor #2 so that we can adjust
the pressure more exact. The validation of the bubble generator #2 is tested
with four different air pressures in both tap water and saltwater. The air
pressures are 0.06 bar, 0.16 bar, 0.26 bar, and 0.36 bar. The results from 0.06
bar and 0.16 bar in both tap water and saltwater will be presented here. The
results from 0.26 and 0.36 bar in both tap water and saltwater can be found in
appendix B.

Results when having 0.06 bar

(a) Tap water. (b) Saltwater.

(c) Tap water. (d) Saltwater.

Figure 3.17: (a) and (b): probability histograms of the horizontal radius
(mm) from experiments in tap water and saltwater, respectively. (c) and (d):
probability histograms of the ratio (equation (3.2)) from experiments in tap
water and saltwater, respectively.

Figure 3.17a and figure 3.17b presents the distribution of the horizontal
radius of the bubbles generated in tap water and saltwater, respectively, with the
corresponding ratio distribution in figure 3.17c and figure 3.17d. The horizontal
radius in tap water is bimodally distributed with a mode of 1.14 − 1.26 mm
with a corresponding right-skewed distribution (with a small outlier) of the
ratio with a mode of 0.55− 0.60 mm. All of the bubbles in tap water exhibit a
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shape where the major half axis is significantly larger than the minor half axis.
This gives further a higher horizontal velocity, as seen in figure 3.18c, with a
mode of 0.09 − 0.12 m/s. In contrast, the bubbles in saltwater have a more
uniform distribution of the horizontal radius with a small outlier and a mode
of 0.62− 0.72 mm with a corresponding bimodal distribution of the ratio with
mode of 0.82 − 0.86. Figure 3.18d shows that the distribution of horizontal
velocity is right-skewed and distributed with a mode of 0.014− 0.028 m/s. The
bubbles formed in saltwater experience lower vertical and horizontal velocity
than those generated in tap water.

(a) Tap water. (b) Saltwater.

(c) Ta water. (d) Saltwater.

Figure 3.18: (a) and (b): Probability histograms of the vertical velocity
(m/s) from experiments in tap water and saltwater, respectively. (c) and
(d): Probability histograms of the maximum horizontal velocity (m/s) from
experiments in tap water and saltwater, respectively.
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(a) Tap water. (b) Saltwater.

(c) Tap water. (d) Saltwater.

Figure 3.19: (a) and (b): Probability histograms of the standard deviation
of the horizontal radius (mm) from experiments in tap water and saltwater,
respectively. (c) and (d): Probability histograms of the standard deviation
of the vertical velocity (m/s) from experiments in tap water and saltwater,
respectively.

The standard deviation of the horizontal radius and the vertical velocity are
presented in figure 3.19. The standard deviation of both horizontal radius and
vertical velocity of the bubbles generated in tap water is substantially higher
than the standard deviations of the bubbles generated in saltwater where the
data are more consistent.

Table 3.8 presents the modes in figure 3.17 and figure 3.18.
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Table 3.8: The mode in the probability histograms with 0.06 bar of air pressure.

Mode

Parameter Tap water Saltwater

Radius (horizontal) [mm] 1.14 – 1.26 0.62 – 0.72
Ratio 0.55 – 0.60 0.82 – 0.86
Vertical velocity [m/s] 0.34 – 0.36 0.26 – 0.27
(Max) Horizontal velocity [m/s] 0.09 – 0.12 0.014 – 0.028
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(a) Tap water

(b) Saltwater

Figure 3.20: Terminal velocity of the air bubbles in water at 18◦C from
experiments in tap water and saltwater, respectively, compared to the theoretical
calculations that are presented in table 3.5.
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The velocity profile in figure 3.20a visualizes the bimodal distribution
of the diameter, by to distinctive clusters. We can easily observe that the
bubbles experience similar terminal velocity even though the diameter increases.
However, the figure shows that bubbles with the same diameter experience
a variety of vertical and horizontal velocities. The bubbles shape affects the
horizontal motion, and the bubbles start to oscillate more with increasing
diameter. The distribution of the ratio for bubbles generated in saltwater
indicated that two different shapes were produced for the same horizontal
radius. It can be seen from figure 3.20b that the bubbles terminal velocity lines
up nicely with a minimum scattering of the data. We can clearly observe that
the terminal velocity of the bubbles in both fluids do not correspond to either
theoretical calculations of the terminal velocities.

The Reynolds numbers and drag coefficients from the experiments are
given figure 3.21 and figure 3.22, respectively, and are compared with the
theoretical calculations from table 3.5. The bubbles in tap water have Reynolds
numbers varying from 500 up to 1000, with drag coefficients, CD2 (tracked),
approximately between 0.06 up to 0.13. The bubbles in saltwater show a much
lower drag coefficient and Reynolds number. The Reynolds numbers lie in the
range from around 200 up to 500, and drag coefficients, CD2 (tracked), from
approximately 0.12 up to 0.25.
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(a) Tap water. (b) Saltwater.

(c) Tap water. (d) Saltwater.

Figure 3.21: (a) and (b): Reynolds numbers as a function of the horizontal
diameter (mm) of the bubbles, from experiments in tap water and saltwater,
respectively. (c) and (d): Reynolds numbers as a function of the vertical velocity
(m/s) of the bubbles, from experiments in tap water and saltwater, respectively.
Compared with Reynolds number Re1 and Re2 from table 3.5.
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(a) Tap water. (b) Saltwater.

(c) Tap water. (d) Saltwater.

Figure 3.22: (a) and (b): Drag coefficient as a function of the horizontal diameter
(mm) of the bubbles, from experiments in tap water and saltwater, respectively.
(c) and (d): Drag coefficient as a function of the vertical velocity (m/s) of the
bubbles, from experiments in tap water and saltwater, respectively. Compared
with drag coefficient CD1 and CD2 from table 3.5.
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Results when having 0.16 bar

(a) Tap water. (b) Saltwater.

(c) Tap water. (d) Saltwater.

Figure 3.23: (a) and (b): probability histograms of the horizontal radius
(mm) from experiments in tap water and saltwater, respectively. (c) and (d):
probability histograms of the ratio (equation (3.2)) from experiments in tap
water and saltwater, respectively.

The results of the distribution of the horizontal radius and the ratio of
bubbles generated in tap water and saltwater are given in figure 3.23. From the
statistics, we observe that the bubbles generated in both fluids attain similar
size and shape, though the bubbles in tap water are slightly bigger. The mode
in tap water regarding the radius and ratio is 1.15− 1.32 mm and 0.58− 0.63,
respectively. Whereas in saltwater, the mode of the radius is 1.08− 1.21 mm
and 0.63− 0.68 for the ratio.

The distribution of the vertical velocity and the maximum horizontal velocity
is seen in figure 3.24. The statistic of the vertical velocities are left-skewed in
both liquids with a mode of 0.32− 0.35 m/s and 0.27− 0.29 m/s for tap water
and saltwater, respectively. The bubbles in both fluids show a tendency to
exhibit a similar horizontal velocity, though the saltwater mode is half of the
tap water (see table 3.9).
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(a) Tap water. (b) Saltwater.

(c) Tap water. (d) Saltwater.

Figure 3.24: (a) and (b): Probability histograms of the vertical velocity
(m/s) from experiments in tap water and saltwater, respectively. (c) and
(d): Probability histograms of the maximum horizontal velocity (m/s) from
experiments in tap water and saltwater, respectively.
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(a) Tap water. (b) Saltwater.

(c) Tap water. (d) Saltwater.

Figure 3.25: (a) and (b): Probability histograms of the standard deviation
of the horizontal radius (mm) from experiments in tap water and saltwater,
respectively. (c) and (d): Probability histograms of the standard deviation
of the vertical velocity (m/s) from experiments in tap water and saltwater,
respectively.
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Figure 3.25 presents the statistics of the standard deviation of the horizontal
radius and the vertical velocity of both fluids. The statistics show a broad
scatter in the data set for both parameters within both fluids.

Table 3.9 presents the modes in figure 3.23 and figure 3.24.

Table 3.9: The mode in the probability histograms with 0.16 bar of air pressure.

Mode

Parameter Tap water Saltwater

Radius (horizontal) [mm] 1.15 – 1.32 1.08 – 1.21
Ratio 0.58 – 0.63 0.63 – 0.68
Vertical velocity [m/s] 0.32 – 0.35 0.27 – 0.29
(Max) Horizontal velocity [m/s] 0.14 – 0.17 0.07 – 0.09

The terminal velocities of the bubbles are given in figure 3.26 as a function
of the horizontal diameter and compared with the theoretical calculations from
table 3.5. In both tap water and saltwater, the bubbles do not exhibit a higher
terminal velocity than the top part of the theoretical predictions. Since the
bubbles experience a more elliptical shape, they gain a higher horizontal velocity.
We observe that the bubbles yield a variety of vertical and horizontal velocities
within the same diameter range, as we did in figure 3.20a, now in both fluids.

The Reynolds number and the drag coefficient as functions of diameter
and vertical velocity are given in figure 3.27 and figure 3.28, respectively. The
bubbles in tap water have Reynolds numbers varying in the range from 150 up
to 1200. The main cluster within the diameter range, as seen in figure 3.26a,
has Reynolds number from 500 up to 1200. The same cluster experiences drag
coefficients, CD2 (tracked), between approximately 0.6− 0.11. The Reynolds
number for the bubbles in saltwater lies mainly in the area from around 300 up
to 800, and with drag coefficients, CD2 (tracked), in the range approximately
from 0.08− 0.18.
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(a) Tap water

(b) Saltwater

Figure 3.26: Terminal velocity of the air bubbles in water at 18◦C from
experiments in tap water and saltwater, respectively, compared to the theoretical
calculations that are presented in table 3.5.
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(a) Tap water. (b) Saltwater.

(c) Tap water. (d) Saltwater.

Figure 3.27: (a) and (b): Reynolds numbers as a function of the horizontal
diameter (mm) of the bubbles, from experiments in tap water and saltwater,
respectively. (c) and (d): Reynolds numbers as a function of the vertical velocity
(m/s) of the bubbles, from experiments in tap water and saltwater, respectively.
Compared with Reynolds number Re1 and Re2 from table 3.5.
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(a) Tap water. (b) Saltwater.

(c) Tap water. (d) Saltwater.

Figure 3.28: (a) and (b): Drag coefficient as a function of the horizontal diameter
(mm) of the bubbles, from experiments in tap water and saltwater, respectively.
(c) and (d): Drag coefficient as a function of the vertical velocity (m/s) of the
bubbles, from experiments in tap water and saltwater, respectively. Compared
with drag coefficient CD1 and CD2 from table 3.5.
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3.5 Big wave tank

This section presents information and a description of the second validation of
bubble generator #1 and bubble generator #2. The experiments are carried out
in the big wave tank in the Hydrodynamic Laboratory at the University of Oslo.
The purpose of this validation is to investigate the ability of our methodology
to represent the velocity field of periodic surface waves propagating in the wave
tank. The experimental results obtained are compared to Stoke’s wave theory.
In addition to the experimental setups and procedure, the post-processing and
the results are presented.

3.5.1 Experimental setup and method

The field of surface waves in the tank is generated by a hydraulic wave generator
controlled by WaveLab Software. The amplitude and frequency are manually
set in the software to produce monochromatic waves. An absorbing beach is
located at the other end of the tank to damp approximately 97% of the incoming
waves to avoid reflection [12]. An illustration of the wave tank and setup is
shown in figure 3.29.

Figure 3.29: A schematic of the experimental setup. The ROV outside the big
wave tank on the table. The probes 1-3 are located above the water surface,
with probe 3 in the field of view to the ROV. The light sources are located
in front of probe 3 and behind probe 1. The red star is marking the wave
generator.

The wave tank is 24.6 meters long and has a width of 0.5 meters. This is
to narrow for the ROV to be placed in the tank to take a video of the rising
bubbles during the runs. The ROV is consequently located outside the tank,
as illustrated in figure 3.30. The setup of the ROV was the same as shown in
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Figure 3.30: The ROV outside the big wave tank on the table slightly covered
by a jacket to reduce reflections in the glass. The probes 1-3 are located above
the water surface, with probe 3 in the field of view to the ROV. The light
sources are located in front of probe 3 and behind probe 1.

figure 3.5 in section 3.2.3. The water depth can be adjusted and is chosen to
be h = 0.6 meters for all of the experiments. The coordinate system is defined
with the y-axis to be the vertical axis pointing upward, and the x-axis to be
in the longitudinal direction of the tank. We define y = 0 at the mean water
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level. The waves generated are assumed uniformity in the z-direction, making
the experiment’s analysis two-dimensional in the xy-plane.

A moveable setup on a sliding system on top of the tank consisting of 3
USS02/HFP, IP 65, M18 x 1.0 wave ULS Advanced probes delivered by Ultralab
were used to measure the surface elevation, η(x, t). The probes are also triggered
by LabView to start measuring at the same time the hydraulic wave generator
starts. The probes measure the surface elevation by emitting an ultrasonic pulse.
The distance is measured by the time, t, it takes to receive the transmitted
signal. The transported time is then used to calculate the distance from the
surface by comparing it to the measured mean water level. The probes have a
measurement frequency of 250 Hz, a resolution of 0.18 mm and a measuring
rate between 30 mm to 250 mm. During the experiments, probe number three
was located in the top center of the ROV camera’s field of view. The distances
between the probes are 0.35 meters, and probe number three was 11 meters
from the hydraulic wave generator. The measurements were done 11 meter
away from the wave generator because it is believed that the surface elevation
generated by the hydraulic generator is most unstable close to the generator.

The experiments were conducted with bubble generator #1 first and then
with bubble generator #2. Compressor #2 was used on both bubble generators
to produce a steady flow of air. During the experiments with bubble generator
#1, the compressor was set to give 2 bar of air, while it was set to provide 0.16
bar during the runs with bubble generator #2. The bubble generators were
placed in the middle at the bottom of the tank, as shown in figure 3.30. To
illuminate the bubbles, two LED-light working lamp with 5000 lm and 43 W in
power were used, since we could not use the lights on ROV due to reflection in
the glass wall. One lamp was placed behind probe three and the other in front
of probe one in the air obliquely towards the bubbles, as shown in figure 3.30.

3.5.2 Post processing of data

The video recorded by the ROV has a sampling frequency of 30 frames per
second. This gives the resolution in the time domain to be ∆t = 0.0333. The
video is converted into png-files with the same frame rate. The processing of
the data is then conducted in two steps.

The PTV processing was first performed in DigiFlow. From this processing
we get dft-files containing the necessary information about the bubbles, as
described in section 3.1.2. The dft-files are then further processed in Matlab.
The files only provide information in pixels, hence image calibration is performed
with HydrolabPIV with cubic transformation. The Matlab script dfttracker.m
developed by Jostein Kolaas (found in appendix A), was then used to extract
the desired information about the bubbles from the dft-files.

The experiments conducted with bubble generator #2 are additionally
processed with PIV. The PIV processing is performed in HydrolabPIV with a
interrogation of 120x120 pixels with a search range of 1/3 of the sub-window.
All passes used masked normalized cross-correlation and a 75% overlap. The
image calibration is the same as used in the PTV processing. There is a large
variety of pixel displacement of the bubbles in the vertical direction. The pixel
displacement varied from 10 pixels up to 55 pixels, resulting in the need for a
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large interrogation window. This decreases the resolution, but minimize the
error concerning the mean of the horizontal motion of oscillating bubbles.

The data measured by the probes is processed in Matlab. The files are
imported as csv-files and contain the timeseries of the surface elevation. A
sampling rate of 250 Hz gives a resolution in the time domain to be ∆t = 0.004.

Inbuilt functions in Matlab are used to calculate statistical parameters, such
as the standard deviations.

3.5.3 Challenges − sources of error

Uniformly illumination of the bubbles was proven to quite demanding. When
having a traditional light source underneath the tank, making a light sheet, the
bubbles from the middle of the water depth up to the surface were not enough
illuminated. When having the illumination facing the ROV, it turned out to be
too strong for the ROV camera to handle. The placement of the illumination
source that we ended up with, as seen in figure 3.30, was the best solution we
managed to create to illuminate the bubbles from the middle of the tank up
to the water surface. The illumination was good enough for doing PTV, but
proven challenging in the PIV processing. A bubble could scatter the light quite
differently when it rose towards the water surface, where it detained a more
stable light scattering the closer it moved to the surface.

Since the ROV needed to be outside the tank, but near the glass wall, this
created a lot of reflection in the glass. A solution to this problem was to cover
some parts of the ROV up. This solution was good enough to get rid of the
reflection that was in the field of interest.

3.5.4 Experimental results

The results obtained from the experiment in the big wave tank will be presented
in this section.

The validation of the measurement technique in the wave flume is conducted
with three different frequencies F = 1.4 Hz, F = 1.6, Hz and F = 1.8 Hz. For
each frequency, three different amplitudes are applied, A = 0.1 V, A = 0.2 V,
and A = 0.3. Measurement of the wave elevation is done in three different
locations, hence the same three locations through all the runs.

For further simplicity, the experiment containing bubble generator #1,
compressor #2, and the ROV will be referred to as Experiment A. The
investigation containing bubble generator #2, compressor #2, and the ROV
will be referred to as Experiment B.

In Experiment A, all of the experiments are conducted three times for
each amplitude within each frequency. The processing of the data obtained is
processed with PTV. In Experiment B, all of the experiments are conducted
two times of each amplitude within each frequency. The processing of the data
obtained is processed with both PIV and PTV.
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The incoming wave

A sinusoidal motion of the wake maker with frequency ω generates a wave train
that has a transient leading part followed by periodic waves. We pay here
attention to the regular periodic part of the wave train. The incoming waves are
characterized by the wavenumber k, the wave amplitude a, the wave frequency
ω, and the corresponding wavelength λ. The different wave parameters and
calculations are presented in table 3.10.

Table 3.10: Wave parameters calculations

Paramter Calculation

Angular frequency ω [s−1] ω = 2πF
Wavenumber k [m−1] From dispersion relation
Wavelength λ [m] λ = 2π

k

Amplitude a [m] From surface elevation relation
Steepness ε ε = ak

The waves surface elevation, η, of the incoming wave train can be described
by

η = a cos (kx− ωt) + a2k

2 cos 2(kx− ωt) + 3a3k2

8 cos 3(kx− ωt) (3.5)

where the phase shift is denoted as kx− ωt. The surface elevation is recorded
by the probes in three different locations in the tank. From the harmonic
oscillation of η, the wave amplitude can be determined [15]. The incoming
waves can be regarded as pure Stokes waves when the steepness of the waves do
not exceed a moderate steepness (ε up to about 0.2) [12]. From table 3.11, we
can see that the highest steepness throughout the validation is 0.219. Hence,
we are regarding the incoming waves as pure Stokes waves.

For each wave, a, k, and λ are calculated. When the relation between
wavelength and the depth of the water is h

λ > 0.5, the waves are good
approximation to deep-water waves. When regarding the incoming waves
as Stokes waves, the fluid motion for deep water waves can be described as

φdeep = ag

w
exp (ky) sin (kx− ωt) +O(a4) (3.6)

The dispersion relation for deep water waves is given as ω2 = gk(1 + a2k2).
When having h

λ < 0.5, the effect of finite water depth is essential. For finite
depth, the fluid motion is described by

φfinite = ag

w

cosh k(y + h)
cosh(kh) sin (kx− ωt) +O(a2) (3.7)

The dispersion relation now becomes
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ω2 = gktanh(kh)(1 + f(kh)(ak)2) (3.8)

f(kh) = 9− 10tanh2(kh) + 9tanh4(kh)
8tanh4(kh) (3.9)

The part of the fluid motion we are interested in, is the horizontal velocity
beneath the crest. Here the bubbles horizontal motion, ub, are unaffected by
the buoyancy force, and we can compare the measured values direct to the
theory. The horizontal velocity of the fluid is found as udeep = ∂φdeep

∂x and
ufinite = ∂φfinite

∂x for deep and finite water depth, respectively.

udeep = agk

ω
exp ky +O(a4) (3.10)

ufinite = agk

ω

cosh(ky + kh)
cosh(kh) +O(a2) (3.11)

Timeseries

Figure 3.31a and figure 3.32a shows two examples of the timeseries of the
measured surface elevation from an experiment with F = 1.4 Hz, A = 0.1
V, and an experiment F = 1.8 Hz, A = 0.3 V, respectively. When the wave
train has become steady, a ten seconds period is taken out, shown by the
red section in the two figures. This also ensures us that the measurements
are terminated before any small reflected waves from the beach appear at the
recording position. Figure 3.31b shows the ten seconds sections extracted from
runs 1−3. Figure 3.32b shows a ten seconds sections obtained from runs 28−30
(see table 3.11 for more information on those runs). The timeseries are plotted
together to visualize that the experimental setup and runs are conducted with
good repeatability and reproducibility.

In figure 3.31a and figure 3.31b, a 17 seconds recording of the beginning
of the measurement of the surface elevation is omitted. In figure 3.32a and
figure 3.32b, a 19 seconds recording of the beginning of measurement of the
surface elevation is omitted.
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3.5. Big wave tank

(a) (b)

Figure 3.31: (a): the timeserie from run 1 having F = 1.4 Hz and A = 0.1 V.
The red sections shows the ten seconds section where the data is extracted from.
(b): the ten seconds timeserie extracted from runs 1−3 are visualized together
to investigate the repeatability and reproducibility of the experiments.

(a) (b)

Figure 3.32: (a): the timeserie from run 28 having F = 1.8 Hz and A = 0.3
V. The red sections shows the ten seconds section where the data is extracted
from. (b): the ten seconds timeserie extracted from runs 28−30 are visualized
together to investigate the repeatability and reproducibility of the experiments.
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Velocity profiles

Calculations
For the results processed with PTV: As mention earlier, we are only interested
in investigating the horizontal velocity profile below the wave crest. From each
wave crest found within the ten seconds chosen from the total timeserie, we can
extract a column with the desired information of the tracked bubbles from the
ptv-struct below the crests. The top of the wave crest, cresttop, is used as a
reference point and the width of the column is set to be 2% of the corresponding
wavelength of that experiment. The information extracted from the ptv-struct
lies then between cresttop ± 0.02λ. When having frequency F = 1.4 Hz, 14
crests are located within the 10 seconds we are interested in. When having F =
1.6 Hz we get 16 crests and 18 crests when F = 1.8 Hz.

When the information of the bubbles horizontal velocity is extracted, a
threshold is applied on the horizontal velocity to filter out bubbles that are
incorrect/present a non-physical horizontal motion. The threshold is found in
the following way: Firstly, the mean, meantracked, of all the tracked horizontal
velocities is calculated. The vertical profile is then divided into ten equally sized
bins (bini, i = 1− 10). Within each bin, the mean of the horizontal velocity,
mean_bini, is found. Then, if a bubble located within a bini has a horizontal
velocity that deviates more than 70% of meantracked from the mean_bini, the
bubble is removed.

After the threshold is applied, the standard deviation, σ, of the horizontal
velocities within each bini is found to evaluate the scatter.

For the results processed with PIV : Within the ten seconds timeserie
extracted, only one wave crest per amplitude was processed with PIV, where
the velocity profile below the crest was extracted. This resulted in much fewer
data points than from the result from PTV.

Deep water versus finite depth
To investigate if we had any effect of finite water depth when performing the
experiments with the lowest frequency, F=1.4 Hz, and lowest amplitude, A=0.1
V, the results obtained from Experiments A, run1−3, are found and compared
against both finite depth and deep water calculations. The results obtained
are visualized together in figure 3.33, where the theoretical calculations for
deep water, equation (3.10), are represented by a red line, and the theoretical
calculations for finite depth, equation (3.11), are represented by a blue line.
The results show that both theoretical calculations give the same result, so
the lines lie on top of each other. Additionally, as mentioned earlier, the effect
of finite water depth is essential when having h

λ < 0.5. As seen in table 3.11,
the wave length for the experiments is fount to be λ = 0.79, giving 0.6

0.79 > 0.5,
states that the waves are good approximation to deep-water waves. For further
calculations we are only concerning deep-water calculations.

Velocity profiles for Experiment A
The characteristics wave properties from the experiments are provided in
table 3.11. For each run the amplitude, a, the wavenumber, k, the wavelength,
λ, the steepness, ε, and the dimensionless parameter kh are calculated. Due to
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3.5. Big wave tank

Figure 3.33: Horizontal velocity profile below wave crest, for experiment with
F=1.4 Hz and A = 0.1 V, compared to both deep water and finite water depth
calculations.

a large amount of data this produces, table 3.11 shows the mean value of the
specific wave parameter calculated within the same frequency and amplitude.
When calculating the theoretical horizontal velocity of the fluid, these values
are used.

In figure 3.34, figure 3.35 and figure 3.36 the horizontal velocity of the
tracked bubbles, ub, are plotted together with the corresponding 2σ and are
compared against the theoretical horizontal velocity found from equation (3.10).

The horizontal velocity profiles obtained with frequency F = 1.4 are presented
in figure 3.34 with the three amplitude A = 0.1 V, A = 0.2 V and A = 0.3 V in
figure 3.34 a, b and c, respectively. Figure 3.35 present the horizontal velocity
profiles obtained with frequency F = 1.6 Hz with the three amplitude A = 0.1
V, A = 0.2 V and A = 0.3 V in respectively figure 3.35 a, b and c. The highest
frequency F = 1.8 Hz is presented in figure 3.36 with the three amplitude A =
0.1 V, A = 0.2 V and A = 0.3 V in figure 3.36 a, b and c, respectively.

In figure 3.34a, the amplitude of the wave is 0.75 cm, with a steepness of
0.059. The bubbles follow the theoretically calculated motion pattern with
a slightly bigger horizontal velocity than the theoretical value, from a depth
of around 0.25 m below the mean water level, up to about 0.1 m. From
approximately 0.1 m below the mean water level, the bubbles’ motion suddenly
jumps and the bubbles experiences a considerably lower horizontal velocity than
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Table 3.11: Wave parameters calculations for Experiment A

Run F [Hz] A [V ] a [m] k [m−1] λ [m] ε kh

1−3 1.4 0.1 0.0075 7.86 0.799 0.059 4.72
4−6 1.4 0.2 0.0147 7.78 0.807 0.114 4.67
7−9 1.4 0.3 0.0223 7.66 0.820 0.171 4.59

10−12 1.6 0.1 0.0077 10.24 0.614 0.079 6.14
13−15 1.6 0.2 0.0141 10.09 0.622 0.143 6.05
17−19 1.6 0.3 0.0210 9.87 0.636 0.208 5.92

21−23 1.8 0.1 0.0070 12.93 0.485 0.091 7.76
25−27 1.8 0.2 0.0131 12.69 0.495 0.167 7.61
28−30 1.8 0.3 0.0176 12.44 0.505 0.219 7.46

the theoretical values. Right below the wave crest, the bubble motion follows the
fluid motion again. This pattern can also be seen in figure 3.35a. In figure 3.36a,
the bubbles tend to deviate even more from the theoretical calculations. In
all three figures, the scattering of the bubbles horizontal velocity lies within a
standard deviation of the horizontal velocity that is varying between 0.02 and
0.03 m/s.

It can be observed from the results that when the amplitude and the
steepness of the waves increases, the bubbles present a better representation of
the fluid motion. Unfortunately, there is a lack of tracked bubbles right below
the wave crest for higher amplitudes. In all of the different runs, the scattering
of the bubble motion lies within 2σ, except in some places. There is, however,
a larger scatter in the results when the amplitude increases.
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(a) A = 0.1 V (b) A = 0.2 V

(c) A = 0.3 V

Figure 3.34: Horizontal velocity profiles for frequency F = 1.4 Hz. (a): horizontal
velocity profiles below wave crest for run 1−3. (b): horizontal velocity profiles
below wave crest for run 4−6. (c): horizontal velocity profiles below wave crest
for run 7−9.
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(a) A = 0.1 V (b) A = 0.2 V

(c) A = 0.3 V

Figure 3.35: Horizontal velocity profiles for frequency F = 1.6 Hz. (a): horizontal
velocity profiles below wave crest for run 10−12. (b): horizontal velocity profiles
below wave crest for run 13−15. (c): horizontal velocity profiles below wave
crest for run 17−19.
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(a) A = 0.1 V (b) A = 0.2 V

(c) A = 0.3 V

Figure 3.36: Horizontal velocity profiles for frequency F = 1.8 Hz. (a): horizontal
velocity profiles below wave crest for run 21−23. (b): horizontal velocity profiles
below wave crest for run 25−27. (c): horizontal velocity profiles below wave
crest for run 28−30.
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Velocity profiles for Experiment B
The results in Experiment B are obtained with both PIV and PTV. Experiments
with frequency F = 1.6 Hz and all three amplitudes are also performed, achieving
similar results as with frequency F = 1.4 Hz and F = 1.8 Hz and is therefore
not shown here.

The characteristics wave properties from the experiments are provided in
table 3.12. For each run, the amplitude, a, the wavenumber, k, the wavelength,
λ, the steepness, ε, and the dimensionless parameter kh are calculated. Due to
a large amount of data this produces, table 3.12 shows the mean value of the
specific wave parameter calculated within the same frequency and amplitude.
When calculating the theoretical horizontal velocity of the fluid, these values
are used.

Table 3.12: Wave parameters calculations for Experiment B

Run F [Hz] A [V ] a [m] k [m−1] λ [m] ε kh

1−2 1.4 0.1 0.0072 7.86 0.799 0.056 4.72
4−5 1.4 0.2 0.0150 7.78 0.807 0.117 4.67
6−7 1.4 0.3 0.0225 7.66 0.820 0.172 4.59

16−17 1.8 0.1 0.0065 12.95 0.485 0.083 7.77
18−19 1.8 0.2 0.0127 12.71 0.494 0.161 7.62
20−21 1.8 0.3 0.0176 12.44 0.505 0.220 7.46

The horizontal velocity profiles obtained with frequency F = 1.4 Hz are
presented in figure 3.37, where the result from PTV and PIV with the same
amplitude are presented next to each other. Figure 3.38 shows the horizontal
velocity profiles for frequency F = 1.8 Hz presented in the same manner.

One can be clearly observe from the results from PTV that the bubbles
generated in all the runs consist of a too big variety of different sizes and
shapes, creating a large variety of horizontal motion on the same depth. When
comparing the results between between all 9 plots processed with PTV, there is
no significant difference in the horizontal motion of the bubbles when increasing
the amplitude or the frequency. The variety of the horizontal motion correspond
with the results in figure 3.26 which showed a high distribution of horizontal
oscillations from 0.05 m/s up to 0.2 m/s.

The results obtained with PIV shows as well a poorly representation of the
fluid motion. Due to less data points, compared to the PTV results, the PIV
results present a less scattering of the data and the data encounter a more
similar curve as the theoretical one, but only the results obtained in figure 3.38d
gives a fairly good enough representation of the fluid motion.

We can observe from both PIV and PTV results, that the experimental
results almost always lies to the right of the theoretical calculation
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(a) A = 0.1 V (b) A = 0.1 V

(c) A = 0.2 V (d) A = 0.2 V

(e) A = 0.3 V (f) A = 0.3 V

Figure 3.37: Horizontal velocity profiles for frequency F = 1.4 Hz. Figure
a, c and e are results from PTV and figure b, d and f are results from PIV.
(a),(c),(d): horizontal velocity profiles below wave crest for runs 1−2, 4−5 and
6−7, respectively. (b),(d),(f): horizontal velocity profiles below wave crest for
runs 1, 4 and 8, respectively.
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(a) A = 0.1 V (b) A = 0.1 V

(c) A = 0.2 V (d) A = 0.2 V

(e) A = 0.3 V (f) A = 0.3 V

Figure 3.38: Horizontal velocity profiles for frequency F = 1.8 Hz. Figure
a, c and e are results from PTV and figure b, d and f are results from PIV.
(a),(c),(d): horizontal velocity profiles below wave crest for runs 16−17, 18−19
and 20−21, respectively. (b),(d),(f): horizontal velocity profiles below wave
crest for runs 16, 18 and 21, respectively.
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3.6 Discussion

In the present section, the results obtained in section 3.4 and section 3.5
will be discussed. The scope of the investigation involves the determination
of rising velocity, shape, the Reynolds number, and drag characteristics of
air bubbles rising freely in two different liquids. Additionally, how well the
bubbles represent the fluid motion under the influence of accelerated waves.
The instability presented by the trail of rising bubbles in stagnant liquid is one
of the most fascinating and least understood aspects of bubble hydrodynamics
[24]. Although our goal was to construct a bubble generator that made small
enough bubbles that exhibit a steady rise and could follow the flow turned
out to be quite more comprehensive, time-consuming, and challenging than
expected.

Bubble characteristics

The main goal of the validations was to figure out whether the bubble generators
we constructed would produce bubbles that can be used as tracer particles.
Using bubbles as tracer particles are challenging because they are non-passive
and will not passively follow the fluid motion. To achieve in finding the water
velocity utilizing bubbles, we wanted to construct a bubble maker that generates
small uniform bubbles that experience a preferable rectilinear vertical motion
and encounter low Reynolds number and drag force.

Validation of bubble generator #1
The analysis of the bubbles generated with bubble generator #1 showed a
similar distribution of the horizontal radius in both fluids. However, we could
observe that with a higher density of the liquid, the shape of the bubbles
remained closer to being perfectly spherical. The bubbles in saltwater present
a higher rise velocity than what the bubbles in tap water endured. The rise
velocity in tap water gave a more stable rise path, even though they presented
a small tendency of an exponential curve in the rise velocity with a diameter
up to 1.2 mm. When the bubbles reached a horizontal diameter around 1.3
mm, the rise velocity flattens out. The data shows good consistency, hence
a low standard deviation of both the horizontal radius and vertical velocity
of the bubbles in both fluids. Thus, low scattering of the data in the plots
concerning terminal velocity, Reynolds number, and drag coefficient can be seen
in figure 3.14, figure 3.15, and figure 3.16, respectively. The bubbles in both
fluids have Reynolds numbers below 600, which are in the regime for the theory
in chapter 2 to be applicable. We detected that only bubbles within a specific
diameter range in tap water were in agreement whit the theoretical calculation
of terminal velocity V2 from equation (2.12) and the calculations comparing
theoretical and experimental results of the drag coefficient CD2 found with
equation (2.11). Otherwise, the experimental results extend either higher or to
the right of the theoretical calculations.

The motion of bubbles rising through stagnant liquid has also been
investigated in [2], and our results are in agreement with their findings. They
found that the maximum velocity determines the subsequent motion of the
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bubble. Hence, they stated that if the corresponding Reynolds number is smaller
than 565, the bubbles move in a straight vertical path.

We can correlate a bubble’s diameter with its corresponding ascending
velocity, Reynolds number, and drag coefficient from the results obtained. The
bubble generator has shown to satisfy the criteria to produce small enough
bubbles that exhibit a steady rise path, low Reynolds number, and low drag,
even though it does produces bubbles with various small sizes. From visual
inspection, it did not seem like the variability in bubble diameter was caused by
a pressure gradient along the bubble section of the hose, but more of a random
nature. It is more likely that the difference in bubble size was caused by the
non-uniform size of the outlet holes. The plastic material contracted differently
from hole to hole after the needle was deducted.

Validation of bubble generator #2
During the validation with bubble generator #2, we could see with the naked
eye that the bubbles generated were more prominent and had higher horizontal
motion, than the bubbles created from generator #1. We were hoping that
since the holes were made in a more robust material with a thinner drill, then
the needle used to generate the holes in bubble generator #1, would make a
more uniform distribution of small spherical bubbles.

Through the analysis, we have tested out four different air pressures (0.06
bar, 0.16 bar, 0.26 bar, and 0.36 bar) to see how the variation in air flow rate
also affects the number of bubbles generated and their size, shape, and velocity.
From the results, the horizontal radius and ratio distribution were within a
similar range in all runs.

The results shows clearly that when the diameter of the bubbles reaches a
specific size, the rise velocity flattens out, and the horizontal speed does not
increase, even though the diameter continuous to grow. This trend occurs in
both fluids. At the beginning of chapter 2, we mentioned that we wanted to
break the multi-particle system down and look at theory directed single bubbles.
A study conducted by [41] examined how the void fraction in a bubble swarm
affected the relative velocity of the bubbles, and that the void fraction should
be taken into consideration. From our results and during the experiments, we
witness and observed that the bubbles interact and have an impact on each
other. Studies in [23] and [40] show that bubbles that rise in a chain, rise with
different speed, trajectory, and path instabilities, then what a single bubble
does. Bubbles rising in series can be sucked into the wake of preceding ones
and be influenced by fluid motion induced by front bubbles. This is outside the
theoretical scope of this thesis. We based our assumption on having potential
flow and that the rise velocity can be determined without considering the wake
effect. [40] found the onset of path instability to occur when the radius exceeds
0.7 mm in the experiments conducted. Taking these studies under consideration
with our results and observations, a discussion on whether bubble generator #2
is inadequate for our purpose, or if a more extended examination and different
theory should be applied and investigated.

Radius
When processing the data obtained from the experiments through DigiFlow,
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we do not get a direct measurement of the bubble’s radius and its contour. An
investigation concerning the two parameters area and the bounding box of the
bubble from the DigiFlow processing are conducted to see who gives the best
result. The information extracted from the bounding box resulted in presenting
the best approximation of both the radius and the contour. However, this
investigation found that the bounding box values gave a 13 % lower estimation
of the bubble diameter when the bubbles were formed in tap water. In saltwater,
it provided a 14 % underestimation. DigiFlow is not a tool to accurately find
the contour of the bubble. However, it provides a good accuracy estimation of
the position and velocity of a bubble at a given time, since we have provided
a higher sampling frequency than the highest frequency of the bubble motion
and sufficient illumination [1]. The underestimation is not taken into account
during the validations when the results are obtained and discussed.

Velocity representation of a propagating wave

The purpose of this validation was to investigate the ability of our methodology
to represent the velocity field below wave crests of propagating periodic surface
waves. In the results concerning bubbles generated with bubble generator #1,
we observed that the bubbles present a better representation of the fluid motion
with increasing steepness, ε, but at the same time, the scattering of the data
increases. We also encountered a problem regarding managing to track the
bubbles right below the wave crest when the steepness increased. This can be
seen in the results due to a lack of data points, but it does not affect the results
presented in the same plot. This should be further investigated to see if there is
some setting in DigiFlow that needs to be altered, for instance, if the bubbles
in this area have a too high velocity than the limit set, or if the background
produces too much noise. A global filter was applied to the results to filter out
data that showed non-physical velocities. The resulting data lied with the most
significant proportion within two times the standard deviation of the horizontal
velocity. The horizontal motion of the bubbles corresponds with the maximum
horizontal velocity found in the first validation. When the bubbles are smaller
in size, they are less affected by the drag force exerted on the bubbles, and they
will represent the fluid motion closer to the theoretical Stokes waves. Further,
investigation on added mass should be included in the study due to an essential
factor concerning the inertia since the density difference between the water(ρw)
and the bubble (ρb) is large, ρb

ρw
� 1.

In the validation of bubble generator #2, we had an air pressure of 0.16
bar. From the PTV results, we obtained a large scatter in the data where
the horizontal velocity varied between approximately 0.02 m/s up to 0.27 m/s.
From the results, we observed almost no variation in the horizontal velocity
when the frequency and amplitude increased. It may seem that due to a high
amount of bubbles (and other parameters as discussed above from the other
validation) and high horizontal velocity, the bubbles almost rise unaffected by
the incoming wave.

We also wanted to see if processing the experiments with PIV due to the
seeding density if we manage to get a better estimate. Due to high horizontal
velocity and oscillations, the bubbles encountered many times interaction
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between each other, variations in scattering the light through the rising path,
non-uniform bubble distribution, etc. These are all errors PIV is biased to when
correlating subregions to determine the displacement of the bubbles. The results
from PIV represents the fluid motion poorly as well, though one run showed a
reasonably good representation. Due to a lot fewer data points compared to
PTV, we obtained less scattering in the data, and the data showed a similar
curve pattern as the theoretical calculation.

Based on this investigation, additionally, with the discussion of bubble
generator #2 in the first validation, it looks like the bubble generator is
inadequate for our purpose. When this is said, it should be mention that
this validation is conducted after the field work-study at Svea that is presented
in section 4.2, where we use bubbles produced by bubble generator #2 to look
at the fluid motion in floe-floe interaction.
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CHAPTER 4

Field work

The difficult is what takes a little
time. The impossible is what
takes a little longer.

Fridtjof Nansen

One of the primary aims of our methodology is to investigate the velocity
field and the mechanics that occur near or underneath the sea ice. Hopefully,
this can contribute to a deeper understanding of, for instance, the coupling
between how surface waves propagating from open water into areas covered by
ice will become heavily damped. To contribute to a further investigation of the
full coupling between waves, momentum fluxes, and the mean flow. The field
works done in this thesis are first off all designed to investigate how well our
methodology are implemented and works in the field. How well can we capture
the velocity field using air bubbles as tracer particles in the ocean, but also how
the ROV will function as the illumination source and as the optical instrument.

This chapter will present the field work conducted on Svalbard in April
2019 and March 2020. The first section will present the field work performed at
Svalbard in April 2019 in the ocean outside Hopen Island. Here our methodology
was tested in-situ for the first time next to an ice floe. The goal for this field
work was to see if the measurement technique worked in-situ since the whole
setup had never been tested out live before.

The second part of the chapter contains the field work conducted at Svalbard
in March 2020 on the fast ice outside Kapp Amsterdam. The experimental
purpose for this field work is outlined to investigate the flow stream of the water
when we have floe-floe interaction.

The field work presented are qualitative investigations. Processing of the
results obtained are not a part of this thesis due a large extent of results that
needs to be more thoroughly processed than what the time left of this thesis can
provide. However, some examples of the beginning of the processing from the
field work results will be presented for visualization purposes only. A discussion
of the challenges encountered with the measurement technique and some sources
of errors are given in the last part of the chapter.
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4.1 Drift ice − Hopen Island, 2019

For the first time, the methodology was tested out in-situ in the ocean near
Hopen Island during a cruise with Polarsyssel. The experiment was performed
on drifting ice that includes ice floes with diameters 20-30 meters and drafts up
to 5-9 meters.

Location

The field work was performed near Hopen Island in the North-West Barents
Sea on April 26th, 2019 (see figure 4.1a). The geographical coordinates of the
location are 76.18◦N, 25.77◦E. The ice condition during the field work is shown
in figure C.1 in appendix C. Polarsyssel, with the research group on the helipad,
outside Hopen can be seen in Figure 4.1b.

(a) (b)

Figure 4.1: a) Location of the field work outside Hopen Island, April 26th, 2019
[33]. b) Picture taken of Polarsyssel in the Barent Sea during the expedition.

4.1.1 Experimental setup and method

When we had located a suitable ice floe to conduct the experiment on, all of the
equipment needed was transported out on the ice-floe with a rigid-inflatable
boat (RIB). To avoid currents created by Polarsyssel’s engines we needed to get
a certain distance between the Polarsyssel and the ice floe because Polarsyssel
could not turn off its engines.

During the field work, setup A as outlined in section 3.2.3 (the ROV, grid,
bubble generator #1 and compressor #1) was used. To investigate the velocity
field near the ice floe, the grid needed to be lowered into the water from the ice
floe. This was done by making a pulley system on a 4-meter long plank. The
plank was then attached to the ice floe with two ice screws at one end and in
the other end, the grid was hanging down over the ice edge into the water in
the pulley system. Figure 4.2a shows a schematic of the experimental setup.
A small generator was constantly producing power to supply the compressor,
which makes the compressor constantly giving around 6 bar of air to the bubble
generator.
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The ROV was operated from the RIB. The RIB was positioned approximately
20 meters from the ice floe as seen in the background of figure 4.2b. From here,
the ROV was driven over to the ice floe and positioned in front of the grid to
take videos of the rising bubbles. The sources used to illuminate the bubbles are
ambient light and all four frontal lights on the ROV were turned on maximum.

(a) (b)

Figure 4.2: a) Schematic of the experimental setup. b) Experimental setup on
the ice floe with the rigid-inflatable boat (RIB) in the background.

Figure 4.3a shows the ROV in front of the grid viewed from the ice-floe
during the experiments. The ROV’s field of view is showed in figure 4.3b. Here
can we see the grid with the bubble generator producing bubbles that are rising
next to the ice-floe.

(a) (b)

Figure 4.3: a) The ROV located in front of the grid that was lowered into
the water by the pulley system. b) A picture showing the field of view from
the ROV camera in front of the grid. Here we see the rising bubbles with the
ice-floe to the left in the figure.
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4.1.2 Examples from field work

All of the examples should be interpreted with caution. The examples visual-
ized in this section are to show an insight into the beginning of the further
investigation of the results that is not part of this thesis due to a large number
of results and a more complex study than this thesis have time to provide.

The video recorded by the ROV has a sampling frequency of 30 frames
per second. This gives the resolution in the time domain to be ∆t = 0.033.
The video is then converted into png-files to be processed by particle image
velocimetry (PIV). The PIV processing is performed with HydrolabPIV with a
linear transformation and 48x48 pixels sub-windows with a search range of 1/3
of the sub-window and a 75% overlap.

To get the water’s velocity field, it is essential to subtract the proper
horizontal and vertical velocity of the bubbles. As we will see in the examples,
subtracting the appropriate values turned out to be more complicated than
expected. From the validation of the bubble generator #1 in the laboratory at
the University of Oslo, presented in section 3.4.4 we found an estimate between
the rise velocity of the bubble and its corresponding diameter. The mode of
the vertical velocity and maximum horizontal velocity found is presented in
table 3.7 on page 33. The mean of the mode of the vertical velocity, V al vb,
is 0.25 m/s, and the mean of the mode of the maximum horizontal velocity,
V al ub, is 0.025 m/s.

From each instantaneous velocity field, we can find the corresponding
horizontal, Tracked ub, and vertical velocity, Tracked vb. The mean of the
bubbles horizontal, Tracked ub, and vertical velocity, Tracked vb, was found
from a reference run where we could observe steadily rising bubbles. The mean
horizontal velocity was estimated to be 0.0058 m/s, and the mean vertical
velocity to be 0.15 m/s. These values deviate a lot from the values found in the
laboratory.

Figure 4.4 shows how the different distribution of the different velocities
correlate. From a run, three different times are taken out and the data from
each time is processed. The times are set to be t1 = 0 seconds for the first
measurement, then the next measurement is taken 8 seconds later, t2, and the
last measurements, t3, 15 seconds after t1. From the histograms, we can observe
that taking the tracked velocity and subtract the mean of the reference tracked
velocity provides the most reasonable result for both horizontal and vertical
velocity. Corresponding velocity fields are provided in figure 4.5. Here, the
mean of the reference tracked velocity is subtracted from the tracked velocity
for both horizontal and vertical velocity. The surface of the ocean is taken as
y = 0 and the ice floe is located at a negative x-value in the plots. It can be
observed from figure 4.5 that the motion of the water is towards the ice-floe.
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4.1. Drift ice − Hopen Island, 2019

(a) (b)

(c) (d)

(e) (f)

Figure 4.4: Statistic of the velocities of tracked horizontal velocity, tracked
velocity subtracted mean tracked velocity and tracked velocity subtracted mean
velocity from validation experiments. (a), (b): at time t1 = 0 seconds. (c), (d):
at time t2 = 8 seconds. (e), (f): at time t3 = 15 seconds.
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(a)

(b)

(c)

Figure 4.5: Velocity fields from where we have taken Tracked ub - Tracked ub
and Tracked vb - Tracked vb. (a) velocity field at time t1 = 0 seconds. (b):
velocity field at time t2 = 8 seconds. (c): velocity field at time t3 = 15 seconds.
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4.2. Fast ice − Van Mijenfjorden, 2020

4.2 Fast ice − Van Mijenfjorden, 2020

This section will present the field work conducted on Svalbard in March
2020. This was the second field work experience with the methodology. The
experimental purpose for this field work is outlined to investigate the flow stream
of the water when having floe-floe interaction. The experiment was conducted
on the fast ice in Van Mijenfjorden. To be able to perform the experiment, we
needed to construct an ice-floe floating in a pool in the sea ice.

Location

The field work was performed on the fast ice in Svea bay outside Kapp
Amsterdam (see figure 4.6) on Svalbard, March 3rd to March 12th, 2020. Svea
bay is located at the end of Van Mijenfjorden. The geographical coordinates are
77.8571◦N, 16.6459◦E. The base camp, marked with a red circle in figure 4.6,
was established 150-200 meters from the shoreline. The ice condition during the
field work is shown in figure C.2 in appendix C. The ice thickness was measured
to be approximately 1 meter all over where the base camp is located.

(a) (b)

Figure 4.6: a) Location of the field work outside Kapp Amsterdam, shown by a
red circle. b) Showing location with geographical coordinates closer up [33].

4.2.1 Experimental setup and method

Preparation of the experimental setup required time-consuming ice sawing
and layout of the experiment. Sawing of the ice was first conducted with a
DitchWitch, shown in figure 4.7a. The DitchWitch can cut a maximum depth of
0.91 meters into the ice. The remaining part of the ice was sawed through with
hand ice-saws. The width of the pool is 4 meters, and the length is 6 meters.
The ice floe has a width of 3 meters, and the length is 4 meters. The ice that
needed to be removed from the pool was cut into smaller pieces and lifted out
with a tripod with a geared trolley operated by the chain, see figure 4.7b. When
all of the cutting of the ice was done, a high-pressure inflatable tent (seen in
the background in figure 4.7a) was placed over the pool. The working place
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was now inside the tent, protecting us and the equipment for the weather and
the coldness.

(a) (b)

Figure 4.7: a) Cutting out the layout to the pool and the ice floe with the
DitchWitch. b) The tripod with a geared trolley operated by the chain in order
to get the ice out of the pool.

On top of the ice floe, a wooden frame was attached to the ice floe with 12
ice screws. This was to spread out the load when pulling the ice floe in order to
accelerate the ice floe into the ice edge. The wooden frame was 2.6 meters wide
and 3.6 meters long, with additional two planks of length 3.6 meters located 0.5
meters in on each side from the outer frame. This can be seen in figure 4.8b.
Additionally, on each short side of the wooden frame, a polyester-silk rope was
attached to the frame. The experimental setup is shown in figure 4.8a.

(a) (b)

Figure 4.8: a) Experimental setup. b) Setup and size of the ice floe.

Two electrical traction winches were placed on each side of the pool to pull
the ice floe back and forth. Each winch was mounted to a steel frame, and the
steel frames were attached to the ice with two ice-screws each. The winches
were placed 2.5 meters and 3.5 meters from the ice edge on the north side
and the south side, respectively. See figure 4.11 for the cardinal directions
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4.2. Fast ice − Van Mijenfjorden, 2020

to the experimental setup. Each winch was connected to a battery that was
connected to a battery charger to constantly charge the batteries due to the
cold temperature. See figure 4.9. The winch hooks were attached to the rope
on each side of the ice floe.

Figure 4.9: Setup of the winch that is used to pull the ice-floe back and forth.

To find the distance, the floe was pulled, a high-performance distance sensing
platform, Evo60, was placed approximately 40 cm east from the wire. This was
to measure the distance as close to the middle of the ice floe as possible since
the ice floe can counter a yaw motion when it is pulled. The signal from Evo60
was reflected from a flat surface that was placed on the ice floe. A zarges box
was used for this purpose.

During this field work, setup B as outlined in section 3.2.3 (the ROV, grid,
bubble generator #2, and compressor #2) was used. The compressor was set
to give 0.36 bar to the bubble generator continually. The grid and the bubble
generator are located underneath the ice edge on the south side of the pool.
The location of the ROV under the ice edge is marked with a red star, and the
grid is marked with a red rectangle in figure 4.11. To investigate the water’s
velocity field when the ice floe was hitting the ice edge, the grid was partly
hanging underneath the ice edge and partly under open water, as can be seen
in figure 4.10b. To illuminate the bubbles, all four frontal lights on the ROV
were turned on maximum.

The grid was fastened in 3 different anchoring points marked with 1O 2O 3O in
4.11. One located above the grid next to Evo60, and the two others on each
side on the long side of the pool. The anchor points were drilled holes through
the ice, with an aluminum pipe containing a tread that was placed in the hole.
One end of the thread was fastened on the top of the ice and the other end to
the grid. The functionality of the aluminum pipe was to prevent the thread
from freezing to the sides of the drilled hole, to have the possibility to get the
grid out of the water when the experimental runs were done. Outside the tent,
a Honda aggregate was consistently producing power to all the equipment used
during the field experiments.
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(a) (b)

Figure 4.10: a) The ROV in the water on its way down to be positioned in
front of the grid. b) The grid and the bubble generator located partly below
the ice edge and partly under open water.

Figure 4.11: Schematic of the experimental setup on the ice.
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4.2.2 Equipment technicalities

• Evo 60m

· TeraRanger Evo 60m is a high-performance and lightweight distance
sensing platform. Collects data with a rate of 150 Hz. Black optical
sensor module as hardware with a free Graphical User Interface to
visualize the data.

• DitchWitch C16X

· Maximum trench size: 0.91 meters deep and 0.15 meters wide.
· Hydraulic systems, gasoline engine, 16 Hp.

• Aggregate

· Honda ECR 7000, 4-stroke, 389 cc gasoline engine with
· 220 V, 16 A 1-phase, 3600 W and
· 400 V, 16 A 3-phase ,6500 W

• Winches

· Two traction winches with 12V (5.5Hp) electrical motor that gives a
traction of 2721kg (6000LBS). With maximum load, the winch speed
is 2.8 meters per minute.
· The winch has a 20 m long cable with a thickness of 6.6 mm with a
hook attached to the end.

• Car batteries

· One 12V, 95Ah Lead Acid car battery and
· One 12V, 75Ah Lead Acid car battery.

• CTEK Battery Charger

· Battery chargers with output 12V, 15A/25A.
· Battery capacity 15A: 28-300Ah, 25A: 40-500Ah.
· Insulation class: IP44.
· Ambient temperature: −20◦C to +50◦C

• SWIFT TENT SYSTEM - High-Pressure Inflatable Tent

· Tent is made of waterproof, fire and UV resistance material that can
operate in temperatures from −45◦C to +70◦C.
· 6 meters wide, 10 meters long and 3 meters high.
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4.2.3 Examples from field work

As mentioned earlier, all of the examples should be interpreted with caution.
The examples visualized in this section are to show an insight into the beginning
of the further investigation of the results that is not part of this thesis due to a
large number of results and a more complex study than this thesis have time to
provide.

The video recorded by the ROV has a sampling frequency of 30 frames per
second. This gives the resolution in the time domain to be ∆t = 0.033. The
video is then converted into png-files to be processed by Show as Streaks in
DigiFlow. See [8] for more information. In Show as Streak, 10 pictures are
processed together to visualize the motion of the bubbles through this timeserie.
A color scheme, bipolar 3, is applied to easier see the bubble motion. Some of
the png-files are also processed by particle image velocimetry (PIV). The PIV
processing is performed with HydrolabPIV with a linear transformation and
48x48 pixels sub-windows with a search range of 1/3 of the sub-window and a
50% overlap. Due to a non-uniform velocity field, a sub-window distortion pass
has been applied twice.

A timeserie is put together in figure 4.12 to visualize the evolution of the
water motion from when the ice-floe is not moving, to accelerating, and then
finally hits the edge. The time is set to be t = 0 when the ice floe is standing
still. The ice-floe can also be seen in the upper left corner in figure 4.12a. Each
figure consist of 10 pictures with ∆t between each picture. There is a two
second time-gap between figure 4.12a and figure 4.12b. Figure 4.13 shows the
last figure in the timeserie, t = 3.6− 3.9 seconds. A quiver plot of the velocity
field is plotted together with the timeserie to easier visualize the motion and
magnitude of the velocity field. The surface of the water is set to y = 0.

Through the experiments, we could observe different plumes created
depending on, for instance, the ice-floes’ speed, if we had a full impact (the
whole side of the ice-floe hits the ice edge), or if we had point impact
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4.2. Fast ice − Van Mijenfjorden, 2020

(a) t = 0 − 0.3 seconds

(b) t = 2.3 − 2.6 seconds

(c) t = 2.6 − 2.9 seconds

(d) t = 2.9 − 3.3 seconds

(e) t = 3.3 − 3.6 seconds

Figure 4.12: Timeserie of the motion of the water visualized by air bubbles.
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Figure
4.13:

T
im

eserie
ofthe

m
otion

ofthe
water

visualized
by

air
bubbles.

Q
uiver

plot
ofthe

velocity
field

is
plotted

together
w
ith

the
tim

eserie
to

easier
visualize

the
m
otion

and
m
agnitude.

t=
3.6
−

3.9
seconds

86
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4.2.4 Challenges from field work - sources of error

Hopen:
The sea and the sea ice are in almost constant motion in response to wind,
ocean currents, and interaction between the ice floes. All of these factors play
a huge role when it comes to operating the ROV. To get good videos of the
velocity field, one essential condition is to keep the ROV steady in the water
when taking a video of the air bubbles. This turned out to be quite tricky
with little experience on how to properly maneuver the ROV in the ocean
with all the factors affecting the ROV’s motion. The ROV is operated with a
PlayStation joystick, and thin mittens are required to manage to operate the
joystick. In the Arctic environment, within only a couple of minutes without
proper thick gloves, your hands become cold. When your hands are shivering,
and with no feeling the fingers, operating the ROV with precise movements
becomes difficult. At the same time, it wasn’t easy to find the perfect distance
between the ROV and the grid. When the ROV is positioned to close, the
thrusters on the ROV makes current in the water affecting the motion of the
bubbles. If the ROV is too far away, the grid and the bubbles are covering a
too small part of the field of view of the ROV camera. In a standard PIV setup
with a light sheet, only the particles inside the illuminated area are found and
processed. When it comes to bubbles in the ocean, they do not necessarily stay
in the 2D-plane. We could, by visual inspection, see that during the experiment,
we could observe that the bubbles moved a bit out of the plane toward the
ROV. This was because the grid was not aligned well enough in the plane
of motion to the water. The ice floe was additionally experiencing a yaw motion.

Svea:
Ice-growth at the top part of the ice-floe and the ice edges was created during
the field work days. In the beginning, this was not very noticeable, but after
some days, the ice growth was over 10 cm. This created a gap of over 20 cm
between the bottom part of the ice-floe and the bottom part of the ice edge
when the ice-floe hits the ice edge. Hence, the impact area was only a small
part of the upper area of the ice-floe and ice edge. This affected the magnitude
of the water plume a lot. One of the significant challenges again was to keep
the ROV steady enough during the experiments. When the ice floe was hitting
the ice edge, the water plume that was created affected the stability of the ROV
to a great extent. The harsh Arctic environment sets demanding requirements
on the equipment. The air temperature was varying between −30◦C to −40◦C,
and the water temperature was around freezing temperature. After the ROV
was taken out of the water, it was exposed to the cold air. This created the
plastic to become crispy and fragile, and four of the thruster cracked. Because
of lack of enough extra spare parts, the thrusters were assembled back together
with Loctite and by other necessarily means. This affected to some extent the
stability of the ROV in the water, but it was manageable.

Taking everything into consideration, I would like to comment that deploying
the measurement technique in the ocean was a success.

87





CHAPTER 5

Conclusion and further work

5.1 Conclusions

In this thesis, we have designed an experimental setup to perform optical
velocity measurements in the ocean by a remote operated vehicle (ROV). A vital
component in the design generates air bubbles to be utilized as tracer particles.
Two different bubble generators consisting of different materials and additionally
assembled in two different ways were experimentally investigated to examine if
they could fabricate bubbles that are suitable to be used as tracer particles.
Only bubble generator #1 presented in section 3.2.2 managed to satisfy this,
where our results are additionally in agreement with the study conducted in [2].
The results show that the bubble characteristics and dynamics are influenced by
numerous parameters, such as the generators’ materials, how the bubble holes
are generated, and the amount of airflow rate applied. Bubbles that experienced
a small, almost spherical shape with low drag proved to have a more stable rise
path in stagnant water and provided a better representation of the fluid motion
when influenced by accelerated waves. High seeding distribution of bubbles
with various non-spherical shapes showed higher path instabilities, significant
variation of the velocity within the same diameter, wake effect, and the motion
of the bubbles was almost unaffected by accelerated water when focusing on
the velocity below the crest.

The system was successfully deployed in the ocean at Svalbard under
ice−water interaction and floe−floe interaction. However, due to the coldness
and harsh environment, the ROV encountered some troubles within its frame.
The attachment between the frame and the thruster cracked due to vibrations
and the big temperature difference when the ROV was taken out of the water.
Since the author had assembled the ROV herself, fixing such issues along the
way as they arose was not a problem. From observations during field work, we
witnessed that the two-dimensional area generated by rising bubbles managed
to visualize the fluid’s motion.

5.2 Further work

Further investigation of the bubbles dynamic regarding, for instance, added
mass should be conducted. Additionally, theoretical calculation such as Morton
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number and Eötvös number can be found to help characterizing the shape of
the bubbles more accurately [6].

To follow up this investigation, the data obtained from field works should
be further studied and processed. When applying the measurement technique
in the ocean, we can obtain a two-dimensional velocity field that allows us to
shed light on the dynamical phenomena that are responsible for the statistical
attributes of the ocean flow. Hopefully can the results obtained from the
experimental data from field work further evolve the mathematical models and
understanding of the air-ice-ocean systems’ energy exchange [42].

To complement the results obtained in-situ, a video of the ice can be obtained
with the ROV. A 3-D geometry of the ice can then be constructed to supplement
the results. The ROV can additionally record depth and temperature, which
can provide a temperature profile through the depth and a temperature profile
where the measurement is taken. The depth measurements can also provide a
more accurate 3-D construction of the ice.

Always bring too many spare parts out in the field!

90



APPENDIX A

Post processing

After the data is processed through DigiFlow, the dft-files if further processed
in the MatLab script dfttracker.m written by Jostein Kolaas [19]. The script
reads in the particle tracks provided in the dft-files, and the output is a struct
that contains all the necessary and desired information about the bubbles.

1 function [ptv] = dfttracker(filename,first,last,tForm,varargin)
2 % Reads in particle tracks from Digiflow
3 %
4 % Usage:
5 %
6 % ptv = dfttracker(filename,start,end,tForm)
7 %
8 % Inputs - filename - Name of files (eks. 'part%06d.dft')
9 % start - First frame number
10 % end - Last frame number
11 % tForm - Coordinate transformation from pixel

to real
12 %
13 % Outputs - ptv - Structure of particle tracks
14 %
15 % Writen by Jostein Kolaas (2010)
16 %
17
18 % setting up data constants and structures
19 nParticles = 0;
20 nFiles = last - first + 1;
21
22 ptv.frame = struct;
23 ptv.particle = struct;
24
25 data = struct; % avoid large memory reallocation
26
27 nFiles = last - first + 1;
28 nData = 0;
29
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30 % Estimate
31
32 % Tracking
33 tic;
34 nl = size(sprintf('%d',nFiles),2);
35 msg = 'Processing File Number';
36 fprintf(sprintf('%%s %%%dd of %%%dd',nl,nl), msg, 0, nFiles);
37 lastupdate = toc;
38 for i = 1:nFiles
39 % Update every half second
40 if (toc - lastupdate > .5 || (i==nFiles))
41 fprintf(repmat('\b',1,2*nl+4));
42 fprintf(sprintf('%%%dd of %%%dd',nl,nl), i, nFiles);
43 lastupdate = toc;
44 end
45
46 im = dftreadsimple(sprintf(filename,first+i-1));
47
48 %if (im.nPart == 0)
49 % data(i).X = zeros(0,3);
50 % data(i).trackid = zeros(0,1,'int32');
51 % data(i).trackidx = zeros(0,1,'int32');
52 % data(i).frame = zeros(0,1,'int32');
53 % ptv.frame(i).idx = zeros(0,1,'int32');
54 % continue;
55 %end
56
57 data(i).X = zeros(0,3);
58 data(i).trackid = zeros(0,1,'int32');
59 data(i).trackidx = zeros(0,1,'int32');
60 data(i).frame = zeros(0,1,'int32');
61 for l=1:length(varargin)
62 switch (varargin{l})
63 case 'Threshold'
64 data(i).Threshold = zeros(0,1);
65 case 'Position'
66 data(i).Position = zeros(0,2);
67 case 'MisMatch'
68 data(i).MisMatch = zeros(0,2);
69 case 'Area'
70 data(i).Area = zeros(0,1,'int32');
71 case 'nEdgePoints'
72 data(i).nEdgePoints = zeros(0,1,'int32');
73 case 'Volume'
74 data(i).Volume = zeros(0,1);
75 case 'BoundingBox'
76 data(i).BoundingBox = zeros(0,4,'int32');
77 case 'vRMSSize'
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78 data(i).vRMSSize = zeros(0,2);
79 case 'aRMSSize'
80 data(i).aRMSSize = zeros(0,2);
81 case 'vXYCorrelation'
82 data(i).vXYCorrelation = zeros(0,1);
83 case 'aXYCorrelation'
84 data(i).aXYCorrelation = zeros(0,1);
85 case 'PredictNext'
86 data(i).PredictNext = zeros(0,2);
87 case 'SmallFaint'
88 data(i).SmallFaint = zeros(0,1,'uint8');
89 otherwise
90 warning('unknown field');
91 end
92 end
93 ptv.frame(i).idx = zeros(0,1,'int32');
94
95 if (im.nPart == 0)
96 continue;
97 end
98
99 newCrossIndex = -ones(im.nPart,1);

100
101 k = 0;
102 ptv.frame(i).time = im.time.time;
103 if (i==1)
104 ptv.dt = im.time.tStep;
105 end
106
107
108 for j = 1:im.nPart
109
110 particle = im.particle(j);
111
112 % Check to see if this a new particle
113 if (particle.iFrom == -1) || (i==1)
114 if (particle.iTo == -1)
115 % Skip unmatched particles
116 continue;
117 end
118 % New particle
119 nParticles = nParticles + 1;
120 particleID = nParticles;
121 ptv.particle(particleID).idx = zeros(0,1,'int32');
122 else
123 % Old particle
124 particleID = crossIndex(particle.iFrom+1);
125 end
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126
127 nData = nData + 1;
128 k = k + 1;
129 ptv.frame(i).idx(k) = nData;
130
131 index = size(ptv.particle(particleID).idx,1)+1;
132 newCrossIndex(j) = particleID;
133 ptv.particle(particleID).idx(index,1) = nData;
134
135 data(i).X(k,1:2) = particle.Position;
136 data(i).X(k,3) = im.time.time;
137 for l=1:length(varargin)
138 switch (varargin{l})
139 case 'Threshold'
140 data(i).Threshold(k,1)= particle.Threshold;
141 case 'Position'
142 data(i).Position(k,:) = particle.Position;
143 case 'MisMatch'
144 data(i).MisMatch(k,:) = particle.MisMatch;
145 case 'Area'
146 data(i).Area(k,1) = particle.Area;
147 case 'nEdgePoints'
148 data(i).nEdgePoints(k,1) = particle.nEdgePoints;
149 case 'Volume'
150 data(i).Volume(k,1) = particle.Volume;
151 case 'BoundingBox'
152 data(i).BoundingBox(k,:) = particle.BoundingBox;
153 case 'vRMSSize'
154 data(i).vRMSSize(k,:) = particle.vRMSSize;
155 case 'aRMSSize'
156 data(i).aRMSSize(k,:) = particle.aRMSSize;
157 case 'vXYCorrelation'
158 data(i).vXYCorrelation(k,1) = particle.vXYCorrelation

;
159 case 'aXYCorrelation'
160 data(i).aXYCorrelation(k,1) = particle.aXYCorrelation

;
161 case 'PredictNext'
162 data(i).PredictNext(k,:) = particle.PredictNext;
163 case 'SmallFaint'
164 data(i).SmallFaint(k,1) = particle.SmallFaint;
165 end
166 end
167 data(i).trackid(k,1) = particleID;
168 data(i).trackidx(k,1) = index;
169 data(i).frame(k,1) = i;
170 end % j
171 crossIndex = newCrossIndex;
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172 end % i
173 fprintf('\n');
174 toc
175
176 if (isfield(data','X'))
177 ptv.data.X = vertcat(data.X);
178 for l=1:length(varargin)
179 switch (varargin{l})
180 case 'Threshold'
181 ptv.data.Threshold = vertcat(data.Threshold);
182 case 'Position'
183 ptv.data.Position = vertcat(data.Position);
184 case 'MisMatch'
185 ptv.data.MisMatch = vertcat(data.MisMatch);
186 case 'Area'
187 ptv.data.Area = vertcat(data.Area);
188 case 'nEdgePoints'
189 ptv.data.nEdgePoints = vertcat(data.nEdgePoints);
190 case 'Volume'
191 ptv.data.Volume = vertcat(data.Volume);
192 case 'BoundingBox'
193 ptv.data.BoundingBox = vertcat(data.BoundingBox);
194 case 'vRMSSize'
195 ptv.data.vRMSSize = vertcat(data.vRMSSize);
196 case 'aRMSSize'
197 ptv.data.aRMSSize = vertcat(data.aRMSSize);
198 case 'vXYCorrelation'
199 ptv.data.vXYCorrelation = vertcat(data.vXYCorrelation);
200 case 'aXYCorrelation'
201 ptv.data.aXYCorrelation = vertcat(data.aXYCorrelation);
202 case 'PredictNext'
203 ptv.data.PredictNext = vertcat(data.PredictNext);
204 case 'SmallFaint'
205 ptv.data.SmallFaint = vertcat(data.SmallFaint);
206 end
207 end
208 ptv.data.track.id = vertcat(data.trackid);
209 ptv.data.track.idx = vertcat(data.trackidx);
210 ptv.data.frame = vertcat(data.frame);
211 clear data;
212
213 if (nargin>3 && ~isempty(tForm))
214
215 % Chunck up to avoid out of memeory)
216 I = length(ptv.data.frame);
217 if (I>0)
218 cs = 1000;
219 idx = 1:cs:I;
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220 J=length(idx);
221 idx(J) = I+1;
222 if (J > 1)
223 for j=1:J-1
224 idy = idx(j):(idx(j+1)-1);
225 [ptv.data.X(idy,1), ptv.data.X(idy,2)] = ...
226 tformfwd(tForm, ptv.data.X(idy,1), ptv.data.X(idy

,2));
227 end
228 else
229 [ptv.data.X(:,1), ptv.data.X(:,2)] = ...
230 tformfwd(tForm, ptv.data.X(:,1), ptv.data.X(:,2))

;
231 end
232 end
233 end
234 else
235 data.X = zeros(0,3,'single');
236 data.id = zeros(0,1,'int32');
237 data.frame = zeros(0,1,'int32');
238 ptv.frame(i).idx = zeros(0,1,'int32');
239 ptv.data = data;
240 end
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APPENDIX B

Results from validation of bubble
generator #2

Validation of bubble generator #2, presented in section 3.4 was conducted with
four different air pressures, 0.06 bar, 0.16 bar, 0.26 bar and 0.36 bar. Due to
a large number of results, the results from having 0.26 bar and 0.36 bar are
provided here.
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B. Results from validation of bubble generator #2

0.26 bar

(a) Tap water. (b) Salt water.

(c) Tap water. (d) Salt water.

Figure B.1: (a) and (b): probability histograms of the horizontal radius
(mm) from experiments in tap water and salt water, respectively. (c) and
(d): probability histograms of the ratio (equation (3.2)) from experiments in
tap water and salt water, respectively.
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(a) Tap water. (b) Salt water.

(c) Tap water. (d) Salt water.

Figure B.2: (a) and (b): Probability histograms of the vertical velocity
(m/s) from experiments in tap water and salt water, respectively. (c) and
(d): Probability histograms of the maximum horizontal velocity (m/s) from
experiments in tap water and salt water, respectively.
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B. Results from validation of bubble generator #2

(a) Tap water. (b) Salt water.

(c) Tap water.
Saltwater (d) Salt water.

Figure B.3: (a) and (b): Probability histograms of the standard deviation
of the horizontal radius (mm) from experiments in tap water and salt water,
respectively. (c) and (d): Probability histograms of the standard deviation
of the vertical velocity (m/s) from experiments in tap water and salt water,
respectively.
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(a) Tap water

(b) Salt water

Figure B.4: Terminal velocity of the air bubbles in water at 18◦C from
experiments in tap water and saltwater, respectively.
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B. Results from validation of bubble generator #2

(a) Tap water. (b) Salt water.

(c) Tap water. (d) Salt water.

Figure B.5: (a) and (b): Reynolds numbers as a function of the horizontal
diameter (mm) of the bubbles, from experiments in tap water and saltwater,
respectively. (c) and (d): Reynolds numbers as a function of the vertical velocity
(m/s) of the bubbles, from experiments in tap water and saltwater, respectively.
Compared with Reynolds number Re1 and Re2 from table 3.5.
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(a) Tap water. (b) Salt water.

(c) Tap water. (d) Salt water.

Figure B.6: (a) and (b): Drag coefficient as a a function of the horizontal
diameter (mm) of the bubbles, from experiments in tap water and saltwater,
respectively. (c) and (d): Drag coefficient as a function of the vertical velocity
(m/s) of the bubbles, from experiments in tap water and saltwater, respectively.
Compared with drag coefficient CD1 and CD2 from table 3.5.
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B. Results from validation of bubble generator #2

0.36 bar

(a) Tap water. (b) Salt water.

(c) Tap water. (d) Salt water.

Figure B.7: (a) and (b): probability histograms of the horizontal radius
(mm) from experiments in tap water and saltwater, respectively. (c) and
(d): probability histograms of the ratio (equation (3.2)) from experiments in
tap water and saltwater, respectively.
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(a) Tap water. (b) Salt water.

(c) Tap water. (d) Salt water.

Figure B.8: (a) and (b): Probability histograms of the vertical velocity
(m/s) from experiments in tap water and saltwater, respectively. (c) and
(d): Probability histograms of the maximum horizontal velocity (m/s) from
experiments in tap water and saltwater, respectively.

105



B. Results from validation of bubble generator #2

(a) Tap water. (b) Salt water.

(c) Tap water. (d) Salt water.

Figure B.9: (a) and (b): Probability histograms of the standard deviation
of the horizontal radius (mm) from experiments in tap water and saltwater,
respectively. (c) and (d): Probability histograms of the standard deviation
of the vertical velocity (m/s) from experiments in tap water and saltwater,
respectively.
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(a) Tap water

(b) Salt water

Figure B.10: Terminal velocity of the air bubbles in water at 18◦C from
experiments in tap water and saltwater, respectively.
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B. Results from validation of bubble generator #2

(a) Tap water. (b) Salt water.

(c) Tap water. (d) Salt water.

Figure B.11: (a) and (b): Reynolds numbers as a function of the horizontal
diameter (mm) of the bubbles, from experiments in tap water and saltwater,
respectively. (c) and (d): Reynolds numbers as a function of the vertical velocity
(m/s) of the bubbles, from experiments in tap water and saltwater, respectively.
Compared with Reynolds number Re1 and Re2 from table 3.5.
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(a) Tap water. (b) Salt water.

(c) Tap water. (d) Salt water.

Figure B.12: (a) and (b): Drag coefficient as a function of the horizontal
diameter (mm) of the bubbles, from experiments in tap water and saltwater,
respectively. (c) and (d): Drag coefficient as a function of the vertical velocity
(m/s) of the bubbles, from experiments in tap water and saltwater, respectively.
Compared with drag coefficient CD1 and CD2 from table 3.5.
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APPENDIX C

Ice-maps

The ice-maps of the two places where we conducted field work are presented
here.
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C. Ice-maps

Figure C.1: Ice-map of the Barent Sea April 26th, 2019. Location of Hopen
Island is marked with a black arrow [34]
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Figure C.2: Ice-map of Van Mijenfjorden March 9th, 2020. Location of Kapp
Amsterdam is marked with a black arrow [34]
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