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ABSTRACT

To increase the mass transfer rates in bubble columns, a micro-structured bubble column is pro-
posed. The bubbles are cut by wire meshes, increasing the interfacial area available for gas/liquid
mass transfer. This study focuses on the interaction between a single bubble and the wire mesh.

A reproducibility study shows that the experimental results are reproducible. The results of
direct numerical simulations with a combined volume of fluid-immersed boundary method are
compared with the experimental results. The validation is successful for the region below the wire
mesh. Numerical data after the mesh could not be obtained.

A parameter study is performed using experimental data. It is found that the bubble size,
liquid composition, mesh dimensions and the relative position of the bubble and the mesh have a
significant influence on the bubble cutting behavior. The hydrophobicity of the mesh is reported
to have no significant effect.

The results of the parameter study are fitted by regression analysis to provide bubble cutting
closures for Euler-Lagrange models. Preliminary relationships are given to predict the deceleration
of the bubble below the mesh. The available data is insufficient to predict to volume of daughter
bubbles after the mesh. With more experimental and numerical data, composing an accurate
bubble cutting closure for discrete bubble simulations is possible in the near future.
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NOMENCLATURE

Greek symbols
α coefficient
β coefficient
δ displacement [m]
ε phase fraction
µ viscosity [Pa s]
σ surface tension [N m−1]
τ stress tensor [Pa]
ψ velocity component [m s−1]

Roman symbols
A surface area [m2]
a acceleration [m s−2]
b explicit part of the Navier-Stokes equations
CM added mass constant
d diameter [m]
E bubble aspect ratio
F force [N]
F force density [N m−3]
g gravitational constant [m s−2]
H cuboid height [m]
h subtracted height [m]
n number of computational cells
n normal
OA open area
p mesh pitch [m]
p pressure [Pa]
R2 sum of squared residuals
s mesh opening [m]
SD standard deviation
T temperature [°C]
t time [s]
u fluid velocity [m s−1]
V volume [m3]
v rise velocity [m s−1]
w mass fraction
x length in x direction [m]
y length in y direction [m]
z vertical height or length in z direction [m]
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NOMENCLATURE

Subscripts
0 initial
1, 2, .. index or daughter bubble index
b bubble
c central
e equivalent
g gas phase
l liquid phase
m interface element
max maximum
nb neighboring
new new
s solid phase
σ surface tension
sb small bubble
t terminal
w wire
x x direction
y y direction
z z direction

Dimensionless numbers
Eo Eötvös number [ body forces

surface tension forces ]

Mo Morton number [( viscous forces
momentum forces )2( pressure gradient

surface tension forces )( viscous forces
surface tension forces )2]

Re Reynolds number [momentum forces
viscous forces ]

Abbreviations
CFD computational fluid dynamics
DBM discrete bubble model
DIA digital image analysis
DNS direct numerical simulation
GUI graphical user interface
HDFT heptadecafluorodecanethiol
IB Immersed Boundary
MSBC micro-structured bubble column
PLIC piecewise linear interface calculation
SEM scanning electron microscopy
TFM two-fluid model
VoF Volume of Fluid
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CHAPTER 1

INTRODUCTION

Chemical processes often require mass transfer from one phase to another in order to proceed.
These processes are carried out in monolith reactors, trickle-bed reactors and slurry bubble columns.
The monolith and trickle-bed systems are generally used for processes involving slow reactions due
to their typically high interfacial areas and plug flow behavior. However, the maldistribution of
gas and liquid over the reactor can have a major impact on the conversion and selectivity of the re-
action. The slurry bubble column is typically used for processes involving faster reactions because
it is easy to control the reaction in terms of residence time and temperature and it is cost effective.
One of the main issues with the reactor performance is coalescence of the bubbles in the reactor.
Small bubbles introduced at the bottom of the column have the tendency to coalesce when rising
through the liquid. This increases the mean bubble size, which decreases the gas-liquid interfacial
area since larger bubbles have a lower surface-to-volume ratio. The mass transfer rate is affected
further by the increased rise velocity due to the larger bubbles, limiting the time available for mass
transfer to occur. Although a turbulent liquid flow can break up the bubbles, this also induces
more back-mixing, which is generally a disadvantage as well. Finally, the catalyst particles in a
slurry bubble column are subject to attrition. This is a detrimental to the operation of the bubble
column as it can cause abrasion in the reactor and they have to be filtered out of the product
stream.

Avoiding bubble coalescence can readily increase the gas-liquid mass transfer rates in a bubble
column. This can be done by adding coalescence inhibitors. These chemical substances are effective
in preventing bubble coalescence (for example: Keitel and Onken, 1982), but they are not by
definition uninvolved in the reaction. The use of a wire mesh as solid micro-structure in the

Figure 1.1: Artistic impression of a slurry bubble column reactor (left) and a micro-structured
bubble column (right) with wire meshes as internal structuring.
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CHAPTER 1. INTRODUCTION

Figure 1.2: Visualizations of a direct numerical simulation (left), discrete bubble model (middle)
and a two fluid model (right) (Roghair et al., 2011).

column can facilitate the cutting of large bubbles in to smaller ones. Experiments in a pseudo-2D
column by Thiruvalluvan Sujatha et al. (2015) show that the presence of a wire mesh can decrease
the average bubble diameter of a bubbly flow. This improves the area available for gas-liquid mass
transfer, leading to better reactor performance. Besides, the wire mesh can be coated with the
catalyst, which eliminates the need of catalyst particles. Due to the fact that circulation of the
liquid is partially hindered by the wire mesh, the typical well-mixed nature of the liquid phase
changes into a more desired plug flow like behavior. Additionally, the interaction of the bubbles
with the wire will positively affect the surface renewal of the gas-liquid interface and therefore
could increase the mass transfer rates (Thiruvalluvan Sujatha et al., 2015). As a result, such a
micro-structured bubble column (MSBC) is a promising alternative for three-phase processes.

To determine the optimal configuration of this MSBC, lab experiments and computational fluid
dynamics (CFD) can be used to understand the prevailing flow phenomena. Ultimately, a CFD
model could be used directly to optimize a MSBC on an industrial scale. This is achieved by
adopting a multi-scale modeling approach, see Figure 1.2. Every detail of the three-phase flow
can be resolved with direct numerical simulation (DNS), where the Navier-Stokes equations are
numerically solved with a small grid cell size and small time steps. This leads to very high accuracy,
but it restricts DNS to small length and time scales due to the high computational requirements.
To increase the length and time scales in the simulation, the disperse gas phase (i.e. the bubbles)
can be represented as single points in a continuous liquid phase. Such a discrete bubble model
(DBM) will need closure correlations for all bubble-liquid interactions such as drag, lift and added
mass forces, which can be provided by the DNS results. With these closures, the DBM is very
effective at studying the bubbly flow at intermediate length scale. Extending the length scale
further requires the use of a two-fluid model (TFM), where both gas and liquid phases interact
as a continuous phase. With all relevant closures available, this TFM could then be directly used
to predict the performance of a MSBC on industrial scale (van Sint Annaland et al., 2003; Deen
et al., 2004; Roghair et al., 2011).

Currently, there is only one closure available for the bubble-wire interaction in DBM simula-
tions, which was proposed by Jain et al. (2013) using only geometrical considerations. However,
various factors can be expected to affect the cutting of a single bubble, for example the surface
tension, the bubble velocity and the open area of the mesh. Therefore, the main goal of this work
is to propose a bubble cutting algorithm which can accurately predict the bubble-wire interactions
based on relevant parameters. Experiments are performed to capture the effects of the liquid
properties, bubble size, open area of the mesh, mesh hydrophobicity and the relative position of
the bubble with respect to the mesh. Efforts have been made to simulate the cutting of bubbles
for different parameters with DNS, but the method used has not been validated yet (Segers, 2015;
Baltussen, 2015). Consequently, the second goal of this work is to perform DNS validation in
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CHAPTER 1. INTRODUCTION

order to gain a powerful tool in the construction of an accurate bubble cutting algorithm. With
all the results in this study, a correlation is derived to predict the daughter bubble distribution
and velocity. Such a closure can provide better understanding on the impact of bubble cutting in
future DBM simulations.

The thesis will start by giving background information with a literature study in chapter two.
It will include information about bubble columns in general, discuss the behavior of single bubbles
and review recent works about the MSBC. Chapter three will present the experimental validation
of the DNS model. Information about the experimental and numerical setup will be provided.
Results of experiments and simulations will be compared and conclusions about the validity of the
DNS model will be drawn. In chapter four, a parameter study is performed using experimental
results. The parameters under investigation include liquid properties, bubble size, open area of
the mesh, mesh hydrophobicity and the relative position of the bubble with respect to the mesh.
Chapter five will present a proposal for a suitable bubble cutting closure deduced from the results
of the parameter study. In chapter six, conclusions will be summarized and an outlook for future
research is given.
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CHAPTER 2

LITERATURE STUDY

This chapter provides some information about the use and characteristics of bubble column reac-
tors, as well as the role of computational fluid dynamics in bubble column research. The behavior
of single bubbles is introduced by means of the Grace diagram and existing closures for bubble-
liquid simulations are discussed. The last part presents an overview of past and current research
concerning micro-structured bubble columns.

2.1 Bubble column reactors

Throughout the whole spectrum of chemical, petrochemical and biological processes, gas to liquid
mass transfer is a commonly observed phenomenon. The simplest way to achieve this is by injecting
gas into the liquid in a bubble column. The bubble column has a wide range of applications. They
are used in absorption processes and lots of different reactions, including oxidations, hydrogena-
tions, chlorinations, phosgenations and alkylations. Biochemical processes, such as waste water
treatment, are commonly performed in bubble columns as well (Shah et al., 1982; Deen et al.,
2012b).

2.1.1 Design

Typical characteristics of the bubble column include low investment and operating costs, easy
control over the liquid residence time distribution, easy temperature control and a low amount of
maintenance required due to the absence of moving parts. Disadvantages of the bubble column
as a chemical reactor can be back-mixing of both liquid and gas phase, a high pressure drop and
the coalescence of bubbles. Bubble columns have been adapted in many ways to suit particular
applications, see Figure 2.1. Bubble columns are operated in co-current down flow to increase the
gas phase residence time when full gas conversion is desired. To prevent the back-mixing of gas

Figure 2.1: Different types of bubble column reactors. A: Simple bubble column. B: Cascade
bubble column with sieve trays. C: Packed bubble column. D: Multishaft bubble column. E:
Bubble column with static mixers. F: Airlift loop reactor (Deen et al., 2012b).
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CHAPTER 2. LITERATURE STUDY

Figure 2.2: Flow regimes in a bubble column (Deen et al., 2012b).

and liquid, trays, packings, shafts or static mixers can be inserted (Figure 2.1B, C, D and E). The
bubble column can be designed as an airlift loop reactor as well (Figure 2.1F), in which the upward
movement of the gas phase induces a downward liquid flow in a designated liquid channel. The
airlift loop reactor shortens the mixing times and thus reduces concentration differences within the
liquid phase (Deen et al., 2012b).

Many empirical correlations and theoretical models exist to predict the behavior and perfor-
mance of the bubble column. All properties of a bubble column, such as pressure drop, gas and
liquid holdup, interfacial area, mass and heat transfer coefficients depend on the employed flow
regime (Shah et al., 1982; Deen et al., 2012b).

2.1.2 Flow regimes
There are three different flow regimes which characterize the upward movement of bubbles (see
Figure 2.2). The homogeneous flow regime has a low superficial gas velocity and is characterized
by a uniform bubble size distribution. These typically small bubbles are dispersed rather uni-
formly over the cross section of the bubble column. An increased superficial gas velocity will lead
to bubbles colliding, breaking up into smaller bubbles and coalescing into bigger bubbles. This
induces the development of turbulent flow structures, which causes back-mixing of both gas and
liquid phases. The bubbles have irregular shapes and the bubble size distribution becomes very
broad. This behavior is referred to as heterogeneous bubble flow. At lower reactor diameters,
the bubble size can easily reach the reactor diameter. This mostly leads to alternating slugs of
liquid and gas flowing through the reactor. Therefore this regime is called slug flow. A transition
region exists between these three flow regimes, in which the observed flow regime is determined
by the gas distribution system, liquid superficial velocity, gas and liquid properties. Because of
the typically high throughput of gas and liquid, most industrial bubble columns are operated
in the heterogeneous flow regime. Empirical correlations are used to design the bubble column.
These correlations are derived from experiments and are only valid for certain flow regimes and/or
gas/liquid properties. The majority of correlations are available for the heterogeneous flow regime
because of the relevance for the chemical industry (Shah et al., 1982; Deen et al., 2012b).

2.1.3 Computational fluid dynamics
The use of computational fluid dynamics (CFD) in bubble column design has some major advan-
tages over the use of empirical relations. CFD can give three-dimensional, time-dependent and
quantitative information about a three-phase system. For example, it can capture details of gas
behavior near the liquid surface, which is difficult to predict using analytical tools. With a multi-
scale modeling approach, all of the small-scale effects can be captured in correlations by directly
solving the Navier-Stokes equations in direct numerical simulation (DNS). Correlations for bubble
drag, lift, added mass and wall effects are used as closures for simulations on larger scales, such
as the simulations with a discrete bubble model (DBM). The DBM uses an Eulerian grid for the
continuous liquid phase and Lagrangian representation of the bubbles. This decreases the calcula-
tion time for larger systems. Even with the increasing computational power available, CFD is still
relatively time consuming. Another disadvantage is the dependance on the quality of the modeling
closures. However, new research is constantly improving the closure relationships, making CFD
more and more suitable to use for reactor design purposes (Deen et al., 2012b).
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CHAPTER 2. LITERATURE STUDY

2.2 Single bubble behavior
Euler-Lagrange models, such as the DBM, use closures for the bubble-bubble, bubble-liquid and
bubble-solid interactions to calculate the behavior of a single bubble. To get the most complete
model, knowledge about these interactions is required for the complete range of relevant length
scales, gas and liquid properties.

2.2.1 The Grace diagram
The shape and (terminal) rise velocity of a bubble rising freely in an infinite quiescent liquid
depends on the size of the bubble and the properties of gas and liquid. The most complete
description of bubble shape and velocity has been developed by Grace et al. (1976), which is valid
for any dispersed fluid in a continuous liquid medium. In this graphical correlation, the fluid
properties, bubble diameter and terminal rise velocity are represented by respectively the Morton
number, Eötvös number and Reynolds number; see Equations 2.1, 2.2 and 2.3. The Morton number
can be viewed as the product of the squared ratio of viscous to momentum forces, the ratio of the
pressure gradient to surface tension forces and the squared ratio of viscous to surface tension forces
(Rosenburg, 1950). The Eötvös number is defined as the ratio of the body forces to surface tension
forces, and the common Reynolds number represents the ratio of momentum to viscous forces.
Note that for the Reynolds and Eötvös numbers the equivalent diameter is used, which is the
diameter of a perfectly spherical bubble with the same volume as the actual bubble.

Mo =
gµ4

l (ρl − ρg)
ρ2l σ

3
l

(2.1)

Eo =
g (ρl − ρg) d2b,e

σl
(2.2)

Re =
ρlvb,tdb,e

µl
(2.3)

The graphical correlation by Grace et al. (1976), also referred to as the Grace diagram, is shown
in Figure 2.3. Bubble velocities obey Stokes’ Law for rigid spheres when Reynolds is less than about
0.2. Note that this assumption is only true if small amounts of surface-active impurities are present
which inhibit internal circulation within the bubble. Bubbles with Reynolds higher than 100 and
Eötvös higher than 40 have a fairly constant spherical capped shape, although they still may trail

Figure 2.3: The Grace diagram (Grace et al., 1976).
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Figure 2.4: Surface-active contaminants (blue dots) influencing the fluid flow within and around
the bubble (Dijkhuizen et al., 2010).

thin envelopes of gas which is referred to as skirt shedding. Due to the constant shape, the velocity
can be described with the expressions by Davies and Taylor (1950). The remaining curves have
been constructed using experimental data (Grace, 1973; Grace et al., 1976).

Bubbles rising freely in an infinite liquid can be divided into six classes, as indicated in Figure
2.3. It should be noted that the boundaries between these classes are not sharp, but instead show
a transition between shapes. Bubbles with low Reynolds number and low Eötvös number are
characterized by strong surface tension forces and/or viscous forces compared to the inertia forces.
This means the bubble is pushed into a volume with a minimal surface-to-volume ratio, which
is a sphere. At intermediate Reynolds and Eötvös, bubbles show an ellipsoidal shape, which is
constant over time. When the Reynolds gets higher at intermediate Eötvös, the bubbles will show
constant changes in shape. These bubbles are called wobbling and they show this behavior because
the inertia forces are greater than the viscous forces. At high Eötvös numbers, the bubbles show
a capped shape. With low Reynolds, the cap is ellipsoidal and the bottom of the bubble shows a
small indentation. At medium Reynolds, thin filaments of gas will show at the edges of the bubble,
which make it look skirted. Finally, at high Eötvös and high Reynolds, the bottom of the bubble
will flatten out and it will have a spherical cap (Clift et al., 1978; Grace et al., 1976; Grace, 1973).

The Grace diagram is an excellent graphical method for the estimation of the terminal rise
velocity of a bubble in a given liquid. Since the Morton number is only dependent on system
properties, a given gas-liquid system will result in a fixed relation between the Eötvös and Reynolds
numbers. At this point, the diameter of a bubble rising freely in a stagnant liquid can directly be
used to estimate the rise velocity. The purity of the system will have a significant effect on the
observed terminal rise velocity. As indicated before for the validity of Stokes’ Law, surface-active
impurities will inhibit free slip conditions at the bubble interface which increases the viscous drag
on the bubble, see Figure 2.4. In this way, contaminants decrease the terminal rise velocity of
a bubble. This effect is reduced with increasing bubble size. A correction factor can be used to
calculate the terminal velocity in the absence of surface contaminants at intermediate bubble sizes
(Grace et al., 1976).

2.2.2 The drag coefficient

Terminal rise velocity is reached when the drag forces pulling the bubble down are equal to the
buoyancy forces pushing the bubble up. The drag force depends on the drag coefficient, liquid
density, bubble diameter and bubble rise velocity. If the drag coefficient can be calculated, it
can be used to predict the terminal rise velocity. The drag coefficient is required in numerical
simulations as well to calculate the drag forces. The most well-known correlation to estimate the
drag coefficient for both spherical and non-spherical bubbles is proposed by Tomiyama et al. (1998).
The Tomiyama correlation covers pure systems, slightly contaminated systems and contaminated
systems. The drag coefficient is a function of the Reynolds number for spherical bubbles and a
function of the Eötvös number for non-spherical bubbles.

Dijkhuizen et al. (2010) have proposed an accurate drag correlation for pure liquids, particularly
for deformable bubbles at lower Morton numbers. They also found that contaminants have a large
influence on the drag coefficient, especially for smaller bubbles. Since the amount and type of
contaminants cannot easily be determined, it is hard to produce a very accurate drag correlation
for all contaminated systems.

8
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2.2.3 Computational fluid dynamics

Numerical investigations can give accurate and reproducible results about the behavior of a single
bubble. There are different DNS models available for the simulation of a single bubble, which
either have a fixed grid or a moving grid aligned with the gas-liquid interface. Aligning the grid
with the surface of the bubble enables accurate calculations of surface properties, but is limited
in handling strong topological changes as the grid has to move with the interface. The use of a
fixed grid does not have this disadvantage, but has troubles calculating the surface properties since
the exact location of the surface is not tracked. Fixed grid methods are mostly preferred since
bubbles are highly deformable and the implementation in three dimensions is easier (Scardovelli
and Zaleski, 1999; Baltussen et al., 2014).

Different fixed grid methods are available for the simulation of single bubbles, each of which
has its own strengths and weaknesses. The Front Tracking model uses a Lagrangian grid to track
the bubble interface, which is optimal for the calculation of surface properties. However, the
necessary restructuring of the grid makes it complex, especially when coalescence and break-up
are to be considered. Furthermore, the transfer of information between the fixed Eulerian grid
and the Lagrangian grid causes mass conservation problems. The Level-Set method uses a smooth
function which is negative in one fluid, positive in the other fluid and zero at the interface. With
this function, the interface is reconstructed using the local fluid velocity. This yields a desirable
smooth and accurate description of the surface, as long as the surface deformation is not too high.
However, mass conservation problems will arise due to its interaction with the fluid velocity field,
because the smooth function is advected with the interpolated velocity. The Volume of Fluid
method uses a color function, which indicates the fraction of liquid present in each computational
cell. The location of the interface is reconstructed from this function. Because the color function is
advected, the conservation of mass is not an issue with this method. However, the reconstruction of
the surface from the color function will lead to a non-smooth surface. This leads to difficulties in the
calculation of the surface properties such as the surface tension. Calculation of surface properties
can be performed with different surface tension models, the most accurate surface tension model
depends on the Eötvös and Morton numbers of the gas/liquid system (Baltussen et al., 2014).

2.3 Micro-structured bubble column

Different packings and structuring have been used to optimize the performance of bubble columns.
Modifications to the bubble column are ideally (1) simple to construct, (2) have a high open area
to ensure a low pressure drop at higher gas holdups, (3) have a uniform flow resistance over the
cross-section of the reactor and (4) do not take up lots of space inside the reactor. Wire mesh
screens are able to satisfy all of the criteria mentioned (Chen and Yang, 1989). Current research
focuses on understanding the behavior of the gas bubbles in the MSBC and ultimately developing
methods for industrial optimization.

2.3.1 Experimental research

An experimental study by Chen and Yang (1989) on the hydrodynamics in a bubble column with
multiple wire mesh screens showed a very uniform bubble size, low back-mixing, large gas holdup
and high mass transfer rates. They reported an increase of mass transfer with increasing gas and
liquid velocities. The liquid viscosity was reported to have a negative effect on the mass transfer
coefficient. The research by Chen and Yang (1989) shows that the use of wire meshes in a bubble
column has positive effects on the performance. However, it does not provide any information about
the process of cutting the bubbles nor does it quantify the effect of the wire mesh dimensions in
the MSBC.

Experiments with a wire mesh in a pseudo-2D column by Thiruvalluvan Sujatha et al. (2015)
show that the bubble cutting process is a function of wire diameter, mesh opening and the superfi-
cial velocity of the gas. Thin wires with mesh openings smaller than the average bubble size showed
a significant decrease in average bubble diameter for gas velocities up to 15 mm/s, which indicates
an increase in gas-liquid surface area. The bubbles coalesce immediately after the mesh at higher
superficial gas velocities. In this case, the bubbles are still influenced by the mesh since their veloc-
ities are reduced significantly. At very small mesh openings, the gas bubbles are trapped beneath
the wire mesh and form gas pad. Even when the bubbles are not cut by the wire mesh, they are
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CHAPTER 2. LITERATURE STUDY

affected by the presence of the mesh. Bubbles are spread more evenly along the cross-section of the
column and enhanced velocity fluctuations are observed above the mesh. The latter could lead to
faster surface renewal of the liquid film around the bubble. This means the wire mesh is expected
to have a positive effect on the gas-liquid mass transfer coefficient. Finally, it was observed that
the back-mixing of the liquid is prevented by the wire meshes (Thiruvalluvan Sujatha et al., 2015).

2.3.2 Current bubble cutting algorithm
Jain et al. (2013) have performed bubble cutting simulations using DBM simulations. A closure
for the bubble-wire interactions was proposed based on geometrical considerations. The bubble
cutting algorithm is invoked when the bubble diameter to mesh pitch ratio is greater than a certain
arbitrary value and the newly calculated position of the bubble overlaps the wire mesh. At this
point, a cuboid representation of the bubble is used to determine the volume of the new daughter
bubbles and the remaining parent bubble, see Figure 2.5a. The height of the cuboid is calculated
by conserving the bubble volume.

Vb =
π

6
d3b = Hd2b (2.4)

The algorithm continues by calculating the maximum volume of a daughter bubble. It is
assumed that this maximum is dictated by the mesh opening and that the parts of the parent bubble
which will form the daughter bubbles are limited by the mesh pitch, see Equation 2.5. Subsequently,
the volume needed to form these new bubbles is subtracted from the cuboid representation of the
parent bubble. The remainder of the cuboid representation is converted back to a sphere, see
Equation 2.6. The subtracted height can then be used to determine the volume of the daughter
bubbles which do not reach the maximal new bubble volume (see bubbles A and D in Figure 2.5).

Vsb,max =
π

6
s3 = hp2 (2.5)

Vb,new = (H − h)d2b (2.6)

The daughter bubbles are randomly placed above the wire mesh in the vicinity of the original
bubble with a velocity equal to that of the parent bubble, see Figure 2.5b. The original bubble
itself is given a zero velocity to account for the momentum loss in the interaction with the wire
(Jain et al., 2013). To enable experimental validation of the model, a cutting efficiency parameter
is introduced, which can account for the fact that not all bubbles are cut and/or re-coalesce directly
above the mesh (Jain, 2015). However, only one parameter is not likely to be able to adjust the
algorithm correctly for any mesh dimension in any gas/liquid system. Surface tension, viscosity and
density could have large effects on bubble cutting behavior and therefore need to be incorporated
in the model.

(a) (b)

Figure 2.5: Graphical illustration of the bubble cutting algorithm with indication of the relevant
length scales. Parent bubble is cut in a cuboid representation (a) and the daughter bubbles are
consequently placed above the mesh (b) (Jain et al., 2013).
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2.3.3 Improving the bubble cutting algorithm
To improve the algorithm of cutting a single bubble with a wire mesh, bubbles being cut by
a single wire were investigated. This can be viewed as a very simple case of a wire mesh and
can identify important parameters influencing the interaction between the bubble and the solid
structure. Segers (2015) has performed bubble cutting experiments with a single wire with Eötvös
numbers between 10 and 50 and Morton numbers between 10-2 and 102. The relative position
between the bubble and the wire, the Morton number and the bubble size were found to be
important parameters in terms of the daughter/parent bubble volume ratio. Smaller bubbles do
not break up easily since their shape is spherical, due to the higher surface tension and/or viscous
forces compared to the inertia forces. This means the bubble is not very deformable and is only
cut if the bubble hits the wire mesh with its center of mass very close to the wire’s center. For
larger and deformable bubbles, as well as for lower Morton numbers, cutting can occur with larger
displacements between the two centers. The volume ratio of the daughter to the parent bubble
was found to be unaffected by the wire diameter.

Baltussen (2015) has found that a combined Volume of Fluid-Immersed Boundary (VoF-IB)
method simulation can describe bubble cutting experiments with a single wire very well in terms of
bubble sizes, bubble shapes, their trajectories and bubble rise velocities. With this validated DNS
model, bubbles with Eötvös numbers between 0.5 and 20 for Morton numbers 10-3 and 101 were
investigated when interacting with a single wire. It was found that only bubbles with Eo > 4 can
be cut, irrespective of Morton number or wire diameter. Smaller bubbles do not deform sufficiently
and stabilize underneath the wire until some small instability will cause it to pass the wire on one
side. Bubbles which are not cut reach a zero velocity below the wire, whereas bubbles which are
cut always retain a non-zero velocity. The main influence on the velocity profile could be explained
with the ratio of the bubble diameter to the wire diameter. The resistance of the wire depends
on its diameter, which means it will eventually influence the cutting behavior. Yet the parameter
space has to be extended to obtain useful closures for DBM simulations.

The single wire case has been extended by Baltussen (2015) to a full wire mesh with the
combined VoF-IB method simulations. Different bubble sizes (i.e. Eötvös numbers) and mesh
openings were used and both proved to have an influence on the interaction between the bubble
and the mesh. The bubbles are able to squeeze themselves through the opening of the mesh when
the bubble is aligned with an opening in the mesh and Eo > 4. In the case of smaller bubbles
and/or small mesh openings, the bubble gets stuck underneath the mesh. The fact that aligning
the bubble with a wire intersection changes the critical Eötvös number for which bubbles can get
stuck underneath the mesh proves that the relative position between the mesh and the bubble
influences the behavior of the bubble.

To be able to construct an improved bubble cutting algorithm, the effects of the relative position
of the bubble and the wire and the Morton number should be quantified as well. Furthermore, an
experimental validation of the VoF-IB method for the wire mesh case is still missing. Both points
will be treated in this work.
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CHAPTER 3

VALIDATION OF DIRECT
NUMERICAL SIMULATIONS

This chapter will compare experimental results with direct numerical simulations performed with the
combined Volume of Fluid-Immersed Boundary method. The numerical method is briefly discussed
and the experimental is given. A reproducibility study is performed to verify that the experimental
results are suitable for validation purposes. Finally, the numerical setup is given and the numerical
results are validated in terms of bubble shape and bubble velocity.

3.1 Introduction

One of the major challenges in performing experiments is to control all of the different parameters
involved in the experiment. The use of numerical simulations can avoid this challenge, resulting in
reproducible and accurate results. However,to ensure a reliable result the numerical results should
be validated with experiments. If this validation is successful, numerical results can be used in a
parameter study.

3.2 Numerical method

The DNS method used to simulate the bubble cutting experiments with a wire mesh was developed
by Baltussen (2015). It combines the Volume of Fluid (VoF) method of Baltussen et al. (2014)
with the second order implicit Immersed Boundary (IB) method of Deen et al. (2012a) to calculate
the gas-liquid and liquid-solid interactions, respectively. The combined VoF-IB method solves the
continuity equation and the Navier-Stokes equations, Equations 3.1 and 3.2 respectively, while
assuming an incompressible flow.

∇ · u = 0 (3.1)

ρ
∂u

∂t
= −∇p− ρ∇ · (uu)−∇ · τ + ρg + Fσ (3.2)

Because the velocity across the gas-liquid interface is continuous, the Navier-Stokes equations
can be solved using a one-field approximation. A color function is used to track the phase fractions
in each computational cell, which is advected with the velocity field. To represent the gas/liquid
interface, an extra force density (Fσ) is introduced, which only acts around the interface. Different
models are available for the calculation of this force density. The most accurate description for
bubbles with Eo ≥ 1 is obtained with the Tensile Force method. Each discrete surface element
exerts a tensile force on its neighboring elements, see Figure 3.1. This force is equal to the surface
tension times the cross product of the shared tangent of the two elements (ti,m) and the normal
of the tangent between the two elements (ni,m). Since the net tensile force of a closed surface has
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Figure 3.1: Visualization of the tensile force exerted by three neighboring surface elements on the
central surface element (van Sint Annaland et al., 2005).

to be equal to zero, the calculation will only contain the normals on the neighboring elements.
For each surface element m, having n edges, the total surface tension of a marker is calculated by
summation over each neighboring element i, see Equation 3.3. Due to discretization, the evaluation
of the pressure gradient and the force density typically induces an imbalance, which can be relieved
by introducing a pressure jump correction, see Equation 3.4 (Baltussen, 2015).

Fσ,m =
1

2
σ

n∑
i=1

(ti,m × ni) (3.3)

[p] =

∑
iFσ,i · ni∑

iAi
(3.4)

The no-slip boundaries are implemented directly into the discretised Navier-Stokes equations.
In the discretised form, each velocity component can be related to its neighboring velocity compo-
nents, see Equation 3.5. If the neighboring cell (ψnb) resides within a part of the wire mesh, the
coefficients are adjusted with a second order polynomial fit. As a result, the velocity within the
wire mesh is eliminated and the coefficients of the central cell and its neighbor are adjusted using
velocity of the wire mesh and the distance to the surface.

αcψc +
∑
nb

αnbψnb = bc (3.5)

The Navier-Stokes equations (Equation 3.2) and the continuity equation (Equation 3.1) are
solved on a staggered grid with a two-step projection-correction method. This method first calcu-
lates a tentative velocity field from the Navier-Stokes equations, excluding the pressure term. The
velocity field at the new time step is obtained by correcting the tentative velocity field with the
pressure term using the continuity equation. Subsequently, the velocity field is used to advect the
phase fractions, see Equation 3.6. Since the location of the interface is not directly tracked in the
VoF method, it is reconstructed by piecewise linear interface calculation (PLIC) using the color
function. PLIC uses five generic shapes to reconstruct the interface, see Figure 3.2. With the new
phase fractions known in all computational cells, the new macroscopic density and viscosity are
calculated using normal and harmonic averaging, respectively. The phase fraction in the grid cell
is used as a weighting factor.

Dε

Dt
=
∂ε

∂t
+ u · ∇ε = 0 (3.6)

There are some limitations to the numerical method described here. The PLIC representation
does not necessarily mean that the surface elements are connected. This can lead to errors in the
calculation of the surface tensions. Large changes in the bubble shape lead to sharp changes in
the surface tensions and subsequently large changes in the velocity field. This can lead to errors
in the simulation as well. Another possibility with rapid changes is that the fluid interaction with
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Figure 3.2: Reconstruction of a bubble’s interface by piecewise linear interface calculation. The
five generic interface cases are shown on the left. On the right, a spherical bubble is reconstructed
using these five cases (Baltussen, 2015).

the wire is not advected properly and some gas ends up within the cells within the solid wire.
To avoid these situations, the time step cannot be chosen too large. To keep the total simulation
time within reasonable limits and to have stable, well-defined bubbles, Morton numbers between
10-5 and 101 are preferred. In order to obtain grid-independent results, the bubble cannot be too
small compared to the wire diameter. On the other hand, a bubble size too large will need a larger
domain to prevent wall effects. A larger domain will lead to increased simulation time as well.
With Eötvös numbers between 0.5 and 40 and the ratio of bubble to wire diameter below 2.6, the
simulation time is kept within reasonable limits of a few months.

3.3 Experimental setup
Experiments are performed in a square, laboratory scale glass column, which is placed upon a
stainless steel pedestal. The column has a height of 100 cm, the depth and width are both 20 cm.
Air can be inserted into the column via a needle at the bottom. A schematic of the setup is given
in Figure 3.3. It is possible to have a continuous flow of air by using a mass flow controller or to
insert a distinct volume of air by using a syringe. A small spoon-like reservoir placed just above the
needle to capture the inserted air. In this reservoir, the inserted air is allowed to coalesce to a single
bubble. The wire mesh is inserted from the top using a perspex insert and four screw-threads.
The height of the mesh was determined by preliminary bubble rise experiments, see Appendix A.
The rigid insert is weighed down by two small weights and its position in the horizontal plane is
fixed by perspex pads. Experiments are recorded by two identical high speed cameras (PCO dimax
HD+) at 500 Hz with an exposure of 100 μs. One camera records the front view with a Sigma
macro 105 mm lens, while the other one is fixed above the column to record the top view with a
Nikon 200 mm lens. Both cameras are connected to each other in order to be able to synchronize
the image acquisition with a delay of less than 1 μs. The recording region of the front view camera
is 960 by 1440 pixels with a resolution of 70 μm per pixel. The top view camera records 1104 by
1104 pixels at 40 μm per pixel.

The column is filled with a mixture of glycerol and demineralized water, which is prepared in
the column to ensure contaminations are minimal. A continuous air flow is used to mix the glycerol
and water for three days in order to obtain a homogeneous mixture. The properties of the liquid
are measured twice a day to ensure the physical parameters remain constant over the experiments
since the hygroscopic glycerol is prone to take up contaminants. The surface tension is measured

Table 3.1: Wire mesh dimensions.
Property Value Unit
dw 2.92 mm
s 4.09 mm
p 7.01 mm
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Figure 3.3: Schematic representation of the experimental setup.

with the Wilhelmy plate method using a Krüss K20 EasyDyne tensiometer with a platinum plate
at room temperature. The viscosity measurements are performed with a Brookfield viscometer
(Fungilab Alpha series) at room temperature. The bubble centroid position and its major and
minor axis are determined by digital image analysis (DIA) on the recorded images of the front
camera. The position of the bubble in the horizontal plane is determined by DIA on the recorded
images of the top camera. More information about the measurement techniques can be found in
Appendix B. The properties of the liquid, averaged over the duration of the measurements, are
given in the result section for each set of experiments. The dimensions of the wire mesh used are
shown in Table 3.1.

3.4 Reproducibility study

Reproducible experimental results with constant values for all variables are needed for the vali-
dation of the DNS method. Of all the experimental variables involved, the relative position of
the bubble to the mesh in the horizontal plane is the most difficult to control. The releasing of
the bubble involves turning the spoon by hand, which causes slight variations in the y direction.
Additionally, tapping the spoon to facilitate the coalescence of the inserted air may cause slight
variations in the x direction. This means a significant number of experiments is required to produce
experimental results with equal relative position. In order to be sure that the impact location is
analyzed correctly, a reproducibility study is performed.

The column is filled with a mixture of glycerol (91.7 wt.%) and water, which corresponds with
log Mo = 0. Bubble volumes of 0.2 mL are used, which corresponds to Eo = 10. The properties of
the liquid, averaged over the duration of the measurements, are given in Table 3.2. A total of 50
experiments are recorded. Six measurements are removed since the detected volume of the parent
bubble was less than 90% of the intended bubble volume. Analysis of the top view images by DIA
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Table 3.2: Average liquid properties of the glycerol-water mixture in the reproducibility study and
their standard deviations.

Property Value Unit
σ 64.6 ± 0.1 mN m-1

ρ 1237 ± 3 kg m-3

µ 455 ± 30 mPa s
T 20 °C

is used to obtain the bubble impact location of all experiments.
It is expected that two bubbles of which the centroids have the exact same position in the

horizontal plane, relative to the nearest wire intersection, will show the exact same interactions
with the wire mesh. The interaction with the mesh can be characterized by the velocity profile,
aspect ratio and volume ratio of the bubble.

The velocity profile is obtained by differentiation of the bubble positions captured by DIA versus
time. A convolution method of smoothing and differentiation is used to suppress the noise which
is commonly observed when differentiating experimental data (Gorry, 1990). More information
about this method can be found in Appendix C. The aspect ratio of the bubble, defined as the
bubble height divided by the square root of the product of the bubble widths in the horizontal
plane, is calculated using the maximum dimensions captured by DIA, see Equation 3.7. Since the
images can only give 2D information, the maximum diameter in the y direction is assumed to be
equal to the maximum diameter in the x direction.

E =
dz,max√

dx,maxdy,max
=
dz,max
dx,max

(3.7)

Four cases were identified where one or more experiments have an impact location within each
other’s standard deviation, see Table 3.3. Figure 3.4 shows the bubble rise velocity on the left axis
and the aspect ratio of the bubble on the right axis against the vertical height. The velocity is
normalized by the terminal rise velocity below the mesh and the vertical height is normalized by
the equivalent (parent) bubble diameter. The solid line represents the middle of the wire mesh,
the dashed line represent the mesh’s edges. Snapshots of the experiment are included to help
understand the results. All snapshots are shown with the same magnification.

When the bubble approaches the mesh, it slowly decelerates and acquires a more oblate shape.
A minimum velocity is reached just below the mesh. After that, the parent bubble starts accel-
erating and going through the mesh. At this point, the camera is unable to capture data due to
obstruction of the view by the wire mesh. The last snapshot below the mesh is taken just before
the bubble touches the mesh at z/db = −0.66. Up to the point where the (largest) daughter bub-
ble is completely released above the mesh at z/db = 1, the captured data can be assumed to be
incorrect. This point is visualized with a snapshot as well. The daughter bubble will then slowly
assume their terminal rise velocity and corresponding shape. If the parent bubble is cut into two
daughter bubbles, two velocity profiles and two aspect ratio values are shown for positive values
of z/db.

In the first case (Figure 3.4a), no cutting is observed. The two experiments show a perfect

Table 3.3: Displacements of experiments with comparable impact location.
δx [mm] SDδx [mm] δy [mm] SDδy [mm] Figure
0.437 0.034 2.695 0.138 3.4a0.457 0.028 2.735 0.089
0.182 0.025 2.898 0.112 3.4b0.160 0.026 2.906 0.081
0.258 0.046 3.002 0.062 3.4c0.267 0.024 3.041 0.064
0.218 0.039 3.237 0.089

3.4d0.235 0.049 3.192 0.075
0.206 0.035 3.169 0.073
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Figure 3.4: The normalized bubble rise velocity and aspect ratio versus normalized vertical height for the four cases with equal impact location, see Table 3.3. The
dashed lines represent the edges of the wire mesh. Not all available data points are shown to prevent cluttering of the data. The different aspect ratio symbols
represent the parent bubble (4), larger daughter bubble (/) and smaller daughter bubble (.).
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match, which is either due to an equal impact location or the difference in impact location not
having any effect. Figure 3.4b shows a case where the bubble is cut into two daughter bubbles.
The smaller daughter bubbles have a different velocity profile. The larger daughter bubbles differ
very slightly in velocity and aspect ratio. From the snapshots it is evident that the volume ratios
V2/V0 are different, namely 0.035 and 0.066. This means that the impact location is not equal or
that the process is not fully reproducible. The last two cases, shown in Figures 3.4c and d, have a
reasonably good overlap in all velocity profiles and aspect ratio values. Snapshots show that the
smaller daughter bubbles are almost equal in size. The volume ratios are still somewhat different:
0.023 and 0.014 in the third case and 0.026, 0.036 and 0.030 in the last case. However, these
deviations can be explained by the experimental error in the determination of the bubble volumes.
The overall behavior of these bubbles with equal (or at least very similar) impact location is the
same. This confirms that the experiments are reproducible.

A total of 50 experiments was needed to acquire just two cases with equal impact location.
This indicates that an improvement of control over the impact location is desired. Differences in
bubble volume and velocity are determined with far greater precision than the bubble’s impact
location. To increase the quality of the reproducibility study, a more accurate way of determining
the impact location has to be implemented.

3.5 Numerical setup

To enable comparison of experimental and numerical results, two simulations are performed with
the same bubble size, wire mesh dimensions, liquid and gas properties as used in the experiments.
The details of the simulations are listed in Table 3.4. The grid size is chosen in such a way that
there are at least 30 grid cells in a bubble diameter and at least 12 grid cells in a wire diameter.
This will ensure grid independent results for the bubbles and an accurate calculation of the wire
drag force (Baltussen, 2015).

The domain boundaries are all free-slip boundaries. To avoid wall effects, the domain size is
chosen in such a way that the bubble can be placed at least 2.5 bubble diameters from the nearest
boundary in the horizontal plane for any displacement δx,y. A length of 3.5 bubble diameters is
kept between the bubble and the bottom of the computational domain for proper simulation of
the bubble wake. The distance between the bubble and the mesh is 3.5 bubble diameters, in which
the bubble can accelerate towards terminal rise velocity, see Figure 3.5. Since the bubble will rise
through the liquid, a window shifting technique is applied on the total phase fraction to make sure
the bubble remains at its original position. As a result, the wire mesh will appear to be moving
down through the domain (Deen et al., 2004; Baltussen, 2015).

Table 3.4: Simulation settings and physical properties.
Property Value case a Value case b Unit
Domain size (nx, ny, nz) (180, 180, 230) (180, 180, 230) grid cells
Grid size (∆x, ∆y & ∆z) 2.34 · 10-4 2.34 · 10-4 m
Time step 1.0 · 10-5 1.0 · 10-5 s
dw 2.92 · 10-3 2.92 · 10-3 m
s 4.09 · 10-3 4.09 · 10-3 m
Vb 2.0 · 10-7 2.0 · 10-7 m3

δx, δy 6, 15 1, 4 grid cells
ρl 1.243 · 103 1.237 · 103 kg m-3

µl 0.555 0.455 Pa s
ρg 1.25 1.25 kg m-3

µg 1.0 · 10-5 1.0 · 10-5 Pa s
σ 6.49 · 10-2 6.46 · 10-2 N m-1

ρs 2.0 · 103 2.0 · 103 kg m-3
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3:5

3:5

2:5

0:5

/x

Figure 3.5: Initial positions of the bubble and the wire mesh in the computational domain. The
numbers indicate the distance normalized by the equivalent bubble diameters.

3.6 Validation of the numerical model

After the confirmation that the experimental results are consistent, the numerical method can be
validated. Two different sets of experiments are used for the validation. The physical properties
of both experiment and simulation are listed in Table 3.4. For each set, a simulation was started
with the same displacement in both x and y direction as in the experiment which showed cutting
of the bubble.

The simulations have been started with a time step of 0.1 μs. When the bubble starts interacting
with the mesh, the time step will at some point be too large to handle the topological changes of
the gas/liquid interface. Inconsistent PLIC representations will lead to an incorrect calculation of
the surface tension with the tensile force method. Small errors in the velocity field can occur with
too rapid interfacial changes. Such small errors will propagate and eventually crash the simulation
some time later. If such a crash occurs, the simulation has to be restarted from a point where it
was error free with a smaller time step. The validation simulations performed in this study failed
to pass by the wire mesh, although some other simulations performed indicated that passing the

(a)

(b)

Figure 3.6: Image series of simulations (a) and experiments (b) for the validation case with a log
Morton number of 0.44. The time interval between images in both series is 0.10 s.
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mesh is possible with the currently described numerical method.
Figure 3.6 shows a visualization of the simulations and an experimental image series of validation

case a. Both series are started at z/db = −2.3 as given in the simulations and analyzed by DIA.
Both the simulation and the experiment have the same shape at the start and are flattened when
approaching the mesh. When contact is made with the mesh, the bubble slowly folds around the
mesh. This is clearly visible in the simulations, but not in the experiments since the mesh blocks
the view. The experimental bubble makes contact with the mesh a little later in time than the
simulated bubble. However, this is due to the fact that the camera view in the experiments is
not perfectly aligned with the mesh. The top of the wire mesh is slightly visible, but DIA detects
that as part of the side of the mesh. This leads to the mesh being detected a little too high.
Consequently, the distance between bubble and mesh calculated from the DIA is slightly distorted.
As a result, the starting position of both bubbles in the image series are not equal. This makes a
fully accurate comparison difficult. Nevertheless, the simulation and the experiment show similar
movement over time and very similar shape development.

For the experiments, the velocity profile is obtained by differentiation of the bubble positions
captured by DIA versus time (see Appendix C). The experimental aspect ratio of the bubble is
calculated using the maximum dimensions of the bubble captured by DIA (see Equation 3.7).
The simulated bubble velocity is the summation of the velocity profile weighted with the volume
fraction within the bubble. The maximum dimensions can be derived from the PLIC representation.
With the dimensions of the bubble in all three directions, the aspect ratio can be calculated
using Equation 3.7. Figure 3.7 shows the velocity profile and aspect ratio of the experiment and
simulation below the mesh for both cases. Case a shows very good resemblance between simulation
and experiment. The terminal rise velocity matches quite well, but the experimental bubble has
already started its deceleration at the height where the simulated bubble has reached terminal rise
velocity. This indicates that the computational space left between the bubble and the mesh has
not been enough. The simulation shows an overshoot in velocity because the liquid flow around
the bubble has not reached its steady rise state before it is (slightly) affected by the wire mesh. As
soon as the experimental bubble is hidden between the wire mesh at z/db ≈ −0.66, the velocity
and aspect ratio show a mismatch. This is due to the detection errors in the experimental results,
it can be expected that the simulation results are the true values.

Case b shows that the simulated bubble starts after the experimental bubble has started its
deceleration as well. The same mismatches are visible when the experimental bubble is hidden
behind the mesh. There is however quite some difference in experimental an computational rise
velocity and aspect ratio. A simulation with the same physical properties, but without the presence
of a wire mesh, confirms that the simulated terminal rise velocity is not significantly influenced
by the wire mesh. Hence, the measurement of the physical properties must contain some error.
The solution of case b contained about 92 wt.% glycerol. Theoretically, this solution would have a
viscosity of 310 mPa s, a density of 1240 kg m-3 and a surface tension of 63.7 mN m-1 (Glycerine
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Figure 3.7: Comparison of velocity profile and aspect ratio for the two validation cases with bubble
cutting. The dashed line represents the edge of the wire mesh. Not all available experimental data
points are shown to prevent cluttering of the data.

21



CHAPTER 3. VALIDATION OF DIRECT NUMERICAL SIMULATIONS

Producers Association, 1963). The measured values of 455 mPa s, 1237 kg m-3and 64.6 mN m-1

(with standard deviations of 30 mPa s, 3 kg m-3 and 0.1 mN m-1, respectively) indicate that
the viscosity and surface tension are different than one would expect. This could mean that the
ambient temperature in the period of measurement was a few degrees lower than 20 °C, as the
temperature has a strong influence on the viscosity. However, the difference has to be at least 3
°C, which is unlikely to be the case. The surface tension is higher than the theoretical value. This
indicates that the liquid contains more water than expected. Surface-active contaminants would
only have lowered the surface tension. It could be that a systematic error has been made in the
measurement of the viscosity. Such an error could be due to the sampling of the liquid in the
column, since samples can only be taken from the bottom. With a difference in liquid composition
between experiments and simulations, validation is not possible with the second case. This only
leaves validation case a, which is successful for the bubble behavior below the wire mesh.

3.7 Conclusion
The reproducibility study has shown that experiments with the current setup are reproducible and
can be used for numerical validation purposes. However, the standard deviation of the impact
location analysis is significantly larger than the error in the other quantities detected by DIA.
Improvements can be made to the experimental setup to increase the accuracy of the impact
location. This will be treated in chapter 6. Nevertheless, current experimental results are suitable
to be used for numerical validations.

The validation of the numerical method has only been partly successful. Validation case a has
shown good agreement between experiments and simulations. The simulations could be continued
to obtain numerical data for the cutting behavior and the velocity and aspect ratio above the wire
mesh, which is currently missing. Another possibility is to completely restart the simulation with
the same physical properties. Since the current simulation starts at the point where the decelera-
tion of the bubble in the experiment already has commenced, new simulations could improve on
this point by leaving more computational space between the bubble and the mesh in the initial
positioning. When the simulations are compared with the current experimental data, the location
of the wire mesh needs to be reviewed. The visual comparison of simulation and experiment has
revealed that a small error is present due to the slightly tilted alignment between the wire mesh
and the camera.
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CHAPTER 4

PARAMETER STUDY

This chapter covers the effect of different parameters on the cutting behavior of a single bubble. The
experimental setup is briefly discussed, after which each parameter is addressed. Visual observations
and analysis of the data provide the basis for the discussion on every parameter. Finally, the results
are summarized and conclusions are drawn.

4.1 Introduction

Understanding the effects of physical parameters in a process is a key point in the prediction of the
process’s outcome. The velocity, daughter volume and shape are the most important characteristics
of a bubble interacting with a wire mesh. Variables that influence these characteristics include
the relative position between the mesh and the bubble, the size of the parent bubble, the liquid
composition, the hydrophobicity of the mesh and the open area of the mesh. The majority of
experiments is performed in a liquid system with high Morton numbers. This ensures accurate
detection of the bubble size and location by digital image analysis and good reproducibility of
experiments. Experiments with low Morton numbers, which are more relevant to the chemical
industry, are performed as well. This parameter study uses the experimental results to find relations
between different variables and the characteristics of the bubble. A good understanding of the
effects of the different parameters will eventually lead to better predictions by the bubble cutting
closure for discrete bubble simulations.

4.2 Experimental setup(∗)

Experiments are performed in a 3D square column filled with a glycerol-water mixture, which is
prepared in the column to ensure contaminations are minimal. A small spoon-like reservoir is used
to capture air and allow it to coalesce into a single bubble. A rigid insert is used to hold the wire
mesh. Experiments are recorded by two identical high speed cameras (PCO dimax HD+). The
surface tension, viscosity and density of the liquid are measured twice a day to ensure the physical
parameters remain constant over the experiments. The bubble centroid position and its major and
minor axis are determined by digital image analysis (DIA) on the recorded images of the front view
camera. The position of the bubble in the horizontal plane is determined by DIA on the recorded
images of the top view camera. More information about the measurement techniques can be found
in Appendix B. The properties of the liquid, bubble and wire mesh used in each experiment series
are each time given in the corresponding paragraph.

(∗)This paragraph briefly discusses the vital information of the experimental setup. For a full description, please
refer to section 3.3.
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Table 4.1: Average liquid properties of the glycerol-water mixture used to investigate the effect of
the impact location and their standard deviations.

Property Value Unit
σ 64.6 ± 0.1 mN m-1

ρ 1237 ± 3 kg m-3

µ 455 ± 30 mPa s
T 20 °C

Table 4.2: Wire mesh dimensions used to investigate the effect of the impact location.
Property Value Unit
dw 2.92 mm
s 4.09 mm
p 7.01 mm

4.3 Bubble impact location

While cutting any object, the volume distribution of the daughter objects will always depend on
where one places the knife. The effect of the relative position between the bubble and a single wire
has already been shown by Segers (2015) and Baltussen (2015). The relative position of the bubble
centroid compared to the center of a single wire can be expressed in a one-dimensional variable. In
contrast, the use of a wire mesh requires requires two dimensions to specify the relative position
between the two. The displacement in both directions is defined as the x and y components of the
line between the bubble centroid and the nearest wire intersection. Because of the symmetry in
the wire mesh, geometric transformation can be used to describe any relative position between the
bubble and the mesh with two displacement variables where δy = δx and 0 5 δ/p 5 1

2 . Finding
the relation between the impact location of the bubble centroid onto the mesh and the resulting
daughter volume ratio is vital in the search for an improved bubble cutting algorithm.

Experiments used to investigate the effect of the impact location are performed with a liquid
medium of glycerol (91.7 wt.%) and water, which corresponds to log Mo = 0. Bubble volumes of
0.2 mL are used, which corresponds to Eo = 10. The properties of the liquid, averaged over the
duration of the measurements, are given in Table 4.1. The dimensions of the wire mesh used are
given in Table 4.2. A total of 50 experiments are recorded. Nine measurements are removed since
the detected volume of the parent bubble was less than 90% of the intended bubble volume.

One would expect that the alignment between the bubble and the wire rib has to be perfect
in order to obtain two daughter bubbles with the exact same size. But this is not the case, as
previously shown by Baltussen (2015) in the case of single wire cutting with both experiment and
simulation. Figure 4.1 shows a bubble with it centroid aligned with the wire rib. The mechanism
behind this unequal cutting lies in a small asymmetry in the flow field when the bubble is close
to the wire mesh. When the bubble folds around the mesh, this asymmetry leads to a very slight
difference in the volume of the one part compared to the other part. The part of the bubble
which has a smaller volume will have a slightly higher curvature and therefore a slightly higher
pressure. This leads to a small gas flow of the smaller part of the bubble towards the larger part
of the bubble. The smaller part of the bubble will only get smaller and the larger part of the
bubble will only get larger. This will lead to an even larger pressure difference and thus an even

Figure 4.1: Image series of a bubble which has its centroid aligned with the wire rib. The time
interval between images is 0.12 s.
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Figure 4.2: Visualization of the wire mesh with impact locations of bubble cutting experiments
normalized by the mesh pitch. Note that δy and δx are interchangeable due to the symmetry of the
mesh. Each circle represents the measured standard deviation of one experiment. The green circles
indicate a bubble which has been cut into two daughter bubbles, red circles indicate a bubble which
has not been cut.

faster depletion of the bubble. Even with a very small asymmetry at the initial contact, the time
available for this self-reinforcing effect moves the volume ratios significantly away from a perfectly
equal cut.

A bubble will not always perfectly align with the wire rib. Because some bubbles are able to
deform and pass through the mesh without being cut (Baltussen, 2015), it can be expected that
there are some impact locations for which cutting occurs and other impact locations where cutting
will not occur. This will intuitively depend on the bubble size relative to the dimensions of the
wire mesh, since a bubble can never fit through a much smaller mesh opening, which is several
orders smaller in magnitude, and will have to be cut regardless of the impact location. In this
case, a bubble size is chosen in the same order of magnitude as the mesh pitch. The effect of the
bubble size on the cutting behavior is further discussed in section 4.4.

Figure 4.2 shows the impact locations of bubbles which are cut in green and the impact locations
of bubbles which are not cut in red. There is a clear indication of a region for which cutting occurs
and a region for which it does not. The values of displacements in the x direction for which
cutting occurs slightly depends on the displacement in the y direction. This can be explained by
the presence of the wire perpendicular to the wire rib where the bubble folds around. Because
both bubble parts will have to move away from the perpendicular wire in the direction of the
mesh opening in case of lower δy, the contact time between the bubble and the mesh will increase.
Consequently the time available for the pressure effect to occur is increased and the smaller part
of the bubble is completely depleted sooner. Thus the initial asymmetry when the bubble hits the
mesh needs to be smaller for cutting to occur.

The slight dependance of the bubble cutting region in Figure 4.2 seems to be linear at first
sight. However, since the pressure effect is self-reinforcing, it is expected that the function that
bounds the δy values where cutting occurs increases exponentially with δx. From the current set
of experiments, the minimum value of δy for cutting to occur cannot be determined because there
is no data available for δy/p < 0.2. Therefore, the effect of δy on the cutting behavior in terms of
volume ratios cannot be quantified. However, preliminary results also show that the cutting region
is bound by an exponential function, see Appendix A.

Exponential functions are approximately constant at high values of the independent variable,
so the effect of δx can still be determined with reasonable accuracy. In Figure 4.3, the volume
ratios V2/V0 are plotted against the displacement in the x direction for δy/p > 0.4. A least-
squares fit to a single-term exponential equation has been performed to find the relation between
the volume ratio and the displacement in the x direction. The result is shown in Equation 4.1.
The fit has an R2 value of 0.91, which indicates that the relation found is quite accurate. The
coefficient α1 represents the maximum achievable daughter volume ratio with this bubble size and
liquid composition, whereas the coefficient α2 represents some kind of measure for the effect of
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Figure 4.3: The volume ratios of the smaller daughter bubbles versus the displacement in the
x direction for y-displacements higher than 0.4 times the mesh pitch. The fitted line represents
Equation 4.1.

non-alignment with the wire rib. One could expect that α1 should be equal to a half. However,
the current value of 0.3 indicates that contact time with this liquid medium is long enough for the
small asymmetries in the liquid flow to amplify significantly. Since the value of an exponent will
never reach a value of exactly zero, some kind of minimum value must exist for the ratio V2/V0
before cutting seizes to occur. The current results suggest that such a value is in the order of
5 · 10−3. Any lower value for the volume ratio must be rounded down to zero. It must be noted
that such a minimum value might also depend on other factors, such as the Morton number.

V2
V0

= α1 exp

(
−α2

δx
p

)
= 0.3 exp

(
−72

δx
p

)
(4.1)

The velocity profile is obtained by differentiation of the bubble positions captured by DIA
versus time (see Appendix C). In Figure 4.4, the normalized velocity below the wire mesh is shown
against the normalized height for five different impact locations. The deceleration towards the
minimum rise velocity does not depend on the impact location. The minimum value itself shows
some very slight dependence. The subsequent acceleration through the mesh seems to depend on
impact location, but the block of the view of the bubble by the wire mesh makes this conclusion
uncertain.

Despite the lack of experimental data to quantify the effect of δy, the effect of δx on the daughter
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Figure 4.4: The normalized rise velocity versus normalized height for five different impact locations.
The dashed lines represent the edges of the wire mesh. Not all available data points are shown to
prevent cluttering of the data.

26



CHAPTER 4. PARAMETER STUDY

bubble volume ratios has been found with reasonable accuracy. The constants which have been
found in this relationship are likely to be influenced by δy to some extent. The influence of bubble
size and liquid composition on the bubble cutting behavior is not analyzed. However, both will
have significant effects on the daughter bubble volume distribution as they influence the rate of
the whole process and therefore the time in which the pressure effect occurs. It can be expected
that similar exponential relationships apply for other bubble sizes in the same order of magnitude
as well. At the point where bubbles are bigger and possibly split into three daughter bubbles, the
pressure effects get more complicated. As a result, the effect of the bubble impact location will get
more complicated too. This will make finding a suitable cutting algorithm in terms of daughter
bubble volumes for any parent bubble size challenging. The bubble deceleration below the mesh
does not depend on the impact location until the point where minimum rise velocity is reached.
Subsequently, incorporating the bubble deceleration in the bubble cutting algorithm will be easier.

4.4 Bubble size
The size of the bubble in a certain liquid medium determines its terminal rise velocity. With
higher speed, a bubble will have a higher kinetic energy when interacting with the wire mesh.
Furthermore, the altered Reynolds and Eötvös will lead to a (slight) change in bubble shape as
predicted by the Grace diagram. A change in shape leads to a change in the frontal area of
the bubble interacting with the mesh, altering all forces in play. Finally, the size of the bubble
compared to the wire diameter changes the deformation needed in the cutting process. All of these
facts are indicators that the bubble size will influence the cutting behavior.

For the experiments investigating the bubble size, the column is filled with a mixture of glycerol
(91.4 wt.%) and water, which corresponds to log Mo = 0. The properties of the liquid, averaged
over the duration of the measurements, are given in Table 4.3. The dimensions of the wire mesh
used are given in Table 4.4. Two bubble sizes are alternately used, 0.2 mL and 0.3 mL. This
corresponds to Eötvös numbers of respectively 10 and 13. A total of 71 experiments are recorded.
Eight measurements are removed since since the detected volume of the parent bubble was less
than 90% of the intended bubble volume.

An image series in Figure 4.5 compares the two different bubble sizes visually. Both bubbles
have an equal relative position with regard to the mesh as detected by DIA of the top view images.
The cutting of the bubble with an Eötvös number of 13 is faster than the bubble with an Eötvös
of 10. This aligns with the expectations, since the larger bubble brings more kinetic energy to
perform the cutting. It also appears that the daughter bubble volume ratios of both bubbles are
unequal. However, no definitive conclusion can be drawn on this point with visual analysis alone.
The smaller daughter bubble in the Eötvös 10 case has no shape changes due to the presence of
the larger daughter bubble, where the daughter bubbles in the Eötvös 13 case are influencing each
other’s shape. The effect of the leading bubble’s wake depends on both the vertical and horizontal
distance between the two bubbles. Shape and velocity changes are likely to be visible in the velocity
of the smaller daughter bubble, but they are not directly due to the difference in bubble size.

Four cases are selected where the impact location of two bubbles with different sizes are equal,

Table 4.3: Average liquid properties of the glycerol-water mixture used to investigate the effect of
the bubble size and their standard deviations.

Property Value Unit
σ 64.3 ± 0.3 mN m-1

ρ 1241 ± 3 kg m-3

µ 450 ± 45 mPa s
T 20 °C

Table 4.4: Wire mesh dimensions used to investigate the effect of the bubble size.
Property Value Unit
dw 2.92 mm
s 4.09 mm
p 7.01 mm
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(a)

(b)

Figure 4.5: Image series of two bubble cutting experiments with different bubble sizes, (a) Eo =
10 (b) Eo = 13. The time interval between images is 0.10 s.

see Table 4.5. The velocity profile is obtained by differentiation of the bubble positions captured by
DIA versus time (see Appendix C). The aspect ratio of the bubble is calculated using the maximum
dimensions of the bubble captured by DIA (see Equation 3.7). Both the velocity and the aspect
ratio are plotted against the normalized vertical height, see Figure 4.6. All cases show minimal
difference in terms of normalized rise velocity below the mesh. Although the actual terminal rise
velocity of the bubbles with Eo = 10 is around 120 mm s-1 and the bubbles with Eo = 13 has a
velocity of about 140 mm s-1, both bubble sizes start the deceleration below the mesh at 3.5 bubble
diameters below the mesh and follow the same deceleration towards the minimum velocity. The
deceleration of the larger bubble appears to be a little bit closer to the wire mesh. If there is any
effect, it is not clearly visible with the current range of Eötvös numbers. This is equally true for the
value of the (normalized) minimum rise velocity and the (normalized) vertical height at which it
is reached. Obstruction of the camera view by the mesh makes it difficult to draw any conclusions
in the region of −0.5 < z/db < 0.5. Bubbles with Eo = 13 have an aspect ratio of about 0.73
before cutting, bubbles with Eo = 10 have an aspect ratio of 0.80. This is in accordance with the
prediction by the Grace diagram, in which the position of the larger bubble lies more towards the
ellipsoidal region. At the point where the bubble almost touches the mesh, both bubble sizes have
equal thickness but a different aspect ratio since the width differs.

The velocity profile of the daughter bubbles above the mesh with a horizontal diameter smaller
than the mesh opening do not seem to be influenced by the wire mesh. Once they lose contact with
the mesh, a common logarithmic increase is observed towards their terminal rise velocity dictated
by the daughter bubble volume. The aspect ratio obtains its final value instantly when the view
of the bubble is no longer obstructed by the wire mesh. It should be noted that this is not the
case for the smaller daughter bubble of the Eo = 13 bubble in the first case, since the wake of
the bigger bubble is influencing its velocity and shape as mentioned before (see also Figure 4.5).
The larger daughter bubbles in both cases have an actual horizontal diameter which is larger than

Table 4.5: Experimental cases with equal impact location in the bubble size experiments.
Eo δx [mm] SDδx [mm] δy [mm] SDδy [mm] Figure
10 0.113 0.057 3.377 0.068 4.5, 4.6a13 0.147 0.031 3.371 0.088
10 0.550 0.035 3.320 0.097 4.6b13 0.528 0.071 3.394 0.154
10 0.584 0.042 3.010 0.102 4.6c13 0.586 0.036 3.047 0.072
10 1.689 0.064 3.290 0.119 4.6d13 1.746 0.129 3.289 0.117
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Figure 4.6: The normalized bubble rise velocity and aspect ratio versus normalized vertical height for the four cases with equal impact location, see Table 4.5. The
dashed lines represent the edges of the wire mesh. Not all available data points are shown to prevent cluttering of the data. The different aspect ratio symbols
represent the parent bubble (4), larger daughter bubble (/) and smaller daughter bubble (.).29
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the mesh opening. This means the bubble has to deform in order to move through the mesh.
The bubble leaves the mesh in an elongated state (E > 1). This prolate spheroid shape causes
the bubble to experience less form drag and accelerate quite fast. After being fully released, the
bubble returns to its steady oblate shape. This means the drag on the bubble increases again to
its normal value. Therefore, a small overshoot is observed in the acceleration towards terminal rise
velocity. However, this overshoot is an effect of the daughter bubble size, not the parent bubble
size.

The values of the daughter bubbles’ terminal rise velocity are not equal in every case. This is
caused by a difference in cutting behavior. The first case, shown in Figure 4.6a, has an impact
location close to the center of a wire mesh rib. Both bubbles are cut, but the Eo = 10 has a
V1/V0 ratio of 0.905 where the Eo = 13 has a ratio of 0.775. From a geometrical point of view,
when only cutting by the wire rib where the bubble folds around is considered (Segers, 2015), these
volume ratios should be 0.537 and 0.527 respectively. The geometrical ratios differ because of the
difference in the ratio of the bubble and wire diameters, but not as much as the actual ratios. The
actual volume ratio of the larger bubble is closer to its geometrical value. In fact, the discrepancy
is due to the higher velocity of the larger bubble, limiting the time available for the effect of the
internal pressure to occur (which was discussed in Paragraph 4.3). The second and third case,
in Figures 4.6b and 4.6c respectively, both show the larger parent bubble cutting and the smaller
parent bubble not cutting. With their impact locations, the Eo = 13 bubble is able to fold around
the mesh rib where the Eo = 10 bubble cannot. Consequently it can be expected that the ratio of
the horizontal bubble diameter just before it reaches the mesh and the wire diameter has an effect
on the cutting behavior. More experiments are needed to determine whether db/dw has an effect
on the daughter volume distribution. From the current set of experiments, it seems that the ratio
has to be higher than a certain value for cutting to occur at a specific impact location. Evaluating
this critical ratio is not possible with the current data.

4.5 Liquid composition
Surface tension, liquid density and viscosity of the system play an important role in the behavior
of a gas bubble rising through a liquid. Investigating the effect of the surface tension, liquid
density and viscosity separately is not very straightforward since selecting a different liquid or
liquid mixture always changes more than one of the three variables. For this reason, the liquid
composition is measured in terms of the Morton number, which combines these three quantities
into a dimensionless number (see Equation 2.1). The results with different bubble sizes already
pointed out that the cutting behavior changes with changing bubble velocity. Since the liquid
composition will change the bubble velocity as well, the effect of the liquid composition will only
be investigated in terms of the bubble’s velocity profile.

Different series of experiments are used to investigate the effect of the Morton number. An
overview of the liquid compositions for each experiment series, together with their corresponding
log Morton number and liquid properties, averaged over the duration of the measurements, are
given in Table 4.6. The bubble volume was 0.2 mL in each case, which corresponds to Eo = 10.
The dimensions of the wire mesh used are given in Table 4.7.

Since the impact location did not have any significant effect on the bubble rise velocity below
the mesh, three cases were selected with equal detected bubble volume for the liquid compositions
containing glycerol. Bubbles with very low Morton numbers become unstable and show a lot
of oscillations in both bubble shape and rise velocity. This is why the case with pure water as
medium was constructed by smoothing the data of 26 bubble experiments. The bubble velocity and
acceleration are obtained by differentiation of the bubble positions captured by DIA versus time (see

Table 4.6: Liquid compositions with their respective log Morton numbers and average liquid prop-
erties including their standard deviations.

wglycerol wwater log Mo σ
[
mN m−1

]
ρ
[
kg m−3

]
µ [mPa s] T [°C]

0.95 0.05 0.5 65.0 ± 0.2 1242 ± 3 570 ± 60 20
0.92 0.08 0.0 64.6 ± 0.1 1237 ± 3 455 ± 30 20
0.85 0.15 -1.7 66.0 ± 0.2 1213 ± 3 165 ± 15 20
0 1 -10.6 72.8 ± 0.1 1000 1 20
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Figure 4.7: Normalized bubble rise velocity (a) and force acting on the bubble (b) below the wire
mesh versus the normalized height for different liquid compositions. The dashed lines represent
the edges of the wire mesh. Not all available data points are shown to prevent cluttering of the
data.

Appendix C). Figure 4.7a shows the normalized bubble rise velocity versus the normalized height.
The bubbles in liquids with higher Morton numbers show a more smooth deceleration towards the
minimum rise velocity, where the lower Morton numbers lead to a more sharp decrease just before
the mesh. The change in velocity has to be due to some force exerted onto the bubble by the wire
mesh through the liquid. With the acceleration of the bubble obtained from DIA, the force on
the bubble can be calculated, see Equation 4.2. The effective mass of an object moving through a
fluid is increased by that fluid (Stokes, 1851). The added mass of a bubble rising through a fluid
is equal to a half in almost all cases (Magnaudet et al., 1995).

Fb = mbab = (ρg + CMρl)Vbab (4.2)

The net force acting on the bubble is shown in Figure 4.7b. The net force is zero when the
bubble is well below the wire mesh, and shows a decrease in force as it approaches the wire mesh. At
a reasonable distance from the mesh, the liquid flow field around the bubble gets slightly disrupted

Table 4.7: Wire mesh dimensions used to investigate the liquid composition.
Property Value Unit
dw 2.92 mm
s 4.09 mm
p 7.01 mm
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Figure 4.8: Visual representation of the fitting of Equation 4.3 through the data in Figure 4.7b.
Not all available data points are shown to prevent cluttering of the data.

Table 4.8: Fitted parameters of the force acting on the bubble below the mesh for different Morton
numbers, see Equation 4.3.

log Mo β1 β2 β3 R2

0.5 1.39 0.63 3.18 0.996
0.0 3.75 0.58 3.41 0.994
-1.7 10.2 0.50 3.25 0.985
-10.6 20.1 0.42 4.21 0.970

by the presence of the wire mesh. It is an effect that slows down the bubble, thus exerting a
negative force on the bubble. Moving closer to the wire mesh, the effect is only enhanced. At
the point where the bubble touches the wire mesh, the disruptive effect rapidly stops influencing
the bubble since there is no more liquid flow field between the bubble and the mesh. After this,
buoyancy forces make sure the bubble rises again. Surface tension forces and forces exerted by
the wire mesh make sure that the bubble does not rise freely. These forces may depend on the
deformation of the bubble when it folds around the wire rib.

The bubble forces with z/db < −0.66 have been fitted to a formula with a repulsive term and
an attractive term, see Equation 4.3. In this formula, β1 is a measure for the minimum value of
the force, β2 describes the vertical height of that minimum and β3 indicates the smoothness of the
deceleration. The formula shows similarities with the Lennard-Jones inter atomic potential, but
the physical meaning behind this similarity is not clear at this stage. The fitting of the results is
visualized in Figure 4.8. Table 4.8 gives an overview of the constants as well as the accuracy of
the fit. Trends are visible in the values of β1 and β2 based on the Morton number. It is unclear at
this stage whether β3 is a constant value or changes with the Morton number as well.

Fb = β1

[(
β2
−z/db

)1.1β3

−
(

β2
−z/db

)β3
]

(4.3)

With the current results, it is proven that the liquid composition has an effect on the velocity
profile of the bubble below the mesh. The force exerted on the bubble by the wire mesh can be
fitted into a formula, but more experiments are needed to increase the accuracy of the parameters
and to find a relation between the parameters and the Morton number.

4.6 Mesh hydrophobicity

The nature of the solid mesh can have a strong influence on the fluids surrounding it. A drop of
hydrophilic liquid on a hydrophobic surface will resist wetting the surface. It will attain a near
spherical shape in which the interfacial energies of all three interfaces are in a thermodynamical
equilibrium. In the reverse situation, where a bit of gas is trapped beneath a hydrophobic surface
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(a)

(b)

Figure 4.9: Image series of two bubble cutting experiments, (a) with uncoated mesh (b) with
superhydrophobic coated mesh. The time interval between images is 0.03 s.

in a hydrophilic liquid medium, the liquid will resist being in contact with the solid and the gas will
be spread out over the surface. The degree of hydrophobicity will affect the liquid/solid interfacial
energy and therefore possibly the behavior of the bubble. The hydrophobicity of a solid in contact
with a certain liquid is commonly measured in terms of contact angle.

For the experiments investigating the mesh hydrophobicity, the column was filled with a mixture
of glycerol (81 wt.%) and water, which corresponds to log Mo = −2. The bubbles volume was 0.2
mL in each case, which corresponds to Eo = 10. The properties of the liquid, averaged over
the duration of the measurements, are given in Table 4.9. Two identical meshes were used, one
stainless steel mesh without any coating and one copper mesh with a superhydrophobic coating.
The dimensions of the wire meshes used are given in Table 4.10. More information about the
superhydrophobic coating can be found in Appendix D.

Figure 4.9 shows a visual comparison of two bubbles with equal impact locations, the top
series shows a bubble being cut with the uncoated mesh and the other bubble is cut by the
superhydrophobic mesh. Both parent bubbles show an identical shape as they fold around the
wire at the same point in time. After going through the mesh, both image series show that the
daughter bubbles stay close to each other. The only difference is that both experiments are mirror
images of each other in terms of size and shape. From visual observations only, there is no difference
between the iron mesh and the copper mesh with superhydrophobic coating.

Two cases are selected where one experiment with the uncoated mesh and one experiment with
the superhydrophobic coated mesh have the same impact location. The velocity profile is obtained

Table 4.9: Average liquid properties of the glycerol-water mixture used to investigate the mesh
hydrophobicity and their standard deviations.

Property Value Unit
σ 64.5 ± 0.5 mN m-1

ρ 1206 ± 3 kg m-3

µ 110 ± 10 mPa s
T 20 °C

Table 4.10: Wire mesh dimensions used to investigate the mesh hydrophobicity.
Property Value Unit
dw 0.90 mm
s 3.33 mm
p 4.23 mm
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Figure 4.10: The normalized bubble rise velocity and aspect ratio versus normalized vertical height
for two cases with different cutting behavior. The dashed lines represent the edges of the wire mesh.
Both cases consist of one experiment with uncoated mesh and one experiment with coated mesh
which have equal impact locations. Not all available data points are shown to prevent cluttering
of the data. The different aspect ratio symbols represent the parent bubble (4), larger daughter
bubble (/) and smaller daughter bubble (.).

by differentiation of the bubble positions captured by DIA versus time (see Appendix C). The
aspect ratio of the bubble is calculated using the maximum dimensions of the bubble captured by
DIA (see Equation 3.7). Both the velocity and the aspect ratio are plotted against the normalized
vertical height, see Figure 4.10. These plots confirm that there is no difference between the stainless
steel mesh and the superhydrophobic mesh.

The contact angle of the superhydrophobic mesh with water can safely be assumed to be 150°,
equal to the copper samples prepared with the same method. The contact angle of the stainless
steel, however, is unknown. Untreated stainless steel (of type AISI 304) has a typical contact
angle of about 64° (El Farricha et al., 2015), but this depends strongly on how the surface is
cleaned (Thongyai, 2005). Besides, since the wires in the wire mesh are small and have highly
curved surfaces, measuring the contact angle accurately from the actual surface is very difficult.
Additionally, the contact angle with water is different from the contact angle with a glycerol/water
mixture. Finally, the timescale of a bubble interacting with the wire mesh is a lot smaller than the
timescale in which the equilibrium of contact energies sets. So determining the relevant value for
the contact angle is going to be very challenging.

The current experiments indicate that there is no effect of the wire mesh surface, but there are
not enough experiments available to produce a strong conclusion. The bubble diameter in this case
might be so large compared to the wire diameter that the magnitude of the surface forces and the
timescale in which their effect occurs are negligible compared to the other forces involved. It can be

34



CHAPTER 4. PARAMETER STUDY

expected that experiments in a medium of water will show more effect of the hydrophobicity, but
experiments in water have clear disadvantages in the DIA analysis. A superoleophobic coated mesh
could be investigated. However, more sophisticated surface structures are needed for a surface to
be superoleophobic (Tuteja et al., 2007). It cannot be expected that fabrication of wire meshes
with these surfaces is very straightforward. The best alternative for future experiments is to get
contact angle measurements on substrates which have been treated in the same way as the wire
mesh. In these measurements, drops taken from the liquid medium with which the experiments
were performed should be used. In order to draw more definitive conclusions, more data is needed.

4.7 Open area

Wire mesh dimensions will influence the interactions between the bubble and the wire mesh. The
open area represents the dimensionless area available for fluid flow through the mesh. The open
area is defined as the percentage of space available for liquid flow in the horizontal plane. This
means the open area is equal to the square of the mesh opening divided by the square of the mesh
pitch, see Equation 4.4. If the area available for flow through the mesh changes, it can be expected
that the deceleration below the mesh is affected.

OA =
s2

p2
=

s2

(s+ dw)
2 (4.4)

Experiments were performed in a liquid medium of glycerol (95 wt.%) and water, which corre-
sponds to log Mo = 0.5. The properties of the liquid, averaged over the duration of the measure-
ments, are given in Table 4.11. The bubble volume was 0.2 mL in each case, which corresponds to
Eo = 10. The dimensions of the wire meshes used are shown in Table 4.12.

The bubble velocity and acceleration are obtained by differentiation of the bubble positions
captured by DIA versus time (see Appendix C). Figure 4.11 shows the normalized bubble rise
velocity versus the normalized height. Since the wire diameter is different in each case, the lower
edge of the mesh is at a different height from the center of the mesh. Short dashed lines are plotted
at the end of each series to visualize the matching wire. The difference of the wire diameter induces
a different location of the minimum velocity, but there appears to be no big difference in velocity
profile between the different open areas. The minimum velocity itself seems to be slightly related
to the mesh opening, but there is not enough data available to confirm this. With the acceleration
of the bubble obtained from DIA, the force exerted by the mesh on the bubble and its wake can
be calculated, see Equation 4.2.

The force on the bubble is calculated and a least-squares fit is made using Equation 4.3. The
results are shown in Table 4.13. Both β1 and β2 seem to related tot the mesh opening, whileβ3
decreases with increasing open area. The decrease of β2 with increasing mesh opening is justified by
the change of wire diameter, leading to a minimum force at a lower vertical height if the diameter
increases. The depth of the minimum, represented by β1, increases with decreasing mesh opening,
since a smaller actual opening allows for smaller flows through the mesh and therefore will exert

Table 4.11: Average liquid properties of the glycerol-water mixture used to investigate the open
area and their standard deviations.

Property Value Unit
σ 65.0 ± 0.2 mN m-1

ρ 1242 ± 3 kg m-3

µ 570 ± 60 mPa s
T 20 °C

Table 4.12: Wire mesh dimensions used to investigate the open area.
OA [%] dw [mm] s [mm] p [mm]

34 2.92 4.09 7.01
62 0.90 3.33 4.23
76 0.55 3.68 4.23
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Figure 4.11: Normalized bubble rise velocity below the wire mesh versus the normalized height
for different meshes. The short dashed line represents the lower edge of the wire mesh. Not all
available data points are shown to prevent cluttering of the data.

Table 4.13: Fitted parameters of the force acting on the bubble below the mesh for different open
areas, see Equation 4.3.

OA [%] s [mm] β1 β2 β3 R2

34 4.09 1.34 0.60 3.04 0.989
62 3.33 1.88 0.29 2.41 0.995
76 3.68 1.39 0.34 2.20 0.976

more force on the bubble. The connection between β3 and the open area is evident, but the wire
diameter can be used to identify this trend as well.

It is not the open area of the mesh that influences the minimum of the exerted force on the
bubble, but the size of a single mesh opening. This makes sense, because the effect of the wire
diameter could already be incorporated in the effect of the bubble size. The open area depends
on the wire diameter as well, where the mesh opening is a completely independent variable. The
location of the minimum force relative to the center of the wire mesh was found to depend on the
wire diameter. With these results, a proposition can be made for the velocity profile in the bubble
cutting algorithm. However, to improve the current observations, more experimental results are
necessary.

4.8 Conclusion
With the current data, a preliminary insight has been gained in the distribution of daughter
bubble volumes if a bubble interacts with a wire mesh. A region exists where bubble cutting
occurs, bounded by an exponential function of the displacement due to the self-reinforcing nature
of the pressure effect. This region is influenced by the bubble size and liquid composition. The
volume ratio of the smaller daughter bubble can be described by an exponential function as well.
The coefficients of the function will again be influenced by the parent bubble size and the liquid
composition. It must be noted that these conclusions apply to cases where the bubble size is in
the same order of magnitude as the mesh pitch. If the bubble size would become any larger, the
bubble will no longer fold around a single wire rib. With the bubble folding around multiple mesh
ribs, the pressure effect will turn out to be more complicated and the prediction of the daughter
bubble volumes will be less straight-forward.

A reasonable amount of data has been gathered regarding the velocity profile below the mesh.
A formula was developed for the force exerted on the bubble and its wake (Equation 4.3). The
coefficients of this formula change with the bubble size, liquid properties and the mesh dimensions.
With the current data, it seems possible to predict these coefficients for any liquid.
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It was shown that the effect of the mesh hydrophobicity is negligible. However, this conclusion
is not supported by a lot of experimental data. It has been argued that the magnitude and time
scale of the surface forces are too small to have an effect on the other forces involved.

Acquiring more data is essential in improving the parameter study. Possible measures to im-
prove the quality of the data acquisition are treated in chapter 6.
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CHAPTER 5

BUBBLE CUTTING ALGORITHM

In this chapter, the results of the parameter study are summarized and used to propose an improved
bubble cutting algorithm.

5.1 Introduction

The bubble cutting algorithm used in discrete bubble simulations by Jain et al. (2013) is based on
geometrical considerations only. A new bubble cutting algorithm based on physical observations
can readily improve the accuracy of these simulations. Three different phases can be distinguished
in the interaction between a bubble and a wire mesh. The first part is the deceleration of the
bubble while approaching the wire mesh. The presence of the wire mesh disturbs the liquid flow
field around the mesh and therefore exerts force on the bubble and its wake. Next, the interaction
between the bubble and the wire mesh will lead to a distribution of the gas into one or more
daughter bubbles. The pressure effect dictates the resulting volume distribution. Finally, the
daughter bubbles are released and attain their terminal rise velocities dictated by their volume.
These three parts form the newly proposed bubble cutting algorithm.

5.2 Bubble deceleration

A function was derived for the force exerted on the bubble and its wake by the wire mesh above
it. The function consists of a part describing the repulsive force pushing the bubble down and an
attractive part pulling the bubble up, see Equation 5.1. With the coefficients found in the parameter
study as a function of the Morton number and the mesh opening, the force on the bubble can be
predicted as a function of the height below the mesh. This force can then be directly implemented
in the discrete bubble model along with the other forces acting on the bubble, such as gravity,
pressure, drag, lift, virtual mass and wall forces.

Fb = β1

[(
β2
−z/db

)1.1β3

−
(

β2
−z/db

)β3
]

(5.1)

With the limited amount of data present, the quality of the relationship that links the coeffi-
cients in the force function to the Morton number and mesh dimensions will be low. Nevertheless,
a preliminary investigation is done to obtain a feeling for the shape of the coefficient functions.
Figure 5.1 shows the fitting of the data for the coefficients β1 and β2. Trends of both coefficients
can be captured with exponential functions. The third coefficient β3 is taken constant with regard
to the log Morton number and linear with regard to the wire diameter. The proposal for the co-
efficient functions is given in Table 5.1. It seems that the force equations are valid for any bubble
size. It must be noted that the parameter space of the bubble size in this research has been quite
limited. Therefore, the effect of bubble size on the coefficients in the force equations needs further
investigation.
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Figure 5.1: Visualization of the data fitting to predict the coefficients β1 and β2 in Equation 5.1.

Table 5.1: Proposed relations to predict the coefficients in Equation 5.1 using the log Morton
number and the mesh opening.

β1 = [21.1− 17.3 exp (0.27 log Mo)] + [exp (−6.8s+ 22)]
β2 = [0.42 + 0.16 exp (0.40 log Mo)] + [exp (3.9s− 17)− 0.33]
β3 = 1.12dw

Even though the functions for the coefficients are based on a small set of data, the proposed
equations follow the trends of the experimental results quite well. More results are needed to
ensure the trends found are valid. Experiments with Morton numbers between 10-10 and 10-2 are
missing in the current data set. Extra data within this region will be very useful in confirming the
currently found trends. Only three different mesh openings have been measured, so any extra data
is helpful in reviewing the trends of the coefficient functions.

5.3 Predicting the volume ratio
When the bubble folds around a wire rib, the effect of the pressure inside the bubble induced by
the curvature of the bubble plays a major role. Only bubbles with about the same size as the mesh
pitch were investigated in the current study. For these bubbles, cutting occurs in an ellipsoidal
region around the middle of the wire rib. This can be expressed in an exponential function of the
displacement within the symmetrically repeated area. The daughter bubble volume at a constant
displacement in one direction can be expressed in an exponential function of the displacement in
the perpendicular direction, see Equation 5.2. This equation predicts the volume ratios of the
daughter bubbles very good, but a lack of suitable data for a diverse range of Morton numbers and
mesh dimensions prevents obtaining relations for the coefficients at this point.

V2
V0

= α1 exp

(
−α2

δx
p

)
(5.2)

The question remains what would happen at the point where α2 increases to the point where
δx/p = 0.5 results in a value higher than the minimum daughter bubble volume. At that point, the
possibility for more than two daughter bubbles exists and determining only one daughter bubble’s
volume will not suffice to determine every daughter bubble volume. It would be interesting to
see whether the current formula for a bubble which folds around a single wire rib can be used for
bubbles that fold around multiple wire ribs by simple addition for every rib it folds around.
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5.4 Bubble release
After the parent bubble is cut, the daughter bubbles leave the mesh. The trend of the velocity
revealed that daughter bubbles with diameters smaller than the mesh opening show a smooth
logarithmic increase towards terminal rise velocity. This means that the velocity of those small
daughter bubbles follow the normal forcing laws as currently implemented in discrete bubble sim-
ulations. In the bubble cutting algorithm, placing the smaller daughter bubbles with their bottom
aligned with the bottom edge of the mesh and with zero velocity would suffice.

The daughter bubbles with diameters larger than the mesh opening showed a slight overshoot
in their release after the mesh. The shape of the daughter bubble is prolate as it has to squeeze
through the mesh opening. The bubble retains this prolate shape for a short moment after it leaves
the mesh, which leads to temporarily lower form drag due to a lower frontal area. To obtain an
accurate representation in a discrete bubble model, the drag force could be locally altered. From
experiments, it is observed that the larger daughter bubble retains some of the parent bubble’s
velocity at all times. How much it would retain is hard to predict at this time, since experiments
can not capture the velocity of the bubble as it is inside the mesh. At this point, the simplest way
to mimic effect of the overshoot in acceleration is by placing the bubble above the mesh directly
at its terminal rise velocity.

5.5 Conclusion
The newly proposed cutting algorithm consists of three parts: the bubble deceleration, the vol-
ume distribution over the daughter bubbles and the bubble release. A relationship for the force
exerted on the bubble and its wake by the wire mesh is used to predict the bubble deceleration for
different Morton numbers and mesh dimensions. The quality of the relationship can be improved
by acquiring more data, especially for Morton numbers between 10-10 and 10-2 and a larger range
of bubble sizes. It has been shown that the volume distribution of bubbles folding around a single
wire rib can be predicted. However, the coefficients of this predicting formula are not yet linked to
the Morton number and mesh dimensions. Another crucial point in the prediction of the cutting
behavior is the cutting of larger bubbles, which was left uncovered in the current study. More
data is needed to improve the cutting algorithm on this point. The release of the bubble is very
straightforward. Predicting the release velocity of bubbles larger than the mesh opening can only
be improved by using simulations, since experiments cannot capture the bubble position when the
bubble is inside the mesh. The currently proposed bubble cutting algorithm is a good starting
point for further improvement.
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CHAPTER 6

CONCLUSION AND OUTLOOK

This chapter summarizes the main conclusions of this study. In this summary, information is
included about possible measures to complete the newly proposed bubble cutting algorithm. The
chapter concludes with an outlook on future research into micro-structured bubble columns.

6.1 Summary of conclusions

This study has given both experimental and computational results regarding the cutting of single
bubbles by a wire mesh. It has given insight about the interactions between the bubble and the wire
and provided a path towards an accurate closure for bubble cutting in discrete bubble simulations.

In chapter three, a reproducibility study has shown that experiments with the current experi-
mental setup are reproducible. However, the control over the impact location and accuracy of its
analysis could be improved. The validation of the combined volume of fluid-immersed boundary
method, which was the main goal of the chapter, was only partly successful. Information about
the performance of the model after interacting with the wire mesh is currently unavailable. The
model performs very well below the mesh, provided that enough computational space is left for
the bubble to reach terminal rise velocity before it is affected by the mesh.

The effects of different parameters were investigated in chapter four. It was found that a region
exists where bubble cutting occurs, bounded by an exponential function of the displacement from
the nearest wire intersection. The daughter volume distribution was found to be an exponential
function of the displacement as well. It should be noted that both statements are found to be true
for bubbles with roughly the same size as the mesh pitch. A formula was developed to describe
the deceleration of the bubble below the mesh. This formula can describe the force exerted on the
bubble and its wake by the wire mesh of experiments with different liquid compositions and mesh
dimensions very well. The hydrophobicity of the mesh was found to have no effect on the bubble
cutting process. This is probably due to the small magnitude and time scale in which the surface
forces act on the bubble.

Chapter five has gathered the information of the parameter study and set a route towards an
improved bubble cutting closure. Bubble cutting can be implemented in discrete bubble simula-
tions in three parts: deceleration below the mesh, predicting volume ratios and bubble release.
Coefficients for the bubble deceleration could be predicted based on Morton number and mesh
dimensions. The accuracy of the prediction is poor since the amount of data available is limited.
Implementing the release of the bubble in the discrete simulations seems pretty straightforward.
Determining the volume ratios as a function of physical parameters is not possible with the data
currently available. Furthermore, extending the parameter space of bubble sizes could lead to
complications as the pressure effect becomes more complex. The prediction of volume ratios will
need the most attention in future work.
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6.2 Outlook
The current results give an insight into the interaction between a bubble and a wire mesh. Initial
trends have been identified, but there is a lot of room for improvement. Different aspects of the
experimental setup could be improved to increase the accuracy of the results. The gas injection
could be automated by a syringe pump to have less error in the bubble volume. The use of a
transparent spoon can help confirm that the bubble has coalesced before release. It can be turned
automatically with a stepper motor to improve the control over the bubble impact location.

The use of a traverse system to control the alignment of the front view camera with the wire
mesh could improve the quality of the experimental image analysis. The top view of the camera
has limitations in determining the bubble’s position relative to the mesh. To improve the detection
of the impact location with the top view camera, the following should be addressed: the inability
to use back-lighting, the reflective nature of the metal meshes, short focal depth of the lens and the
mesh blocking the view of the bubble. Using a second side view enables the use of back-lighting,
does not have issues with reflections in the wire mesh, can have a focused view of the bubble at all
times and the view of the bubble is not blocked by the mesh. The only downside to using a side
view is the expected difficulty with determining the positions of the individual wires in the mesh.
A top view could be used, but the column has to be redesigned with a transparent bottom plate
to enable back-lighting.

With regard to the accuracy of the measurement of the liquid properties, more tapping points
could be created to obtain samples of the liquid. This leads to a more representative sample and
can identify whether the liquid medium is properly mixed.

The quality of the parameter study can readily be improved by use of direct numerical simulated
results. The control over the different parameters is easier, plus the accuracy of the result itself
is improved. With this, the fitting of the results can be more accurate, leading to more accurate
predictions in a bubble cutting algorithm. Improvements to the experimental setup can increase the
accuracy of the results as well. However, the validation of the numerical method is not complete.
This means that at this point, it is not sure whether the simulations will give representative results.

An accurate model for the cutting of gas bubbles in the micro-structured bubble column
(MSBC) is underway. However, the key point in the development of the MSBC is going to be
the mass transfer rates which can be obtained by introducing the wire meshes. It can be ex-
pected that gas/liquid mass transfer is improved due to the increased surface area by the cutting
of bubbles. Further research is needed to confirm this hypothesis, as well as shedding light on the
effectiveness of using meshes coated with catalyst. If the MSBC can outperform bubble columns
with other types of packings, it truly is a promising alternative for the future.
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APPENDIX A

PRELIMINARY EXPERIMENTS

This appendix contains experiments performed to obtain preliminary insights for this study.

A.1 Determining the mesh height
The design of the experimental setup must allow for a bubble to reach terminal rise velocity before
it interacts with the wire mesh. To investigate the required height of the mesh from the point of
release, some preliminary experiments were performed. The column was filled with a premixed
solution of roughly 77 wt.% glycerol and 23 wt.% water. The bubble rise velocity of a 0.2 mL bubble
was measured without the presence of a wire mesh. In Figure A.1, the bubble rise velocity is plotted
against the vertical height from the point of release by the spoon. The plot is constructed using
different series of experiments with different camera heights. After release, a slight drop in velocity
is observed due to changes in shape by the turning of the spoon. After the shape has stabilized, a
logarithmic increase is observed towards terminal rise velocity. At about 9 centimeters, terminal
rise velocity has been reached. With a mesh height of 14 cm above the point of release, it can be
guaranteed that the bubble will have reached terminal rise velocity before it enters the observation
region of the camera and interacts with the wire mesh.

Figure A.1: The bubble rise velocity versus the vertical height from the spoon.
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A.2 Bubble impact location
From the results in the parameter study, it was implied that the region where cutting occurs is
bound by an exponential function of the displacement. A set of experiments was performed for the
purpose of investigating the liquid composition, using a solution of 95 wt.% glycerol and 5 wt.%
water. The impact locations of these experiments and their corresponding cutting behavior can
be used as preliminary results for the effect of the bubble impact location, see Figure A.2. These
preliminary experiments cannot be directly combined with the other set of experiments since both
have a different Morton number. However, they can strengthen the conclusion that the region in
which cutting occurs is bound by an exponential function. Where there is no data in the main
experimental set for δy/p < 0.2, these preliminary experiments show that cutting does not occur
when moving closer to the wire intersection. From the main experimental set alone, one could
argue that the cutting region could be bound by a linear function as well. With these additional
results, the conclusion that it is an exponential function is stronger.
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Figure A.2: Visualization of the wire mesh with impact locations of bubble cutting experiments
normalized by the mesh pitch. Note that δy and δx are interchangeable due to the symmetry of the
mesh. Each circle represents the measured standard deviation of one experiment. The green circles
indicate a bubble which has been cut into two daughter bubbles, red circles indicate a bubble which
has not been cut.
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APPENDIX B

MEASUREMENT TECHNIQUES

This appendix covers the measurement techniques used in the bubble cutting experiments.

B.1 Digital image analysis

Digital binary images are constructed by the amount of light that falls on the sensor behind the
camera’s lens. To be able to detect any object, it must either emit light or block all other light. One
of the properties of a gas-liquid interface is that it scatters the light falling onto it. This means that
with a diffuse light source as a background, which gives off a uniform back-light, the bubble edges
block this background light and can therefore be identified by the measured intensity difference. In
the experimental setup, such a diffuse light source is placed at the backside to facilitate the bubble
detection by the front view camera. However, for the top view camera this approach is not feasible
since the bottom of the column is made of solid stainless steel. Therefore, the measuring approach
for the top view is inverted: the background is kept dark and the diffuse light scattered by the
bubble into the camera provides the intensity difference needed for the image analysis. The images
recorded with the high speed cameras are used in digital image analysis (DIA) to obtain useful
information. By use of the image processing toolbox in MATLAB, the bubble position, cross-sectional
area and major/minor axis lengths can be determined.

B.1.1 Front view analysis

The analysis of the front view images starts with the conversion of the image into grayscale, see
Figure B.1b. In order to be able to remove the wire mesh from the view as well as some background
noise, a background image (Figure B.1a) is recorded for every experiment. When the bubble image
is subtracted from the background image, just the negative of the bubble remains (Figure B.1c).
From this image, a threshold value is determined by the method of Otsu (1979). The grayscale
image is then converted into a binary image by using one fourth of the threshold value, see Figure
B.1d. The next step removes any remaining noise and fills the possible holes and caves in the bubble

(a) (b) (c) (d) (e) (f)

Figure B.1: Bubble detection algorithm for the front view camera images.
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(a) (b) (c) (d)

Figure B.2: Bubble detection with the front camera for different bubble positions.

left by reflections of the background lighting or when the bubble is partially hidden by the mesh
(Figure B.1e). From this image, the bubble centroid, cross-sectional area, cross-sectional perimeter,
major axis length and minor axis length can be determined by the MATLAB regionprops algorithm.
Figure B.1f shows the recognized bubble with its centroid. In case two bubbles are adjacent to
each other and are detected as a single object, a watershedding technique is used to obtain the
individual bubbles as described by Lau et al. (2013).

Bubble detection problems arise when parts of the bubble are hidden by the wire mesh. In
Figure B.2a, the bubble is far from the mesh and is detected without any problem. Figure B.2b
shows a bubble which is in contact with the wire mesh. The part of the bubble which is hidden by
the mesh cannot be detected, but the rest of the bubble is detected correctly. If the bubble extends
on both sides, the extensions are recognized as separate bubbles (Figure B.2c). When the bubble
is partially hidden by the mesh, the holes in the bubble are not always filled correctly. This can be
seen in Figure B.2c, where the centroid of the upper left bubble seems correct but the centroid of
the upper right bubble is too high. After leaving the wire mesh, all bubbles are detected properly
(Figure B.2d).

Both camera and column were leveled, but a perfect alignment is not practically feasible. This
can be observed by the path of the free rising bubbles, which is perfectly straight by definition.
Therefore, the angle of the bubble centroids’ path well below the mesh is determined for all exper-
iments. The average of this angle, which is in the order of 0.1°, is then used to correct all bubble
centroid positions.

B.1.2 Top view analysis

Since the top view does not have a back-light and relies on scattered light to form the image, the
contrast of the acquired images is quite low. This makes analysis of the top view images difficult.
To determine the impact position of the bubble, a single image is chosen for which the bubble
is well below the wire mesh, see Figure B.3a. The contrast of the image is enhanced in such a
way that 1% of the data is saturated at both low and high intensities. As a result, the visibility
of the bubble is improved, see Figure B.3b. Since large parts of the bubble are hidden by the
mesh and the bubble edge is still not very clear, automatic detection of the bubble is not feasible.
Instead, the bubble edge points are marked by manual selection using a GUI (Figure B.3c). A
simple routine is used to make a circular fit of the bubble edge points. The center point of the
circular fit is the position of the bubble centroid in the horizontal plane, see Figure B.3d. To
retrieve the position of the centroid relative to the mesh, the background of the mesh is used.

(a) (b) (c) (d) (e) (f)

Figure B.3: Bubble detection algorithm for the top view camera images.
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(a) (b) (c)

Figure B.4: Comparing bubble impact locations with imfuse.

The background image is converted to a binary image by using Otsu’s method (Figure B.3e). The
MATLAB regionprops algorithm is used to retrieve the centroid positions of the holes in the mesh.
These positions can be related to the position of the centers of the wire intersections. Once the
locations of the wire intersections are known, the distance between the bubble centroid and the
nearest wire intersection can be determined (along both the x and y axis of the wire mesh), see
Figure B.3f. Because a manual operation is involved, the described process is repeated at least 10
times for each experiment.

In the case of iron or copper meshes, the mesh reflects the light in a more concentrated way
compared to the diffuse reflection of the plastic printed mesh. The non-uniform lighting on the
mesh makes accurate automatic detection of the wire intersections impossible. In order to still
be able to find two experiments which have equal bubble impact locations, the MATLAB imfuse
function is used. This function overlays two images so that the differences can be observed. Before
the images are overlaid, the contrast of both images in enhanced in such a way that 1% of the
data is saturated at both low and high intensities. The images are fused in such a way that the
wire meshes overlay in the best possible way. Figure B.4 shows three examples, each in which
the impact location of two experiments are compared. The green or pink color indicates that the
image has a different intensity value at that pixel. If the intensity is equal, the pixel retains its
color. Figures B.4a and B.4b show a comparison of two experiments where the conclusion is that
the impact location is not equal. Figure B.4c shows a comparison of two experiments where it can
be concluded that the impact location is equal.

B.2 Surface tension measurement

The surface tension is measured by the Wilhelmy plate method. This classic and commonly used
method uses a thin vertical plate which is wetted and put in contact with the liquid in such a way
that the bottom of the plate is at the same height as the air-liquid interface. At this point, the
force F on the plate can be related to the surface tension σ, wetted perimeter l and the contact
angle θ (see Equation B.1).

F = σl cos θ (B.1)

The plate is usually made of glass or platinum, which will have a contact angle of zero if the
plate is thoroughly cleaned. In this case, the surface tension will simply be equal to the force
divided by the wetted perimeter. This assumption is verified by a calibration measurement using a
pure liquid with known surface tension (e.g. demineralized water) (Holmberg et al., 2002). In this
research, the surface tension is measured using a Krüss K20 EasyDyne tensiometer with a platinum
plate at room temperature. For each sample, the measurement procedure (which includes five to
ten measurements by the apparatus) is repeated at least three times.

B.3 Viscosity measurement

Viscosity is measured with a Brookfield viscometer. The liquid is placed in between two cylinders,
of which the inner solid cylinder can rotate around their common axis and the outer cylinder stays
stationary. The inner cylinder is connected to the rotor by a spring, which allows the spindle to lag
behind in the rotation. When the spindle rotates in air, there is no viscous drag on it and the angle
in the spring is zero. When put in the liquid, the liquid exerts viscous drag on the spindle which
makes the inner cylinder lag behind in the rotation. This lag can be related to the viscosity of the
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liquid sample (Boyes, 2010). The viscosity is measured with a Fungilab Alpha series apparatus at
room temperature. Every sample is measured at least two times.

B.4 Density measurement
Density measurements are performed using a 10 mL syringe and a Mettler AE200 analytical balance
with 0.1 mg precision. The syringe is tared, filled with the sample liquid and subsequently weighed.
The density value is obtained by simply dividing the measured weight by the syringe volume. Every
sample is measured at least ten times.
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APPENDIX C

DIFFERENTIATION BY THE
CONVOLUTION METHOD

This appendix covers the method used to calculate the velocity profiles of the bubble experiments by
the differentiation of the bubble positions versus time. The method which is described here is very
suitable for smoothing or calculating any derivative from experimental data in general.

C.1 Introduction
Experimental data undoubtedly contains some noise or deviations due to small measurement errors.
When the data is used to calculate other information, this error propagates and increases the
observed noise. In the case of obtaining a velocity profile from a data-set of positions versus time
(i.e. differentiation of the data), the most simple way is to calculate the velocity by dividing the
change in vertical height since the last data point by the elapsed time between the two points.
However, this only takes two original data-points into account and is therefore very sensitive to
noise in the original data.

To decrease the influence of experimental noise on the calculation of the derivative, it is desirable
to use more data points in determining the derivative. A simple method would be to choose a
number of points and fit a straight line through it (van Buijtenen, 2011). With the least squares
method, fitting a line f through N data points involves differentiating the squared difference
between the regression line and the data point values zi towards coefficients b0 and b1.

f (t) = b0 + b1t (C.1)

∂

∂b0

[
N∑

(f (ti)− zi)2
]

= 0

∂

∂b1

[
N∑

(f (ti)− zi)2
]

= 0

(C.2)

The coefficients b0 and b1 can be calculated from Equation C.2. Since the the regression line is
linear, the velocity (i.e. its derivative) is equal to coefficient b1. Solving Equation C.2 for b1 leads
to Equation C.3. With more experimental data points involved in the calculation of the velocity,
the influence of experimental noise decreases. However, the drawback here is that the size of the
point filter cannot exceed the scale at which the derivative makes significant changes. Doing so
will lead to flattening of the data. This means the point filter cannot be chosen too large, limiting
the reduction of experimental noise.

v =
N
∑N

tizi −
∑N
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∑N
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N
∑N
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(∑N
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)2 (C.3)
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Figure C.1: A comparison between using a simple straight fit (green slope) and a 3rd order poly-
nomial fit (red slope) to determine the derivative of the experimental data with a 21 point filter.

C.2 The convolution method

Savitzky and Golay (1964) have proposed to use a polynomial fit instead of a straight line. This
helps maintaining a correct calculation of the derivative when the point filter is larger than the scale
at which the derivative makes significant changes. The difference between both methods in such
a situation is illustrated with fictional data in Figure C.1. The convolution method by Savitzky
and Golay (1964) uses a polynomial fn, where n denotes the polynomial order, with unknown
coefficients bk. The polynomial is fitted locally through 2m+ 1 data points, ranging from i = −m
to i = m.

fn (i) =

n∑
k=0

bki
k (C.4)

The best fit according to the least-squares criterion is found by differentiating the squared
difference between the polynomial and the data point values zi towards all coefficients bk and
equating them to zero.

∂

∂bk

[
m∑

i=−m
(fn (i)− zi)2

]
= 0 (C.5)

Working out leads to n+ 1 equations, which can be described by the following formula, where
r is the index of the equation ranging from 0 to n.

m∑
i=−m

[(
n∑
k=0

bki
k

)
− zi

]
ir = 0 (C.6)

The Savitzky-Golay approach uses the polynomial at the center data point of the 2m+ 1 point
filter (i = 0) to obtain the derivative. From the definition of the polynomial, it is clear that only bs
needs to be calculated to determine the sth derivative since all other terms cancel out. Rearranging
Equation C.6 leads to a set of equations which can determine the desired coefficient.

n∑
k=0

bk

m∑
i=−m

ik+r =

m∑
i=−m

zii
r (C.7)

This set of equations indicates that the coefficient can be calculated using only the data values
zi and some set of weights which only depend on the order of the polynomial fit and the size
of the point filter. To calculate the value of the sth derivative of the polynomial, the sum of
the weighted data points are divided by the sampling interval to the sth power, see Equation
C.8. The convolution weights hn,s are tabulated and provide simple and effective smoothing and
differentiation of experimental data (Savitzky and Golay, 1964; Steinier et al., 1972).

fsn (0) =

∑m
i=−m h

n,s
i zi

∆ts
(C.8)
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Table C.1: Calculation times of one bubble experiment with 1112 datapoints for the different
methods.

Method Point filter size Calculation time [s]
Simple ∆z /∆t 2 0.004
Linear fit 7 0.08
3rd order polynomial fit 7 0.09
3rd order polynomial fit 21 0.7
3rd order polynomial fit 31 1.5

Since the derivative can only be determined at the center data point of the point filter, a large
point filter will lead to large truncation of the differentiated or smoothed data. Gorry (1990) has
described a method to avoid this limitation. By performing the least-squares approximation in
terms of discrete orthogonal polynomials, the convolution weights can be determined for any data
point within the point filter. This enables the use of a MATLAB script to smooth or differentiate
experimental data without truncation of the data. Because the convolution weights are calcu-
lated within the script, any size of point filter, any order of fitting polynomial and any order of
differentiation may be used.

C.3 Method comparison
All of the methods that have been previously mentioned are compared to demonstrate the effect
of the different methods in the velocity calculation. Table C.1 shows the time necessary for the
velocity calculation. The calculation time increases with increasing point filter size as can be
expected. When an equal filter size is chosen, the linear fit and the polynomial fit do not show
a significant difference in the calculation time. This indicates that the calculation time does not
depend strongly on the method.

Figure C.2 displays the velocity profile for the different methods. It is evident that the simple
∆z /∆t calculation performs the poorest, since this method does not have any means of suppressing
the increase of experimental noise during differentiation. The linear and polynomial fit already
decrease the experimental noise significantly in comparison to the simple ∆z /∆t method. Both
methods show very slight periodical oscillations, which are not visible at the scale of the figure
except around t = 0.90 s. The amplitude of the oscillations in the linear fit calculation is somewhat
higher. The polynomial fit calculation performs slightly better at a few points. The linear fit shows
a small unphysical oscillation when the bubble hits the wire mesh (t = 0.45 s), while the polynomial
fit shows a smooth transition from linear deceleration to declining deceleration. After the largest
bubble is released (t = 0.75 s), the linear fit method cannot produce a very smooth transition from
acceleration to deceleration in such a small number of data points. However, since the difference
between these two methods is so small, both the linear and polynomial fit method are suitable
methods for the velocity calculation. The convolution method with a 3rd order polynomial fit is
used in this work since the calculation time does not increase to impractical values and the results
are a bit more smooth.
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Figure C.2: Bubble rise velocity versus time, calculated with three different methods.
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APPENDIX D

SUPERHYDROPHOBIC COATING

This appendix gives some background information about the hydrophobic coating used in the exper-
iments, as well as the experimental procedure and some analysis of the produced coatings.

D.1 Background

Most synthetic hydrophobic surfaces have been inspired by a lotus plant. The leaves of a lotus
have a roughness on both micro- and nanoscale with a waxy coating, which makes the surface
very water-repellent. Different materials have been used to prepare such synthetic hydrophobic
surfaces, such as polymers, glasses, metals, carbon nanotubes and waxes. However, few of these
have managed to get extremely high contact angles and all are rather difficult to prepare.

In a recent study by Larmour et al. (2007), a simple and straight-forward method has been
described to prepare a superhydrophobic coating on a copper or zinc substrate. It involves gal-
vanic deposition of a second metal on the substrate, which creates a micro-structured coating.
Subsequently, a surface modifier with a long hydrophobic tail is used to cover the metallic coating
with a self-assembled monolayer. Contact angles of surfaces produced with this method were as
high as 173°, where contact angles of 150° and higher are commonly considered superhydrophobic
(Larmour et al., 2007).

D.2 Experimental procedure

The copper meshes were cleaned with acetone and ethanol to remove any oily residues. They were
immersed in a 0.01 mol L-1 silver nitrate solution for 60 s, washed with water and dried with com-
pressed air. The meshes were then immersed in a solution of 1 mmol L-1 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,
10,10-heptadecafluoro-1-decanethiol (HDFT) in dichloromethane for 5 min and subsequently dried
with compressed air. For analysis purposes, the procedure was repeated using small copper plates
with different immersion times in the silver nitrate solution (0, 10, 30 and 60 s) and constant
immersion time (5 min) in the HDFT solution.

D.3 Analysis

Contact angle measurements and scanning electron microscopy (SEM) were performed on the
small copper plates, since the copper meshes were not suitable for both measurement techniques.
The copper plates which were immersed in the silver nitrate solution showed a color change from
copper-brown to greyish-black. The contact angle measurements showed that the method already
showed a very hydrophobic surface with only 10 s immersion time, see Table D.1. The fact that
the contact angle does not rise with higher immersion time indicates that the layer of silver already
covers the entire available surface. Impurities left on the copper substrate before the coating is
applied create defects in the hydrophobic layer, which can explain that the measured contact angles
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Table D.1: The measured contact angle versus immersion time in the silver nitrate solution.
Immersion time [s] Contact angle [°]
0 101.3
10 151.2
30 150.2
60 150.8

(a) (b)

Figure D.1: Contact angle measurements for the samples with (a) 0 s and (b) 60 s immersion time.

do not exceed 151°. Images of the contact angle for the copper plates with immersion times of 0 s
and 60 s are shown in Figure D.1.

The SEM images reveal the surface structure of the copper substrates. Figure D.2a shows the
copper sample which had no treatment with the silver nitrate solution. A scratched surface is
visible due to the cleaning of the surface with sandpaper. The sample which has been immersed
in the silver nitrate solution for 60 s is shown in Figure D.2b. The surface has been covered with
a layer of silver, which added a roughness on the micro scale. The scratches of the sandpaper are
still somewhat distinguishable. These small defects could explain the contact angle not exceeding
151°.

The copper wire meshes which were treated with the silver nitrate solution and the HDFT
showed the same color transition from copper-brown to greyish-black as the copper plates have
shown. After insertion in the column, the mesh showed the silver mirror effect as described by
Larmour et al. (2007). It can therefore be concluded that the coating of the wire meshes was
successful and that the contact angle of the meshes is about 150°.

(a) (b)

Figure D.2: SEM images of the copper samples with (a) 0 s and (b) 60 s immersion time. The
magnification of the image is 6000x.
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