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ABSTRACT

Green hydrogen - hydrogen produced by the electrolysis of water using renewable energy,
is becoming more popular than other forms of hydrogen, due to its lower greenhouse gas
emissions. Its production is forecasted to become the leading form of hydrogen generation by
2050! | in an attempt to limit global warming effects.

However, green hydrogen production suffers from scalability issues, as large-scale water

electrolysis is limited by the efficiency of the actual electrolysis process. Such efficiency
problems arise from the formation of bubbles on the electrodes, which eventually rise with
the motion of the water surrounding said electrode. These bubbles in turn are capable of
coalescing and producing a boundary-like layer around the electrode. This "plume" affects
the efficiency of the electrolysis process.
This master thesis aims to aid in the understanding of how said bubble formation affects
the efficiency of the electrolysis process, by creating point-bubble simulations to model the
thought-to-be stochastic generation of bubbles on an electrode, their dynamics (growth and
detachment) near the electrode, and the collision between bubbles. This will hopefully help
to better understand how these bubbles evolve inside of the electrolyser.
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Chapter 1

Introduction

1.1 Motivation

With the increase of the climate crisis and global warming effects, there is growing concern
over how to reduce said effects. This has propelled the search for energy sources with a lower
carbon and other green house gases footprint, than those mainly used to date. One of the
most promising energy sources is green hydrogen - hydrogen produced using renewable energy
sources, due to its low green house gases emissions and its high gravimetric energy density
(available energy per unit mass of substance) [1]. However, a lot of research and work has
yet to be done; as "green hydrogen", up until recently, accounted for a small portion of all
hydrogen produced worldwide, as can be seen in Figure 1.1 (labelled "electricity"). This
suggests ample room for growth and improvement of hydrogen produced by renewable energies.

One form of green hydrogen production is water electrolysis. Water electrolysis is a
technique using an electric current to drive a non-spontaneous chemical reaction in which
water is separated into hydrogen and oxygen molecules. The reaction that takes place in the
electrode can be seen in Equation 1.1.

1
1 H50 + Electricity + Heat —— Hy + 502 (1.1)

However, one of the major problems of water electrolysis processes is that their process
efficiency is significantly affected by the formation and rise of hydrogen and oxygen gas
bubbles on the cathode and anode, respectively; which makes the scalability of both hydrogen
production methods cumbersome.

These gas bubbles are formed due to the generated dissolved gases being diffused in
the supersaturated electrolyte near the electrode; nucleate in electrode areas with high
supersaturation due to the increase of chemical potential of the dissolved gas molecules; and
grow whilst attached to the electrode due to non-uniform concentration of said dissolved
gases|3][4].

13



%
TUDelft ME55010-20

Matural gas without CCUS 62%
Coal without CCUS 21%
By-product 16%

Fossil fuels with CCUS 0.6%

Oil without CCUS 0.5%
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Figure 1.1: Distribution of hydrogen production worldwide in 2022, by technology. Image
taken from reference [2].

These bubbles that form on the electrode are the main mode of mass transport of hydrogen
and oxygen in the water electrolysis process once they detach from the electrode and are
carried by the bulk flow of the electrolyte, and therefore play an important role in the
performance of the electrolyser [5].

This complex and difficult to model process of bubble generation and their behaviour,
have both a positive and negative impact on the electrolyser:

e As mentioned already, the major positive impact of bubbles in the electrolyser is the
enhancement of mass transfer that comes along with them. Once the bubbles detach
from the electrode, these enhance the mixing of the electrolyte by micro-convection near
the electrode surface and macro-convection in the electrolyte bulk due to changes in
the gas-liquid dispersion density and the flow of the gas-liquid dispersion parallel to the
electrode. By these two modes of convection, "new" and ready-to-react electrolyte, as
well as produced gases, are brought closer to the electrode, and "old" and already-reacted
electrolyte is removed from the electrode’s near-surrounding area [5][6].

e On the other hand, the mere existence of gas bubbles in the electrodes can lead to several
problems that lead to the loss of efficiency of the electrolysis process. The root of these
problems includes the blocking of electrochemically active surface of the electrode by
the gas bubbles, that is, the reduction of available area for the electrochemical reactions
(in this case the electrolysis of water) that take place in the electrodes, decreasing the
rate of gas production; the decrease of the effective conductivity of the electrode due to
the presence of bubbles - due to hydrogen gas’ low electrical conductivity, the bubbles
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essentially act as insulators, which in turn increases the ohmic resistance of the whole
"circuit" and leads to higher energy consumption; and the increase of overpotentials,
meaning more energy than expected is required to "drive" the electrochemical reactions
taking place [3][7].

As bubbles, and thus multiphase flow, play such an important role in the water electrolysis
process, understanding bubble growth and dynamics is key to improving and optimizing the
efficiency of electrolysers.

1.2 State of the art

There are various different forms of green hydrogen production using water electrolysis such
as alkaline water electrolysis (AWE), Anion exchange membrane water electrolysis (AEM),
Proton exchange membrane water electrolysis (PEM) and Solid oxide water electrolysis [8].
However, amongst the aforementioned different forms of green hydrogen production, alkaline
water electrolysis (AWE) and proton exchange membrane (PEM) electrolysis are considered
the most promising methods for high-purity hydrogen production [3|[4][9].

1.2.1 Alkaline water electrolysis (AWE)

AWE is a well-known and already settled technique that is already being used commercially
in industry with capacities reaching up to megawatt scale. AWE cells use a membrane filled
with an alkaline solution, in many cases 30% potassium hydroxide, to separate the electrodes.
The operation of AWE cells happens at higher-than-ambient temperatures, typically ranging
between 70-90 °C, and higher-than-atmospheric pressure conditions, up to around 30 bar
[8][10]. The electrochemical reactions that happen in the AWE electrodes can be seen in
Equation 1.2 and Equation 1.3, whilst the overall cell equation can be seen in Equation 1.4.

Cathode :2H,0 +2e¢” — Hy +20H™ (1.2)
1
Anode :20H™ — 502 +2e” + HyO (1.3)
1
Cell ZHQO — H2 + 502 (14)

As can be seen, these reactions cause hydrogen gas to form in the cathode, and oxygen
gas to form in the anode.
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1.2.2 PEM water electrolysis (PEMWE)

In PEM electrolysers, water is pumped into micro-channels on the anode side’s bipolar plate
(electrode) where it is split into oxygen (Os), protons (H ") and electrons (e~). The electrons
then travel to the cathode through the external electrical circuit, which acts as the driving
force of the reaction, whilst the protons traverse the proton exchange membrane that sits
in between both bipolar plates (electrodes). On the cathode side of the cell, the electrons
and protons recombine to form hydrogen gas (Hs). The reactions that take place in a PEM
electrolyser can be seen in Equation 1.5, Equation 1.6; and the final overall cell equation can
be seen in Equation 1.7.

Cathode :2H' +2e~ — H, (1.5)
1
Anode : HyO — 2HT + 502 +2e” (1.6)
1
Cell ZHQO — H2 -+ 502 (17)

The operation of PEM electrolysers is done at a lower temperature range than AWE
electrolysers - 20-80°C, and boasts of generally high efficiency and fast response. However,
PEM electrocatalysts are mostly noble metals such as Pt/Pd which make the process costly
[11].

1.3 Methodology

As for the methods to be used to complete this thesis, they are structured around the
objectives and will be presented in this section :

The first methodology step is to carry out a worthy literature review, as it is needed for
all three major objectives. A careful and detailed search and critical analysis of the relevant
information for bubble nucleation, growth and detachment will be done. A vast range of
scientific literature will be analysed, covering various different educational levels, ranging from
bachelor thesis projects to conference proceedings and journal articles. Different scientific
databases will be used such as Google Scholar, Science Direct , Cambridge University Press,
ete.

Specifically, for the study of single bubble hydrodynamics, different correlations, algo-
rithms and numerical methods will be evaluated, in order to pinpoint the most relevant for
the case studied in this thesis. That means, correlations for the hydrodynamic forces will be
tested and chosen based on the expected regime at which the fluid flow in the electrolyser
operates in. As the range-of-scales is not known prior to the realization of the thesis, estimates
will be used to build upon and lead to accurate solutions.
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For the simulation part of the thesis, code development and optimisation is required. This
includes creating codes in an interpreted language such as Python or Matlab to set the basis
of the simulations. These interpreted languages are easier to write, modify and visualize in
most cases, which is why the codes will be started in an interpreted language. Once these
codes are known to work well and are suitable for the thesis work, they could be optimised
even further and even "translated" into C++ , a compiled language. This is because compiled
language is faster (takes a shorter time to run).

1.4 Challenges in modelling bubble behaviour

Modelling bubble behaviour in water electrolysers is challenging throughout the different stages
of the bubble’s lifespan: generation or nucleation, growth and detachment and interaction.

1.4.1 Generation or nucleation

The nucleation of bubbles is difficult to model due to its stochastic nature.

First of all, predicting where bubble nucleation! happens is arduous, as nucleation tends
to take place in the electrode’s imperfections, that in the simplest of cases and assuming the
electrode is not damaged, arise from the electrode’s random surface roughness. Due to the
entrapment of hydrogen gas in the electrode surface’s crevices, the local supersaturation of
dissolved hydrogen gas in these areas becomes higher than in the areas around it, making
these locations, in most cases, preferred sites for bubbles to form - known as nucleation
sites. This however is not always true, as it depends on the distance between crevices in the
electrode surface: when two crevices are too close to each other, as a bubble is forming in
one of the crevices, dissolved hydrogen gas can be "sucked" from the nearby surface groove,
leading to the depletion of dissolved hydrogen gas from this aforementioned groove. Therefore,
despite the crevice, the depletion of hydrogen gas in these cases, makes the nucleation of a
hydrogen bubble less likely. [12][13][14][15].

Secondly, modelling when exactly the bubbles start to nucleate is also daring. As already
mentioned, bubble nucleation takes effect because of the supersaturation of dissolved gas near
the electrode. The exact moment when this supersaturation level exceeds the thermodynamic
barrier for bubble formation, depends on the local supersaturation gradients, surface energy
and probable nucleation areas on the electrode. Proven to be challenging, some models assume
instantaneous nucleation at minimal stable bubble size for simplification [10][12][16][17].

Lastly, recent study suggests that nanobubbles: much smaller bubbles than the typical
bubbles that are observed to be detaching from the electrodes in water electrolysis, are also
electrochemically formed on the electrodes. These nanobubbles can in turn coalesce, acting
as precursors of larger bubbles. The behaviour and nucleation of these nanobubbles that are
generated is not well known, therefore modelling them adds another level to the difficulty of
bubble modelling in water electrolysis [16].

!The initial creation of a bubble from the dissolved gas near the electrode is referred to as "nucleation".
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1.4.2 Detachment

Similarly, the detachment of gas bubbles from the electrodes is also complex to model.

Bubble detachment mainly occurs when the forces aiding in the removal of the bubble
from the electrode, forces such as lift, buoyancy, etc; subdue those opposing the removal of
the bubble, in other words, aiding the adhesion of bubbles onto the electrode: forces such as
surface tension, drag, etc 2[10][5][16][17]. Accurately calculating and modelling the co-action
of all of the forces acting on a bubble is strenuous, specially in the cases of the forces that
are not a direct function of variables, but of the gradients of these.

Another complexity is the modelling of the bubble’s contact angle on the electrode. This
contact angle is dynamic and changes over time with the bubble’s growth and electrolyte’s
flow (as it might slightly move or push a bubble over the electrode without making it detach).
For the adhesion forces, such as the surface tension force, calculating and modelling said
contact angle is imperative, but arduous [9].

Finally, in some cases it is possible for bubbles to detach by coalescing (merging) with
bubbles in their vicinity.As bubbles coalesce, a larger and therefore more buoyant bubble
is formed, leading to the increase in the bubble’s detachment forces. This has proven to be
computationally complex and grandiose [9][5][16][17].

1.4.3 Hydrodynamics

As mentioned already, multiphase (bubble) flow plays a great role in the operation of elec-
trolysers. Modelling the actual multiphase flow: the hydrodynamic interactions between the
bubbles and the electrolyte flow, whilst capturing the coupling of how the flow influences the
behaviour of the bubbles, and vice versa, how the bubbles affect and change the behaviour of
the flow; is laborious and demanding [4][10][5][12][17].

At the same time, bubbles do not have a rigid, undeformable shape. Bubble geometry and
shape depends on the hydrodynamic forces that act on the bubble due to its interaction with
its surroundings - electrolyte flow, other bubbles, the electrode, etc. The change of shape of
a bubble requires intricate numerical techniques capable of tracking the gas-liquid interface.
As a simplification, throughout this masters thesis, the shape of a bubble is considered to be
perfectly spherical and non-deformable [10][16].

The influence of factors such as the bubble size, velocity of the electrolyte flow and
shear rate of the flow can drastically change the bubble dynamics. Therefore, accurately
selecting the values for said variables is of great importance during the simulations and can
be complicated without previous experience or knowledge [3][9].

2All of these forces will be explained in more detail later on in the document, in the bubble dynamics
section of the literature review chapter (section 2.2 ).
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Finally, as both the relevant length and time scales of the bubbly-multiphase problem
in water electrolysis are small, numerically resolving these small scales accurately, tends
to be computationally very demanding, specially for the cases in which a large number
of bubbles is simulated. Having said so, simulations are often limited to small-scale op-
eration (small-scale electrolysers and small number of simulated bubbles) as well as short
periods of simulation time. Simplifications and assumptions are needed in order to lighten
the computational burden, although if chosen badly, the accuracy of the results could plummet.

Despite all of these challenges and complexities, accurate and physically-real models can
be created to model bubble behaviour and influence in water electrolysers. This study aims
to help provide exactly that.

1.5 Thesis research goal

The overarching research goal of this thesis is to better understand how the bubbles are
produced near the electrode and how they evolve in the electrolyser, in order to better
understand how these affect the electrolysis process.

More specifically, the research goal of this thesis is to be able to simulate and model
bubble growth, detachment and flow near the electrode, and the collisions between bubbles:

e To be able to generate realistic bubble distributions on the electrode by coming up with
an algorithm to do so. This includes both the location of the bubble on the electrode as
well as the initial bubble size with which it nucleates. To do so, a systematic review of
methods to generate statistical distributions of bubbles on a wall that are realistic for
water electrolysers must be done. A thorough and extensive survey of existing literature
on both experimental studies and numerical models of bubble nucleation is needed:
statistical information on bubble size and location distribution will be taken from
experimental studies, and compared to the results obtained from different nucleation
theories based on and used in boiling and phase change phenomena modelling.

e To do an assessment of the hydrodynamics that influence bubble behaviour in water
electrolysis. This means evaluating the importance of each of the hydrodynamic forces
that might affect bubbles that are just nucleated, in the regime of Reynolds number
(Re), shear rates, and volume fractions that are relevant to electrolysis. This means
evaluating the hydrodynamic forces that act on bubbles, once the regime of operation
has been established, during bubble growth (once a bubble has nucleated) and detach-
ment from the electrode. Special interest will be given to the lift and drag forces, as
well as the buoyancy and weight forces.

All of this will include: estimating the range of Reynolds number valid for the simula-
tions based on typical bubble sizes and velocities in water electrolyte flow conditions;
obtaining a valid shear-rate range, both close to the wall and in the bulk flow, based on
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already existing knowledge of electrolyte flow between vertical electrodes; and studying
bubble volume fractions typical in water electrolysis, that essentially means understand-
ing the scale of "how many" bubbles are created during the process.

Finally, if possible, to study the bubble-bubble interaction happening near the electrode
that account for hydrodynamic interactions, detachment and even collisions between
different bubbles. This requires reviewing existing models for bubble collision and
interaction.

To build a code capable of modelling the collision between bubbles. This will enable
the study of bubble-bubble interactions happening near the electrode that account for
hydrodynamic interactions, detachment and even collisions between different bubbles.
The code will also be able to give an insight as to how multiple-bubble interactions
happen near an electrode surface, making it possible to then try modelling the collision
force on a bubble numerically. The numerical model of the collision force on a bubble
could simplify the calculation of collisions and interactions between bubbles, thus
potentially helping decrease the computational demand of collision simulations.

The will include determining the relevant forces acting on bubbles during collisions,
defining said forces and implementing them numerically. Apart from that, a statistical
study of the results obtained from the collision simulations will be done in order to see
whether a specific model suits the collision force best.

Different methods such as periodic boundary conditions, cut-off distances and force
smoothing; present in other fields of study such as Molecular Dynamics (MD), will be
used in order to make the collision simulations code more efficient and rid off numerical
artifacts.

By simulating and coming up with models of said processes, research questions such as
the following will be answered:

"Is the generation or formation of bubbles on the electrode a fully stochastic process?"

"Can the formation of bubbles on the electrode be modelled for a planar vertical
electrode?"

"Is the lift force acting upon a bubble significant during the detachment of the bubble
from the electrode?"

"Is the collision between rising bubbles and bubbles attached to electrode significant
enough to promote the detachment of said attached bubbles from the electrode?"

"Can the collision force between bubbles be modelled? What forces does it depend on?"
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The answers to the proposed research questions will help in the understanding and
achievement of the overarching project goal described above and will hopefully aid in the
understanding of the drop of electrolysis efficiency and scalability problem.
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Chapter 2

Literature Review

In this chapter, a more in depth view of bubble formation, growth detachment and collisions
is given using established literature for this field of study.

2.1 Bubble formation and growth

This section is divided into two subsections, one for bubble nucleation, and the other subsec-
tion for bubble growth.

2.1.1 Bubble nucleation

As already mentioned in the introduction, the first step in the life cycle of a bubble is the
formation, also known as nucleation.

Following the electrochemical reaction in which water is transformed into hydrogen gas
(as explained in section 1.1 ), this hydrogen gas is dissolved in the electrolyte. Once enough
hydrogen gas is dissolved in the electrolyte, the latter becomes supersaturated. When the

supersaturation limit exceeds the thermodynamic barrier for bubble formation, nucleation
begins [4][18].

Nucleation can happen via two different methods: homogeneous or heterogeneous nucle-
ation [19].

Homogeneous nucleation is the spontaneous genesis of gas nuclei within the electrolyte,
that is, the bulk liquid, without necessarily being on the electrode. This generally requires a
high degree of supersaturation to overcome a hefty energy barrier.

Heterogeneous nucleation on the other hand comprises the creation of bubbles at specific
sites on the electrode: mostly surface imperfections such as cracks, cavities on the surface,
micro-concave areas due to the surface’s roughness, or intentionally engineered sites; and
are known as "nucleation sites" [16] [20]. In practical electrolysis systems, heterogeneous
nucleation at the electrode surface or existing defects, is more favourable as it requires

23
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overcoming a lower energy barrier than homogeneous nucleation [19][21].

As for the rate and location of bubble nucleation, the actual electrode surface and its
properties are of crucial importance. Properties such as the surface wettability! and presence
of hydrophobic regions help assign nucleation sites. On the other hand, parameters such
as the flow rate of the electrolyte, solvent concentration and cavity distance; determine the
growth rate, number density of microbubbles and nucleation location of these [20].

Although stochastic in nature due to the influence of random-like parameters such as
the surface’s roughness, studies have explored the possibility of controlling bubble nucle-
ation. By actively modifying or pre-designing the surface of the electrode, a certain degree
of control can be obtained. For example, in previous studies, micromachined pillars and
superhydrophobic cavities have been fabricated and used as preferential nucleation sites.
These help with controlling the location of nucleation by tailoring the energy landscape of
the surface and in the case of superhydrophobic cavities, these enable to control the supersat-
uration distribution along the electrode: in these superhydrophobic cavities, the electrolyte
is "repelled" as it contains water molecules, leaving the space for the dissolved gases to
accumulate, leading to a higher concentration gradient and therefore supersaturation at that
location. These control methods have been tested for different conditions, including pres-
sure pulse propagation, ultrasound exposure, turbulent boiling, and liquid flow conditions [12].

Finally, recent studies have focused on the formation of nanobubbles: gaseous domains
on immersed substrates in the nanoscale. This has provided insight on the critical nuclei size
and formation rates of bubbles [4][20][21].

However, for this project, nanobubbles will not be dealt with. Attention will be given to
microbubbles, that is bubbles with sizes within the micrometers; and larger. This is because
in industrial scale electrolysers, bubbles will range in sizes mentioned already, between the
micro and milli-meter scale.

2.1.2 Bubble growth

Once a bubble nucleates (is formed), the next step it follows in its life cycle is to grow,
resembling that of living creatures.

Bubble growth happens primarily due to the diffusion of surrounding dissolved gases (in
supersaturated regions of the electrolyte) towards the gas-liquid interface, that is, the bubble
interface [10][5][18]. Typically, the initial growth rate of bubbles is rapid, but with time slows
down due to the concentration of dissolved gas in the electrolyte diminishing, i.e the liquid
becomes depleted of dissolved gas. This decrease in the dissolved gas concentration in the
immediate surrounding area to the bubble’s surface, creates a dissolved gas concentration
gradient between said area and the bulk flow area. The region where this concentration
gradient is substantial is known as the bubble diffusion layer. The bubble diffusion layer’s

ISurface wettability: degree of hydrophilicity (water-loving) or hydrophobicity (water-fearing) of a surface.
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thickness however is not constant - it changes in time. With time, as the concentration
of available dissolved gas in the area closest to the bubble interface becomes less and less,
the region of lower concentration expands. The evolution of this gas diffusion layer can be
approximately modelled by Equation 2.1, where 9, is the gas depletion in the radial direction,
D is the diffusion coefficient of the dissolved gas, and ¢ is time [12].

5 ~ VDt (2.1)

Electrolytic bubble growth can be described by a power law relationship between the
bubble‘s radius (R) and time () as can be seen in Equation 2.2:

R o« t’ — R=bt" (2.2)

where [ is a time exponent constant that depends on the dominant bubble growth mechanism
and is empirical, and b is a dimensional growth coefficient that depends on the electrode [16].

Three main growth mechanisms have been observed:

e Inertia controlled growth is the first stage of bubble growth after nucleation. This stage
is fast as it typically only lasts in the range of decimals of a second, and is controlled
by the inertia of the liquid surrounding the bubble. In this stage, the time exponent
can be considered the unit value: $ =~ 1, meaning the bubble’s radius grows linearly in
time; and therefore the power law describing this stage can be written as Equation 2.3
[10]]16].

R xt (2.3)

e Diffusion-limited growth: this stage is often observed after the inertia controlled growth
stage, and is regulated by the diffusive transport of dissolved gas to the bubble. The
time exponent of this growth stage can be approximated to J = % [10]. This stage
mostly happens in water electrolysis when the characteristic time of diffusive transport
to the bubble (tg ~ R?/D) is smaller than that of the diffusive gas transport to the
electrode (tq. ~ R%/D); i.e the dissolved gases produced at the surface of the electrode
are more prone to diffuse into an already existing bubble adhered onto the electrode
than across the electrode, as it takes less time for them to do so [12]. The ratio between
both mentioned characteristic times is known as the Damkohler number: Da = ZJTZ’
therefore diffusion-limited growth is suggested to happen when Da >> 1. The power
law describing this stage can be written as Equation 2.4 [16][10]:

R oVt (2.4)

e Reaction-limited growth: This stage happens when the rate of the electrochemical
reaction that produces the dissolved gas limits the growth of the bubble. This regime
is more common for relatively small active electrode surfaces, that is, for small active
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electrode surfaces when compared to the size of the bubble attached to the electrode.
An example of this is micro-electrodes. The time exponent of this stage can be

approximated as § & 3, and therefore the power law describing this growth stage is as
seen in Equation 2.5 [12][10].

R o t3 (2.5)

Worth mentioning is that a small Damkohler number value (Da) suggests reaction-limited
growth, whilst a large Damkohler number value (Da) suggests diffusion-limited growth.

However, the aforementioned power laws to describe bubble growth are the result of
experimental data fitting. The rate of bubble growth in electrolysis can be described in a
more fundamental way by relating it to the mass transfer of the dissolved gas through the
gas-liquid interface, using Fick’s Law [5]. Fick’s Law relates the diffusive flux to the gradient
of concentration as:

J=—DVyp (2.6)
where J is the diffusive flux and V¢ is the gradient of the concentration .

Then, by equating the rate of change of the mass within the bubble to the diffusive flux
of hydrogen dissolved gas through the bubble interface, Equation 2.7 can be obtained [5]:

: =) 2dRy N
Ny = —4 = D - dA 2.
b = RTO 7TRb di . HQVCH2 Ny ( 7)

where N, is the rate of change of moles within the bubble, P, Ty and R are the ambient
pressure, ambient temperature and universal gas constant, respectively; and Ry is the bubble’s
radius at the specific time instant. On the right hand side of the equation is an integral
over the bubble surface boundary 0V, in which Dy, is the diffusivity coefficient of dissolved
hydrogen gas across the bubble’s interface, VClpy, is the concentration gradient of dissolved
hydrogen gas (acting as V¢ in Equation 2.6) and 71, is the bubble’s interface unit outward
pointing normal vector.

From Equation 2.7, the bubble growth rate, ie. the rate of change in time of the bubble’s

radius (dﬁb) can be obtained as Equation 2.8 suggests:

dR, RT, 1
dt Py A7R? oy

D, VCl, - pdA (2.8)

Note, this equation works for assumed constant pressure inside of the bubbles, throughout
the whole bubble growth (this assumption is valid for bubbles whose radius is larger than
50um).

Finally, the non-dimensional bubble Sherwood number, formally defined as the ratio of the
total mass transfer rate (convection + diffusion) to the rate of diffusive mass transport, can
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be used to characterize the mass transfer of dissolved gas into the bubble and the efficiency
of the mass transfer process, and can be calculated as:

B 2 RyRy RT)
PO DH2 (CHQ,e - CHQ,Sat)

Shy, (2.9)

where R is the bubble radius rate of change in time, Cy, . is the concentration of dissolved
hydrogen gas at the electrode and Ch, s is the saturation concentration of said dissolved
gas at the bubble interface.

Bubble growth is affected by various factors, ranging from the degree of supersaturation
of the dissolved gas in the electrolyte, to the hydrodynamic conditions of the bulk flow in the
vicinity of a bubble [10] [5]:

e The current density in the electrolyser can influence the bubble size distribution on
the electrode. Higher current densities generally lead to larger bubbles, whilst lower

current densities in the range of 0.15“0.35ﬁ are shown to produce a higher number of
smaller bubbles [9].

e The concentration of the electrolyte as well as the electrolyte pH, can also play a role
in bubble residence time (time that a bubble stays detached to the electrode) and
detachment size. For example, increasing sodium sulfate concentration in an electrolyte
made up of water and the aforementioned neutral salt, decrease bubble residence time
and detachment size. Experimental results suggest strong alkalinity may facilitate
quicker detachment of the bubbles from the electrode.|7].

e The surface tension of the electrolyte also influences the bubble growth. Lowering said
surface tension by adding surfactants suggests the formation of smaller bubble clusters
[7]. Apart from modifying the surface tension and enhancing mass transfer, the addition
of surfactants can also affect the inertial separation of bubbles [16][18].

e Flow conditions can also affect bubble growth. As will be explained in more detail in
section 2.2, increasing flow velocity or linear share-rate can cause the lift force acting
on a bubble to increase and therefore bring forward the bubble detachment onset [22].

e The operational pressure of the electrolyser can also modify the bubble growth: in-
creasing the operational pressure slows down the growth process as it causes higher
hydrogen density [10].

e The presence of external fields, such as magnetic fields, also affects bubble evolution

[4][5][16].

e Gravity can also affect bubble growth. As some of the hydrodynamics forces that act
on a bubble are a function of gravity, the value of gravitational acceleration may also
affect bubble residence time and therefore bubble detachment size [23].
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2.2 Single bubble dynamics near vertical planar electrodes

A single bubble growing on a vertical planar electrode will be subjected to different forces act-
ing upon it. Both the direction of these vectorial forces, as well as their absolute value depend
on the bubble’s shape, size, proximity to the electrode and even the electrolyte flow. The
interplay of mentioned forces will determine the bubble’s behaviour and will ultimately dic-
tate whether the bubble stays attached to the electrode where it is growing, or if it will detach.

Before going straight into the different hydrodynamic forces that act on a bubble during
water electrolysis, four dimensionless numbers need to be mentioned, as some of these hydro-
dynamic forces depend on the hydrodynamic regime which the bubble is in, which is given
by these dimensionless numbers.

The first dimensionless number worth mentioning is the Reynolds number (Re), which is
the ratio of inertial forces to viscous forces. This non-dimensional number can help predict
the fluid flow patterns, as depending on its value, the scale of either inertial or viscous forces
will be much larger than the other, and therefore the aforementioned forces will dominate.
The bubble Reynolds number can be calculated as seen in Equation 2.10. For the case of
microbubbles in water electrolysis, the range of expected values for the Reynolds number is
Re ~ [0 — 10].

2U,a R
Reb = :

(2.10)

where U, is the relative velocity of the bubble with respect to the fluid flow, R is the bubble’s
radius (characteristic length of the bubble) and p is the dynamic viscosity of the fluid in
which the bubble is immersed, in this case the electrolyte.

The second dimensionless number to be mentioned is the non-dimensional shear number
(Sr), which indicates the relative intensity of the shear field in the fluid, that the bubble
experiences, in relation to the motion of the bubble. Therefore, a high Sr value means that
the shear forces that the bubble is experiencing are significant compared to other forces. Sr
can be calculated as:

2R«

S p—
" Urel

(2.11)

where « is the shear-rate of the fluid flow.

As for the expected range of Sr values for microbubbles, the expected Sr values are given
using experimental wall shear-stress values in the range of [0.01 — 1]% , as presented by N.
Valle and J. W. Haverkort [24], and knowing that Sr is inversely proportional to the diameter
of a bubble.

The third relevant non-dimensional number is the E6tvos number (Eo), which is the ratio
of gravitational forces to capillary forces. This number is commonly used to characterize the
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shape of drops or bubbles moving in a fluid. The E6tvos number can be calculated as:

(o1 — p) 9 (2R)*

EOb =

(2.12)

where p; is the density of the electrolyte, p, is the density of the bubble (gas inside of the
bubble), g is the gravitational acceleration value, R is the bubble’s radius and o is the surface
tension value.

The fourth relevant dimensionless number is the capillary number (Ca). This number
is the ratio between viscous forces and surface tension forces acting on a fluid flow. This
number is mainly used alongside the E6tvos number to characterise the flow in porous media
or multiphase flows. The Capillary number (Ca) can be calculated as:

Vv
Cay ="~ (2.13)
o
where p is the dynamic viscosity of the fluid, V' is the characteristic velocity and o is the
surface tension between bulk fluid (electrolyte) and bubble.

Once the relevant non-dimensional numbers have been defined, the hydrodynamic forces
acting on a bubble can be presented:

The Buoyancy force (Fj) arises due to the difference in densities between the bubble, ie.
the hydrogen gas that makes up the bubble (p;), and the electrolyte in which the bubble
is immersed in (p;). By Archimedes’ principle, the fully immersed bubble in the fluid, is
"pushed" up by a force equal to the weight of the fluid displaced by the bubble. The direction
of this force is upward, opposing gravity, due to the nature of this force given by Archimedes’
principle, and due to the gas being lighter than the electrolyte it is immersed in. The
buoyancy force therefore can be calculated as can be seen in Equation 2.14

4
Fp = gwplgRg (2.14)

where ¢ is the value of the acceleration due to gravity, p; is the electrolyte’s density and R is

the bubble’ radius.

The weight force (Fy) is the gravitational force acting on the bubble due the bubble
having mass. It follows the same direction as gravity and can be calculated using the bubble’s
density (p,) and volume. The weight force for hydrogen gas bubbles in electrolysers is
generally much smaller than the buoyancy force and therefore in most cases can be considered
negligible. However, it can be calculated using Equation 2.15:

4
Fy = gﬂ'pbgRg (2.15)

The drag force (Fp) is a viscous force that opposes the relative motion of the bubble in
the electrolyte. Both its magnitude and direction depend on the magnitude and direction
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of the bubble’s relative velocity vector with respect to the electrolyte flow; as well as the
bubble’s shape and size and the viscosity of the fluid the bubble is immersed in. The generally
accepted way of calculating the steady drag force is [25]:

(2R)*
8

Fp = Cppym U -V|(U -V) (2.16)
where Cp is the drag coefficient, p; is the carrying fluid density, U is the velocity vector of
the electrolyte in the absence of the bubble and V' is the velocity vector of the bubble. Note:
in Equation 2.16, the difference between absolute bubble velocity (V') and flow velocity (U)
is the relative velocity of the bubble, as defined in [26]. However, in this thesis, the relative
velocity of the bubble with respect to the fluid velocity will be called U,.; like in Equation 2.10.

However, there is not a universally accepted way of calculating the drag coefficient, as
it is a function of the Reynolds number (Re), and therefore has been investigated for some

time: Cy = f(Re).

There are many different studies that suggest different ways of computing the drag
coefficient for a rising bubble in shear flow, depending on the bubble Reynolds number and
the bubble’s shape and deformations:

e For Low Reynolds (Re < 1), the drag coefficient for a rigid sphere in a uniform flow
with no-slip boundary conditions and in the creeping flow (Stokes flow) limit, is given
by Stokes [27] as:

24

— (2.17)

CD,Stokes =
Meanwhile, Hadamard and Rybczynski (1911) stated that for a clean bubble (mobile,
stress-free interface) in stokes flow with slip-free boundary conditions, the drag is two
thirds that of a rigid sphere [25], leading to

16
C = 2.18
b = (2.18)
From Oseen’s expression for flows at low Re, which corrects Stoke’s correlation by
including a correction term for the convection momentum [28][29]; Taylor and Acrivos

(1964) presented a correlation for small amounts of deformation at low Re [30]:

16 Re 8
C =— |1+ — + — —1 2.19
DTA = T + 3 + 15 (x ) ( )

where x is the aspect ratio. For a nearly spherical bubble (x = 1), this approaches
Oseen’s expression.

e For intermediate Reynolds Number (1 < Re < 1000), many empirical correlations
have been established such as the extensions of Stoke’s drag correlation as seen in
Equation 2.17. An example is an expression for full slip conditions which holds for
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higher Reynolds numbers, given by [31], in which it is stated that the second part of
the correlation becomes relevant at Re ~ 43 and higher.:

16 48
Cpr = min | - (14 0.15Re*%7) | —
€

e (2.20)

On the other hand, Ishii and Zuber (1979) presented a viscous drag correlation [32]:

24
Covise = R—(l + 0.1Re™™) (2.21)
e

Mei et al. also presented a commonly used correlation that aims to cover a wider range
of Re for bubbles. This correlation transitions between Hadamard-Rybczynski at low
Re and asymptotic behaviour at large Re [25]:

14 i+1 1+—3'315 B
Re 2 v Re

As stated in [25], this correlation agrees well with the results obtained from DNS
simulations 2.

16
CD,Mei(R€> = =

= (2.22)

e At high Reynolds Number (Re 2 1000), bubbles may suffer deformations, as the
flow becomes less "regular" and more turbulent. Therefore, many drag coefficient
correlations for this regime consider said deformation of the bubbles. For example,
Moore’s correction to Levich’s well-known high Reynolds number correlation [33],
considers how the transport of vorticity in the wake produced at the bubble surface

lowers the drag experienced by the bubble [34]:

48

O atoore = 7 (1 _ 2.21\/Re> (2.23)
e

However, this correlation can yield non-physical negative values at low Re values.

Figure 2.1 is a representation of said error in Moore’s correction.

As already mentioned, bubbles may deform at high Re values, making the drag coefficient
dependent on the bubble’s deformation. As a result, the drag coefficient becomes a
function of the E6tvos number. Tomiyama et al. [31] presented a correlation for for the
drag coefficient as a function of Eo that can be seen in Equation 2.24:

om : 1 1 0.687
CD,T (EO) = max |min _e ( + 0.15Re ) s —e, —3 o

(2.24)

Legendre and Magnaudet (1998) [26] suggest that in viscous linear shear flows, a bubble’s
drag coefficient may be affected by the non-dimensional shear rate (Sr). Equation 2.25
is an empirical correlation to account for the aforementioned Sr dependence:

Cp(Re, Sr) =~ Cpy(Re)[1 4 0.55577] (2.25)

where Cpy(Re) is the value of the drag coefficient at uniform flow at the same Re
values.

2DNS simulations will be explained more in depth in subsection 2.4.2
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Drag coefficient correlations as a function of Reynolds number
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Figure 2.1: Visualization of non-physical Cd values given by Moore’s correction for low Re
values. Comparison between Low - Intermediate - High Re correlations. Plot inspiration
taken from reference [35].

e Finally, for bubbles in the electrode’s immediate proximity, Takemura et al. (2002) [36]
suggest that the drag coefficient also depends on how close the rising bubble is to the
wall (electrode). This empirical study mentions that different correlations are needed for
different L* cases, where L* is the dimensionless separation defined as the ratio between
the distance from the bubble centre to the wall and the viscous length scale v/U (v
being the dynamic viscosity and U being the velocity of the fluid). However, this study
does not explicitly provide correlations, but instead mentions that said correlations are
adaptations of Oseen’s approximations and Magnaudet, Takagi & Legendre’s (2002)
theoretical predictions.

Having mentioned all of these drag coefficient correlations, as mentioned previously, the
expected values of the Reynolds number for this thesis project are expected to lie in the
"Low Reynolds number" range, and therefore only the correlations mentioned in the "Low
Reynolds number" section are expected to be used. Additionally, no deformations in the
bubble’s interface or shape are expected at said low Reynolds number values, and therefore
will be neglected for this project.

The lift force (Fy), is a force that arises due to shear (velocity gradients) in the flow
surrounding the bubble or due to the bubble rotation. This force acts perpendicular to
the relative velocity of the bubble. Thus, for a bubble attached to the electrode or in the
electrode’s vicinity, the lift force will aid in detaching the bubble from the electrode, or
will add to the bubble’s movement perpendicular to the electrode; as long as the bubble’s
relative velocity vector mainly points in the direction parallel to the electrode. As for the lift
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force’s magnitude and direction, these depend on several factors such as the bubble Reynolds
number, the shear rate, and the bubble’s shape and deformability; similarly to the drag force;
and consequently there are many ways of calculating the lift force. Additionally, methods
to compute the lift force in three dimensions have been studied for years: its definition is
arduous and complex as it involves vorticity and non-axisymmetric flows. As there are a
vast number of methods/correlations used in literature to calculate the lift force and the lift
coefficient, too many to state in this work, only a few relevant correlations are presented:

e McLaughlin (1991)[37] extended Saffman’s technique (1965) to obtain an expression for
the lift force and lift coefficient for Reynolds number values much smaller than unity
(Re < 1) and shear parameter (A, = dlULllJ‘) values much smaller than unity (A, < 1)

as well [25]:
27
Cr=———J 2.26
L 212y/ReA,, (€) ( )
FL = Cme (Urel . VU) (2.27)

where C, is the lift coefficient which depends on Re, A, and J(¢). J(¢) is a monotone
function of the dimensionless variable epsilon, which depends on the Reynolds and

non-dimensional shear numbers:e = 4/ %. Also, my is the displaced fluid’s volume, U,
is the bubble’s relative velocity vector, and VU is the gradient of the flow velocity.

e The lift force in inviscid shear flows, which involves evaluating the velocity perturbation
by solving the Helmholtz equation and the pressure at the surface of the bubble (sphere),
was calculated by Auton (1983) for regimes in which the shear parameter is much
smaller than unity (A4, < 1) [38] [25]:

FL = Cme [Urel X (V X U)] (228)

where the only difference with Equation 2.27 is that instead of the dot product of the
relative velocity of the bubble with the gradient of the flow’s velocity being used, the
cross product of the bubble’s relative velocity with the curl of the fluid flow velocity
is used in Equation 2.28. Note that the lift coefficient in this case is assumed to be
constant: Cp, = 3.

e Finally, Legendre and Magnaudet (1998) [26] proposed a way of calculating the lift
force as a function of the monotone function J(e¢) and the magnitude of the drag force
on the bubble in creeping motion (F°):

F° = 47 pwR|U,o| (2.29)

J(e « 4
FL = QR\/;FO = ;Pl\/;R2|Urel’\/aJ(e) (230)

™
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where J(¢) is once again the monotone function, R is the bubble’s radius, « is the shear
rate and v is the kinematic viscosity of the bulk fluid (electrolyte), p; is the density of
the fluid, and |Uy| is the absolute value of the undisturbed flow velocity at the bubble’s
location. As for the monotone function, the definitions given by McLaughlin (1990)
[37] for the lift force on a small sphere in an unbounded fluid, are suitable and yield
coherent results when paired with Equation 3.5.

The surface tension force (F,) acts at the gas-liquid interface, tending to minimize the
surface area. This force is most relevant when the bubble is attached to the electrode, as at the
contact point between the electrode and the bubble interface (gas-liquid interface), known as
the three-phase contact line, the surface tension force aids in keeping the bubble attached to the
electrode. The magnitude and direction of this force depend on the contact angle between the
bubble and electrode, and of the geometry of the electrode-bubble contact line. Said contact
angle however changes with the bubble’s growth or with slight movement whilst still attached
to the electrode or as the bubble deforms [4]; and therefore has to be considered a "dynamic"
contact angle (6;). The dynamic contact angle 6, is a function of the theoretical contact
angle (6p) that can be calculated using various different methods/correlations. Equation 2.31
is a way of calculating the dynamic contact angle proposed by Klausner et al. [39], as a cubic
function of the polar angle (v), relating it to the advancing («) and receding (/) contact
angles. A simpler and commonly used way of calculating the dynamic contact angle can
be used instead, known as the Hoffman-Voinov-Tanner Law. A modified version of this law
can be seen in Equation 2.32 which depends on the non-dimensional capillary number (Ca)
[40]. This equation is simpler to use, which is why it is commonly used in multiphase flow
simulations and CFD studies.

Once the dynamic contact angle is computed, then the surface tension force (F,) can be
calculated as shown in Equation 2.35:

3
9d(¢)zﬁ+(a—5)<3%—2<%));0§¢§ﬂ (2.31)
9d = 90 + kCa" (2.32)
F, = oL.sin(0,) (2.33)

Equation 2.31 ensures that the derivatives of the function at the front (¢» = 0) and rear
(1 = m) ends are both 0, i.e. a continuous function.

In Equation 2.32, k and n are empirical constants that depend on the system, and C'a is
the non-dimensional Capillary number.

In Equation 2.35, o is the surface tension once again, L. is the contact line length between
the bubble bubble and the electrode, and 6, is the dynamic contact angle.

For a bubble with a circular contact area of radius r., the contact line length can be
calculated as the perimeter of the circular contact area: L. = 27r., so the surface tension
force can be calculated as |7]:

F, =207r.sin(6,) (2.34)
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However, as modelling the dynamic contact angle of a bubble on an electrode can be
cumbersome, in practice and although less accurate, the surface tension force F, can be
calculated as the product of the surface tension ¢ and the radius of the bubble R:

F,=0R (2.35)

This form of calculating the surface tension force helps both reduce the complexity of the
numerical model as well as the computational demand of the numerical methods used during
the calculation, as no dynamic contact angles have to be calculated, and therefore no implicit
iterative methods have to be used for said calculation.

The added mass force (Fj) accounts for the changes imposed on the fluid as the bubble
accelerates. Any body of mass moving through a fluid at non-constant velocity, i.e. accelerat-
ing, will displace the fluid in its surroundings as it moves, changing the flow field. This is
known as the "added mass" or "virtual mass" effect. From [25], the added mass force can be
calculated as is seen in Equation 2.36, where my is the volume of the displaced fluid, which
can be calculated as the density of the fluid (electrolyte) times the volume of the bubble that
displaces the fluid: m; = %WR?’pf ; %—g is the change of the fluid velocity in time (rate of
change of the fluid’s velocity), i.e the fluid’s acceleration; % is the change of the bubble’s
absolute velocity over time (rate of change of bubble’s absolute velocity), i.e the bubble’s
acceleration; and C,, is the added mass coefficient. From [17] and [25], C,, = 0.5 for spherical

bodies independent of their nature.

ou dv

Fy=0C,, —_— - — 2.36
M= Hmis ( ot dt ) (2.36)
Assuming an electrolyte quasi-steady flow, the partial derivative of the flow’s velocity can be

considered zero, therefore Equation 2.36 is simplified as:

av

for which an iterative or integral numerical method is needed to calculate the derivative of
the bubble’s absolute velocity with respect to time.

The Marangoni force (Fj;4) arises from gradients in surface tension along the bubble
interface (Vo). Said Marangoni force acts tangential to the bubble interface and can be
calculated as the integral over the bubble’s surface area :

Faa = / (V.0)dA (2.38)
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In alkaline water electrolysis, solutal marangoni forces due to gradients of the electrolyte’s
concentration exist and aid in the bubble’s detachment, as this solutal marangoni force is
often directed away from the electrode [10][5][7].

The history force (Fy) accounts for the non-stationary effects of the viscous boundary
layer that develops around the bubble when its velocity changes over time. As the name
suggests, it depends on the history of the bubble’s relative motion with respect to the bulk
flow (electrolyte flow), given that the possible generated vorticity due to the bubble requires a
finite time to diffuse over a distance and therefore the surrounding flow needs time to readapt
to the new conditions imposed on it. This force can be important in flows with significant
accelerations. The general correlation to calculate the history force in a uniform flow is [25]:

Fy(t) = pd /Ot K(t—1) (aa—g - %‘;) dr (2.39)

where p is the dynamic viscosity of the bulk fluid, K (¢t — 7) is the kernel, that depends on
the diffusion of the vorticity; U is the bulk flow’s velocity, V' is the bubble’s absolute velocity,
and 7 is a time variable.

For a clean bubble (no surfactants inside of it), the history force is negligible in most
cases and therefore can be considered zero: Fy = 0 [25].

The differential pressure force (Fp) can also affect a rising bubble’s dynamics. This
force comes about due to a difference in pressures between the top and bottom of the bub-
ble. This difference in pressure can originate from the fluid (electrolyte) flow or from the
bubble’s curvature, in which case the difference in pressures in known as "Laplacian pressure".

Finally, in cases where surfactants are present in the electrolyte, the electrostatic repulsion
force (Fg) between the charged electrode and the similarly charged bubble interface, may
affect the dynamics of the bubble. This is possibly due to surfactants increasing the electrical
conductivity of the electrolyte, making the bubble’s interface more electrically charged [7].

The most significant forces acting on a singular spherical rising bubble produced during
water electrolysis can be seen in Figure 2.2.

Bubble detachment occurs when the sum of the forces aiding in bubble detachment exceed
the forces wanting to keep the bubble attached. This applies to both relevant axis in the three
dimensional problem, the axis parallel to the electrode and the flow direction, in the case of
Figure 2.2 the z axis; and the axis perpendicular to the electrode, the y axis in Figure 2.2
[4]15][7]. Whilst this is applicable to the detachment of single bubbles, for a multitude of
bubbles in one same electrode, detachment may be promoted by other mechanisms such as
bubble collision or coalescence [18]. Also, for both single bubbles and groups of bubbles on
the electrode, the detachment size and detachment time are a function of the hydrodynamic
forces, which in turn are a function of the size and shape of a bubble. Therefore, generally,
larger bubbles tend to detach earlier than smaller bubbles, as their buoyancy force, which
changes with the cube of the bubble radius, acts as the main promoter of said detachment.
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Figure 2.2: Visualization of the main hydrodynamic forces acting on a bubble attached to
the electrode and a bubble already detached. Image was created assuming the bubbles to be
perfectly spherical throughout the simulation .

This is why in microgravity, bubbles tend to grow to larger sizes and remain attached to
the electrode for longer times: an absence of significant buoyancy force is suffered in said
microgravity circumstances, making the Lift and Marangoni forces more relevant to bubble
detachment [20][23]. Finally, and despite having mentioned the importance of buoyancy in
bubble detachment, the importance of Lift force in relation to the bubble’s detachment motion
perpendicular to the electrode is still somewhat unknown, but may be of great importance.

2.3 Bubble-bubble and multiple bubble collisions

Bubble collisions in electrolysers come hand-in-hand with bubble coalescence.

Bubble collision and coalescence are important to the performance of electrolysers, as both
phenomenon have been proven to alter the size and shape distribution of bubbles, altering
therefore the physics of bubble detachment from the electrode and dynamics, changing the
size and shape of the swarm of bubbles or bubble layer that is produced near the electrode,
and therefore modifying the efficiency of the overall electrolysis process.
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Two bubbles may collide: bouncing against each other, and end up separating; or their
shape and size will be modified due to the collision, until a point is reached when they no
longer are capable of continuing independently. In this later case, they end up merging or
coalescing into one bigger bubble. This competition between the process of bubbles merging
together and bubbles just bouncing off of each other depends on the circumstances of the
collision: the velocity with which the bubbles are approaching each other, the type of fluid
the bubbles are in, etc.

The coalescence process of gas bubbles in liquids is said to follow three steps [41].

The first step of the process can be described as the approach and film formation: two
gas bubbles in a liquid approach each other, squeezing out the liquid in between them. This
squeezing produces a thin film in between both bubbles that is typically around 1 to 10 um.
This first stage is governed by the hydrodynamics of the bulk liquid and by the way the
bubbles are formed. The second step, is the film thinning step: after the already mentioned
thin film is formed between the gas bubbles, this thin film starts to become even thinner
as the bubbles are pushed closer together and the liquid in the film drains. This stage is
governed by the interplay between the collision forces acting upon the gas bubbles (the forces
pushing them closer to each other) and the capillary or surface tension force (trying to keep
the gas entrapped in the bubble). The last step, is the film rupture and merging step: once
a critical size or thickness of the film is reached, i.e the bubbles are pushed too close to
each other, a spontaneous rupture/ break of the thin film of liquid between the gas bubbles
occurs. Once this happens, the short range van der Waals pressures become dominant, which
lead to the rapid formation of a hole (area where there is no liquid or gas present). Surface
tension then expands this hole, resulting in the formation of a bubble as a single entity and
combination of both previous colliding bubbles [42].

All three different steps of the coalescence process of gas bubbles in liquid can be seen in
figure Figure 2.3. The leftmost rectangle represents the approach and film formation stage,
the second rectangle represents the film thinning phase, in which the red cloud in the image
represents the liquid film between both bubbles and the red arrows represent the direction
of motion of that thin film being squeezed, and the last rectangle represents the merging of
both bubbles to form one single entity.

The aforementioned coalescence process is the ideal low Reynolds number case, in which
the liquid is pure. However, for gas bubbles in low viscosity liquids, high Reynolds number
fluids or non-pure liquids; the competition between the process of coalescence and the bounc-
ing of bubbles before rupture of the thin film is less one-sided, meaning bubbles can collide
and bounce against each other without merging together [42].

For gas bubbles in pure liquids for cases with low Weber number (We = @), meaning
the surface tension force of the bubbles dominate over the inertial forces acting upon the
bubble, the inertial forces in the gap between both bubbles are not strong enough to halt the
motion of the bubbles before the film rupture, leading to coalescence of bubbles.
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Figure 2.3: Visualization of the three different steps of gas bubble coalescence in liquids.

In the case of low viscosity liquids, the deformation of the bubble interface increases their
surface area, leading to an increase in the free energy of the system at the cost of a decrease
in the kinetic energy of the bubbles related to their relative motion. As this kinetic energy
decreases, the bubbles slow down or decelerate. If they slow down enough and the thin film
in between the bubbles has not yet ruptured, then the bubbles will bounce against each other
and head in opposite directions.

In the case of non-pure liquids, i.e liquids with electrolytes and surfactants as is the case of
the fluid used in electrolysers, the coalescence of bubbles is delayed and/or inhibited [42] [41].
This is believed to be due to several different phenomena such as double layer electrostatic
repulsion, Gibbs-Marangoni effect, changes of liquid viscosity, decrease of gas solubility and
other surface effects such as a change of the bubble interface surface area.

Pure collision between bubbles is dominated by both hydrodynamic (inertial) forces and
nonhydrodynamic short range forces present in non-pure liquids.

For perfectly spherical and non-deformable bubbles, apart from the forces driving the
motion of the bubbles such as the buoyancy force, the lubrication force is of utmost importance.
This force arises when the separation or gap between bubble surfaces separated by a fluid
becomes small relative to the actual size of the bubbles. Once this happens, the fluid
separating the bubbles and that lies in between them, is "pushed" by the motion of said
bubbles, as already mentioned.

Lubrication can be divided into two different scenarios: scenario a) in which two bubbles
have a relative translation along their line of centres (both bubbles move straight towards
each other), known as the "squeeze flow problem" ; and scenario b) in which the bubbles
move in the plane perpendicular to the motion plane of scenario a), i.e, they flow in a parallel
direction to each other; known as the "shear flow problem". Both scenarios share the the fact
that the separation between both bubbles hy = kR is very small, making the gap distance
(ho) a ratio of the bubbles’ radius (R), where the size of this ratio is given by &; therefore,
k << 1. For both cases, as kK — 0 the force necessary to bring both bubbles to rest diverges.
However, the form of divergence for both cases differs: for the shear flow problem, the force
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diverges as can be seen in Equation 2.40 , while for the "squeeze flow problem", the force
diverges as in Equation 2.41 [43].

F, ~ pRU,.q log k (2.40)

F., ~ uRU,qk ™" (2.41)

where p is the dynamic viscosity of the fluid the bubbles are surrounded in, R is the
radius of the bubble and U,.; is the relative velocity of the bubble with respect to the fluid
flow, and k represents the gap in between both bubble’s surfaces.

Having said this, the order of magnitude of the squeeze flow problem force is much larger
than that of the shear flow problem: assuming one bubble is at rest and the other is in motion
and both have the same radius, for a separation of 1% of the radius, i.e hg = 0.01R, the ratio
between squeeze flow force and shear flow force is Fy,/Fy, ~ 50. Thus, in some cases, the
force attributed to the shear flow problem, Fj;, is neglected when calculating the collision
force between bubbles.

For the squeeze flow problem, the physical principle behind it is that pressure in the gap
becomes very large in a small area closest to each of the bubbles; and although this area is
very small, it is not small enough for the forces acting upon the bubbles to not diverge. This
force, known as the lubrication force, can be calculated using three basic arguments.

Firstly, assuming the spheres to be perfectly round and the flow to be axisymmetric, given
that the bubbles are moving straight towards each other with their centres of mass in one
same line, thus using cylindrical coordinates, the bubbles’ surfaces can then be approximated
by paraboloids (for small distances from the axis of symmetry, i.e the axis where both centres
of mass lie):

pr) ~ o+ o (2 ) S (14— (2.42)
r) ~ |5 +5 )= :
0 2 Rl R2 0 2Rredh0

where hg is the minimum distance between bubble interfaces, r is the distance from the
axis of symmetry, and R,.q = R1Ry/(R1 + R») is the reduced radius.

Secondly, the velocity profile of the fluid in between both bubbles (given by u and w in
their respective axis) can be calculated by considering the lubrication theory. Lubrication
theory states that when the gap between bubbles is very small (k << 1 as stated previously),
the axial z-velocity scale is much smaller than the radial r-velocity scale, as defined in figure
4.7 of "A physical introduction to suspension dynamics" [43]. This can be proved from the
continuity equation:
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10(ru)  Ow
St =0 (2.43)

where u is the velocity in the r-axis and w the velocity in the z-axis.

As the scale of the velocity in the z-axis is W, then for the continuity equation to be
obeyed, the scale of the velocity in the r-axis must be of the same order of magnitude and
therefore: U >> W . This means that the fluid flow can be considered unidirectional,
confirming that the fluid is pushed out of the gap between the bubbles in the radial direction.

Using the same difference in scales between both r and z directions, the Laplacian of
the flow velocity (V?u) in the r-component of the Navier Stokes Momentum Equation (NS)

can be reduced to ug%‘ (as ‘327‘2‘ >> 227‘2‘). Thus, the r-component of the NS equation can be

defined as:

—0 (2.44)

And assuming that the order of magnitude is smaller than the order of magnitude W,
Equation 2.44 reduces even further to:

0*u

from which the no-slip boundary condition at the bubble interfaces can be taken: u = 0.

Using the same pressure order of magnitude rule in the z-component of the NS Momentum

equation, it can be seen that % » U. Therefore, % = (, meaning that the pressure is constant

across the gap and is a function of the radial position p = p(r) .

With all of this knowledge, including the no-slip BC, solving Equation 2.44, yields the
velocity profile of the unidirectional fluid flow in the gap between the bubbles, as a parabolic
profile:

1 dp

= @% [z — z1(r)] [z — 22(1)] (2.46)

u(r, z)

Third, as the fluid being squeezed out of the gap has to obey the conservation of mass,

meaning that the flux of fluid being squeezed out of the gap over any radius must be equal to

the volume of fluid displaced by the bubbles, the pressure gradient is obtained. Integrating

this pressure gradient with respect to r and applying the zero-pressure BC at infinity, yields
the pressure field:
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;)= SR (2.47)

K'2 (1 + 217;25)2

Finally, the lubrication force can then be obtained by integrating the pressure field (shown
in Equation 2.47) over the surface of either bubble:

r—inf
F = / p(r)2nrdr = 61 R*W/hy = 61 RW /K (2.48)
r=0
From which it can be seen that the lubrication force is inversely proportional to the size
of the gap between both bubbles, and therefore diverges as the bubbles get closer to each
other at a fixed relative velocity.

In the case of non-pure liquids, as already mentioned, electrostatic - nonhydrodynamic
repulsive forces aid with bubble bouncing and delay or inhibit the coalescence process.

As already mentioned, these forces arise from the microscopic nature of the liquid and
the possible charged particles in it. Due to the presence of ionic salts or surfactants in the
liquid, the bubble interface, i.e the bubble’s external surface, can "stack up" on electrically
charged particles thus leading to nonhydrodynamic repulsive forces in the form of electrostatic
repulsion between bubble interfaces. The exact reason for this electrostatic repulsion is not
well known, however it is believed to be due to the creation of a hydration layer on the bubble
interface ?, modification of the Debye screening length in the diffuse double layer near the
interface, the steric interaction between surfactants on bubble interfaces or the polarization
of the bubble’s interface by surfactants [44].

In order to prevent coalescence by stopping the bubbles’ motion before coming into close
contact with one another, it is believed that the repulsive pressures acting upon the bubble
interface, i.e the repulsive force per unit area of bubble interface, must be larger than 2v/a,
where  is the surface tension of the bubble interface and a is the bubble’s radius [44]. This
minimum pressure accounts for the change in curvature of the bubble surface in the case that
the bubble surface is modified due to the collision.

In some papers, this nonhydrodynamic short range repulsive force is obtained by combining
a series of equations for the fluid flow near the bubbles, the boundary conditions at the
different parts of the bubble interface (such as the inner and outer region)* and a form on
Newton’s second law. By doing so, one can obtain the following equation:

dmad dU 27y
— = —A(t)— 2.49
ST (1)~ (2.49)
3a hydration layer is a layer of water molecules strongly associated or related with large cations that is
stuck to or adsorbed to something, in this case the bubble interface
4to see the definition of the inner and outer region of the bubble interface, as well as the equations for the
fluid flow and the boundary conditions, please refer to reference [44]

—g1(0)p
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Where p is the density of the surrounding fluid, a is the radius of the bubble, % is the
rate of change of the bubble’s velocity in time, that is, the bubble’s acceleration; 7 is the
surface tension of the bubble interface; and A(t) = m(ac)? is the area of the inner region of

the bubble, which is a function of its radius and the radial extent® .

This equation, Equation 2.49, states that although the bubbles’ mass inside of it is
negligible, the bubbles act as if they do in fact possess an added mass of coefficient g;(0) and
volume 4’%“3; and that these bubbles decelerate due to a short range nonhydrodynamic force
that equals the area of the inner region of a bubble (region of the bubble interface affected
by the collision) times the surface tension of said interface. This means that as the bubbles
come closer to each other, the area of the inner region of the bubble becomes larger and
therefore the force becomes larger. In other words, the nonhydrodynamic repulsive force is
inversely proportional to the distance between bubbles, as is the case of other forces seen in
nature such as the lubrication force, electrostatic forces, Van der Waals forces, Lennard-Jones

potential force, etc

2.4 Numerical methods and simulations

This section will delve into the numerical methods and simulation techniques relevant to the
study of the flow of bubbles in water electrolysis. Special focus will be placed on the generation
of realistic statistical distributions of bubbles on a wall, the assessment of hydrodynamic
forces on said bubbles, and collisions between perfectly spherical and non-deformable bubbles;
which align with the main objectives of the thesis. As mentioned in chapter 1, numerical
methods already exist, however they present various flaws and challenges. In this chapter,
relevant numerical methods and simulation approaches are stated.

2.4.1 Methods for Generating Statistical Distributions of Bubbles
on a Wall

Generating a realistic statistical distribution of bubbles on an electrode surface requires
knowledge of already existing and used numerical modelling approaches , and the validation
of said approaches by means of comparison with experimental observations.

Experimental Observations of Bubble Nucleation and Distributions

Experimental studies provide relevant information into what really happens during nucleation,
growth and detachment of bubbles during electrolysis. Most of these studies use real-time
visualization techniques, such as high-speed photography; or parameter control methods,
such as micro-engineering the electrodes to be studied [4][10][18].

Sthe radial extent « is the angle between the centre of symmetry of the bubble interface and the outermost
point of contact between both colliding bubbles. For further understanding, please refer to FIG 4. of [44]
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High-speed photography allows for the observation of the bubble’s evolution whilst at-
tached to the electrode, contributing information to the nucleation site density and bubble
detachment size and time [9][18]. Studies using this, or similar experimental techniques,
have found that the size distribution of detached bubbles is influenced by current density
across the electrolyser, electrolyte concentration and electrode material [9]. Some studies
even suggest that the bubble size distribution near the electrode surface is bimodal initially,
and then evolves into a log-normal distribution at higher current densities [18|.

Micro-engineering the electrode surface enables studies to control the nucleation and
growth sites of bubbles. By doing so, conclusions on bubble nucleation and growth and their
dependency on surface topology can be drawn: superhydrophobic locations and microma-
chined pillars have a higher probability of becoming a nucleation site [12].

The aforementioned experimental findings are crucial to be able to validate numerical
models whose aim it is to re-create a realistic generation of bubble distributions.

Numerical Approaches to Model Bubble Nucleation

As for the numerical methods to re-create the already mentioned experimental findings, most
of them focus on heterogeneous nucleation from pre-existing nucleation sites, as it is a more
practical approach than homogeneous nucleation modelling for macroscopic bubbly flow
simulations [19]. This is because homogeneous nucleation is an often stochastic process in
nature that is relevant at the nanoscopic scale, making the direct simulation of said bubble
generation from a supersaturated solution a complex task [16][20][21].

To model the presence of stochastic variations that determine preferential nucleation
sites, such as the existence of surface defects, cavities, or variations in wettability , numerical
models simply define specific locations on the electrode surface where bubbles are "allowed"
to nucleate |20].

Diffuse interface models set a basis to study the thermodynamics of phase change (such
as heterogeneous nucleation at solid surfaces) by considering the free energy of the solid-fluid
interaction and its influence on wetting properties. Although computationally demanding,
diffuse interface models contribute extensive insight into bubble nucleation.

Generating Statistical Distributions of Bubbles

To generate realistic statistical distributions of bubbles on a vertical wall for a large number
of bubbles, different methods can be used:

e Empirical, experimental-data based models are one way of creating realistic statistical
bubble distributions. Both the nucleation site distribution and initial bubble size
distributions can be obtained from observing and studying experimental data under
relevant experimental conditions [9][18]. These distributions can then be used to
stochastically generate bubbles on a flat surface, to then use in numerical simulations.
One of the main advantages of this method is that it allows for tighter control of
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parameters that influence the nucleation rate and other characteristics of the generated
bubbles; as well as already including the validation of the method in its nature, as it
is built from experimental data. The main drawback however is that the replication
of the experimental data needs to very accurate, as it allows small margins of error,
outside of which the methods would be termed "unrealistic".

Probabilistic models, such as Poisson processes, are another method that can be
employed to simulate the random activation of nucleation sites over time and space,
as this process is also random in nature as mentioned previously. Additionally, the
rate at which bubbles nucleate on the surface can be a function of local conditions at
the electrode surface, such as supersaturation concentration [16]. A combination with
empirical experimental-data based models can be done to predict initial bubble size
distributions.

Agent-Based Modelling, uses the concept of treating each nucleation site as an "agent"
with specific bubble activation and generation rules that incorporate the randomness
and dependency on local environmental factors that influence bubble nucleation. This
method however seems more computationally demanding, as a set of rules for each
nucleation site is needed, which in the case of simulations for high number density of
bubbles can be extreme.

Applying said methods, a minimal code to statistically generate a realistic distribution of
bubbles on a surface can be done following the steps below:

1.

Define the geometry of the surface where the bubbles are going to be generated, which
in the case of water electrolysis would be on an electrode.

Use either one of the methods previously described or experimental data to establish
the number density of nucleation sites on the defined geometry.

Stochastically distribute the nucleation sites determined in the previous step.

. Assign an activation time and initial bubble size to each of the distributed nucleation

sites based on an empirical distribution or a simplified model.

Worth mentioning, is that in order to continuously generate nucleation sites and bubbles,
after say an already grown bubble has detached, a simple way of doing so would to repeat
the aforementioned process, starting from the second step, but for a singular nucleation site
instead of a distribution. This process would have to be iterated as bubbles detach from
the electrode. Nonetheless, this method would not consider how nucleation site distribution
is based on variables such as the existence of hydrophobic sites and energy landscapes. So,
once the nucleation sites are initially distributed, it means that the probability of a bubble
nucleating in those distributed nucleation sites is higher than for other random locations on
the surface. This fact would be violated by just continuously assigning random nucleation sites.
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2.4.2 Numerical modelling of bubble hydrodynamics

Accurately resolving the hydrodynamic forces of bubbles at a microscopic length scale can be
done using several different methods, each of them having their advantages and disadvantages.

Direct Numerical Simulation (DNS) aims to accurately resolve all relevant scales of the
hydrodynamic and concentration boundary layers around growing and detached bubbles [10].
This method can capture the detailed flow field around the bubble and accurately model the
interfacial forces by resolving/calculating the governing equations: Navier-Stokes equations,
species transport equations and potential equation; for each bubble. DNS is a deterministic
method, since it is able to predict the evolution of a bubble based on physical laws given
initial conditions. However, DNS is extremely computationally demanding for high volume
fraction of bubbles, since it requires the physical equations that govern a bubble’s evolution
to be resolved for each bubble iteratively at each time step as well as for the flow around
the bubbles, considering the previous time steps for the calculations [22]|. Having said this,
DNS has proven to be useful to obtain accurate results in simulations. Examples of this
are simulations such as that of a singular hydrogen bubble attached to a vertical cathode,
using an immersed boundary method within a DNS framework, to study the effects of flow
rate, pressure and velocity boundary conditions [10]; and the simulation of bubble formation
and detachment from a horizontal electrode in which the bubble’s size and trajectory were
tracked throughout the simulation [5].

Interface-Resolved Simulations, which are related to DNS, focus on accurately capturing
the gas-liquid interface of the bubble and its evolution over time [5] apart from resolving over
the whole domain (including the electrolyte flow). Techniques like the immersed boundary
method or body-fitted grids are used to track the bubble shape and movement in response to
the hydrodynamic forces acting upon it [10]. These simulations can model the growth due to
diffusion of dissolved gas and the detachment of bubbles [5]. As mentioned, Interface-Resolved
simulation is very similar to DNS. In fact, DNS is a type of highly resolved (high resolution)
interface-resolved simulation.

Point-particle methods are more suitable for simulating larger systems with many bubbles.
This method simplifies bubbles to be points in the domain and models the hydrodynamic
forces acting upon the bubbles (or points) using closure laws, i.e. simplified extra equations
such as boundary conditions, or models, needed to be able to solve the system of equations
that makes up the problem. Simplified, less accurate models are needed initially as a first
approximation, to then as the simulation progresses, be able to make the problem more
complex [17]. For example, simple expressions for buoyancy and surface tension forces are
initially used, but as the bubbles grow and the flow field develops, more complex drag and
lift force models are incorporated.

Deterministic models based on predefined nucleation sites incorporate the already men-
tioned concept of specific nucleation sites on the electrode surface. Bubble generation and
evolution using these models can be deterministic, despite the randomness or statistical
determination of the initial location sites. The simplified model described in [17] explores a
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more controlled environment, rather than a statistical one, in which bubbles are generated at
random points on the electrode, whilst also having a predefined grid of nucleation points on
said electrode. This makes the model somewhat resemble nature, as the bubble nucleation
process is stochastic, while having locations on the electrode where it is more likely for
bubbles to nucleate. Meanwhile, [12]| studies the evolution of a single bubble on a predefined,
micro-engineered electrode, hinting at the possibility of using numerical methods to simulate
bubble behaviour from said chosen nucleation site.

In early studies, such as Dukovic and Tobias’ (1987) study on the influence of attached
bubbles on the potential drop and current distribution at gas-evolving electrodes [45], an
axisymmetric model was used to simplify the simulation of the growth of a bubble attached
to an electrode in a stationary flow. Despite being limited by the axisymmetric assumption,
these models are capable of providing a deterministic way to study the influence of a single
bubble on its surrounding environment.

Molecular Dynamics (MD) Simulations can be used in the case of micro or nanobubbles
simulations. This simulation method, as the name suggests, is normally used in molecule
simulations as it is capable of delivering deterministic results based on intermolecular forces
and the state/circumstances of the environment. Therefore, MD can be used to simulate the
initial stages of bubble formation, as at this stage the problem consists of very small length
and time scales.

Fast Interface Particle Interaction (FIPI) is a numerical method used to describe and
simulate problems involving suspended particles in binary fluids (gas-liquid for example) and
interacting liquid interfaces of complex morphology. One of the main objectives of FIPI is to
be able to simulate systems with large number of particles interacting with fluid interfaces,
without the need of state-of-the-art computer hardware such as supercomputers. It is intended
for investigating phenomena like particle adsorption/desorption and particle-induced surface
tension modification in multiphase systems such as froth flotation and drop/foam stabilisation
[46]. FIPI resolves interfacial structures and hydrodynamics on length scales much larger
than the particle size and solves particle-level physics using empirical or semi-analytical
expressions, which help ease the computational load. As for the fluid-particle coupling, it uses
a FEuler-Lagrangian method: the fluid in question is treated on a grid (Eulerian) and individual
particles are tracked (Lagrangian). Also, FIPT uses a diffuse-interface method, meaning the
interface (layer between fluids) has a non-zero thickness and therefore is "diffused". This
allows for easier resolve of interface breakup and coalescence. The phase field variable® in
this method provides information about the local distance of a particle to the fluid interface,

6Phase field variable references the partial differential equation that describes the interface and can take
values between two distinct integer values (for example 0 and 1). In the case of 0 and 1 values, a 0 value is
set to one of the phases (A), and 1 is set to the other phase (B). For the interface, a value between 0 and 1
will be given depending on a specific pre-set definition of the phase-field variable, such as the volume fraction
of one of the phases, the distance to one of the phases, etc. Therefore, in the example using 0 and 1, if the
phase variable were to be defined as the volume fraction of phase (A), a value of 0.5 on a location of the
interface would mean that at that location the volume fraction of the interface is half of phase (A) and half
of the other phase (B). A value of 0.7 would mean there is more of the phase(B) than of the phase (A).
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which can be used to calculate capillary forces. The way FIPI applies said methods, is by
being divided into three different modules: an interface module that provides the location of
the interface; a tracking module that tracks the particles and provides a force term to the
fluid module; and a fluid module that solves the momentum equation on the fluid domain
and provides the fluid velocity field to the other two modules. FIPI shares one common
limitation with point-particle methods: using the drag force definition given in the FIPI code,
prescribing the unperturbed fluid velocity at the particle position when calculating the drag
force is challenging. Having said all of this, FIPI presents major potential for gas bubble
simulations in water electrolysis, as said bubbles can be treated as the "particles" interacting
with the interface mentioned in [46].

It is worth mentioning that the mentioned numerical methods and simulation methods
aim to be deterministic despite including stochastic elements such as the location and timing
of bubble nucleation on the electrode. Whilst having stochastic elements, these methods are
based on actual physical laws and defined conditions, and therefore can provide a deterministic
way of simulating bubble evolution in water electrolysis.



Chapter 3

Results and discussion

This section will be divided into three different subsections, each one presenting and discussing
the main results obtained during the completion of this project.

3.1 An algorithm for bubble generation

To model the formation of a bubble on the electrode, an algorithm was created to generate
the distribution of bubbles on a flat electrode that can recreate that of real life.

First of all, as already mentioned in the literature review, there are two types of bubble
formation or nucleation, however, in this project only heterogeneous nucleation, i.e when
bubbles form on the electrode, was modelled.

The main objective of this algorithm was to be able to generate a realistic distribution of
large number of bubbles on an electrode, to then be used in further Point Particle simulations,
for the reasons already mentioned.

The algorithm can be explained using a flowchart (Figure 3.8) where red rectangles are
the starting point and ending point of the algorithm, blue rhomboids represent input and
output, amber squares are processes and green diamonds are bifurcations or conditions, where
the algorithm can go either one way or another.

To start the algorithm, a number of dimensions (either 2D or 3D) must be specified, as
well as the number of bubbles to be generated. The dimensions refer to the coordinates of
each bubble, therefore by making it 3D, each bubble will have z , y and z coordinates, whilst
a 2D case will only have two of those, representing for example the coordinates of a bubble on
a specific plane. The number of bubbles to be generated can be either explicitly or implicitly
determined: the code can be modified to generate the exact of bubbles wanted, or it can be
modified so that a number or volume fraction within the simulation domain (2D and 3D
cases, respectively) is achieved.

At the same time, the user must also input the maximum number of attempts desired.

49
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The maximum number of attempts refers to the number of times the algorithm /computer
is allowed to try to generate the random coordinates of the bubbles. As it is possible that
whilst generating random coordinates for different bubbles, these are the same; once this
happens, the algorithm detects it and generates random coordinates again whilst using up an
additional attempt. This maximum number of attempts will therefore determine the accuracy
of the algorithm.

The algorithm can be modified to change the minimum distance the bubbles should have
between them whilst being generated. The user is capable of making said distance larger or
smaller, to their own convenience. Having said this, for a limited domain size and specified
number of bubbles to be generated, having a higher minimum distance between bubbles will
render a higher chance of overlap between them and therefore less accuracy of the algorithm
and a higher computational demand and run time.

Similarly, the size of the bubbles to be generated has to be specified before the algorithm
can continue, as well as the domain size (which refers to the size of the electrode in the case
that bubbles are to be generated on an electrode), and the type of bubble distribution wanted,
which can be either monodisperse (meaning all generated bubbles have the same size) or
polydisperse (the size of the generated bubbles is varied). In the monodisperse case, as the
size of all of the bubbles is the same, the inputted size is a singular variable. However, in the
polydisperse case, a range of sizes must be inputted instead. This range of sizes follows a
log-normal distribution, which follows and adheres to results taken from experimental studies
of the size of bubbles forming on electrodes during water electrolysis.

Sequentially, once all of the aforementioned data is inputted into the algorithm, the
algorithm creates the necessary data structures to continue. The most important one is
the array of dimensions and number of bubbles, which is the final output of the algorithm.
Initialised as an array of zeros with the shape [m x n| where m is the number of dimensions
and n is the number of bubbles to be generated, this array stores the coordinates of each and
everyone of the generated bubbles.

Once the array of coordinates is initialised, the algorithm enters an iterative loop that
runs as many times as there are bubbles to be generated, and each iteration accounts for
one of the generated bubbles. That means that if there are , for example, 5 bubbles to be
generated, the iterative loop will have 5 iterations, each iteration corresponding to one of the
bubbles. This iterative loop makes sure that all bubbles are assigned coordinates, as the loop
does not pass from one iteration to the next unless the current iteration bubble’s coordinates
are valid.

Valid coordinates are those that make the current iteration’s generated bubble not overlap
with any previously generated bubbles.

For each iteration, the first thing to be done is to assign the bubble its fixed coordinate,
in the case that the bubbles are to be generated on the electrode. In this project, the fixed
coordinate is y, as by doing so, the bubble will be generated on the electrode (as can be seen
in Figure 2.2. For the case where bubbles are to be randomly generated in a domain where
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they are not bound to anything, then this step can be skipped.

Subsequently, the non-fixed coordinates are randomly generated. Because this project
was undertaken using MATLAB and python, as these include random number generation
algorithms already in them, a random number generator algorithm was not additionally
created. In the case that this algorithm is used in a software that does not include random
number generators in them, or any third parties that can be included, then creating a random
number generator is of course needed for the completion of the bubble generation algorithm.

Once the coordinates for all dimensions have been assigned to the bubble, before making
them final, the algorithm proceeds to check for overlaps. What this means, is that the
algorithm will compare the coordinates of the bubble that is currently trying to be generated
with all other already generated bubbles. For the algorithm to consider a bubble overlap, all
coordinates must coincide: in the case of 2D, both dimensions’ coordinates must coincide;
whilst in 3D all three dimensions’ coordinates must coincide.

Worth mentioning is the fact that because this algorithm was created for its intended
use in a Point Particle simulation, as each bubble is considered a point in space, the overlap
between bubbles is defined as coordinates being the same. In the case that this algorithm is
wished to be used in a different type of simulation where bubbles are not considered points in
space, but rather entities that take more than one point in space, then the overlap between
bubbles can be configured to be triggered if parts of the bubble interface are in overlap. That
means that for example, the overlap can be if coordinates fall in a range centred around the
coordinate of the bubble’s centre of mass, and limited by a distance equal to the bubble’s
radius.

The check for overlaps is the first instance where the algorithm can take either one route
or another. If there is no overlap, the algorithm will confirm the bubbles coordinates and said
coordinates will not be changed anymore. However, if there is overlap, then the algorithm
proceeds to check if the maximum number of attempts to place the bubble, i.e to generate
the bubble’s coordinates, has been reached.

When checking the maximum number of attempts, the algorithm encounters the second
instance in which it can continue through different paths. If the maximum number of attempts
to place the bubble has not been reached, then the algorithm goes back to the stage in
which the non-fixed coordinates of the bubbles are generated, to try once more. Because
the algorithm has already "used up" one attempt to place the bubble, but has failed, the
number of attempts left is reduced by one and thus the number of attempts gets closer to
that maximum number of attempts limit.

On the other hand, if when the algorithm reaches this second instance where it can take
different routes, and the maximum number of attempts has been reached, it will proceed to
generate a fallback position.

The fallback position is the last resort at placing a bubble. This method of placing a
bubble steps away from the randomness to ensure that the bubble will be generated without
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overlap. Given that at this point, the algorithm has failed to place the bubble randomly, a
"fallback" position is created and assigned to the bubble in this loop iteration, that does not
necessarily comply with other placement rules set beforehand (such as minimum distance
between bubbles if previously stated). The basic concept of this fallback position is that it is
the optimal position/space based on the other bubbles already placed. The way the algorithm
finds this optimal position is by doing an " overlap avoidance search", meaning that the
algorithm checks all spaces in the domain and decides the best spot to place the bubble based
on where there is more "breathing room", i.e where there is more free space available. To
compute this, the algorithm compares the minimum distance between all bubbles, and where
this minimum distance is largest, is where there is most space available. This is implemented
to ensure placement without overlap.

This check for minimum distance can be done in different ways. For this project, the way
this was achieved was by dividing the simulation domain into a grid/mesh-like pattern and
for each subdivision of the mesh/grid, checking for the distance between bubbles and those
subdivisions.

....................

(a) Initial setup - existing bubbles (b) Divide domain in grid-like pattern
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Figure 3.1: Visualisation of the fallback position process.

Once the bubble has been placed/generated, either by random coordinates generation
whilst the maximum number of attempts still has not been surpassed, or by using the fallback
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position as a plan B, the last check is made to see through which path the algorithm will
continue. In this last check, the algorithm verifies if all bubbles have been assigned a position.

If they have not, the algorithm will go back to the iterative process’s first stage and
update the iteration number it is on (it will step into the next iteration) to make sure that
the bubble it placed instances earlier will not have its coordinates changed, but rather the
following bubble will.

On the other hand, if all bubbles have been assigned valid coordinates, i.e the iterative
process has gone through all iterations and has been completed, then the algorithm will output
the updated and corrected version of the inputted array with all the bubble’s coordinates,
marking the end of the algorithm.

3.1.1 Results and discussion

Here is where the results related to the formation of bubbles algorithm are presented and
discussed.

The first thing to mention is the fact that the generated bubbles’ sizes do follow a log-
normal distribution as expected. This complies with data obtained from experimental studies
on bubble formation on electrodes during water electrolysis.

Histogram of the generated bubbles' size (lognormal distribution)
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Figure 3.2: Log-normal bubble size distribution of the generated bubbles using the proposed
algorithm.

Secondly, the proposed algorithm allows for reproducibility: for the same initial conditions
(already mentioned in section 3.1), the results will remain roughly similar. That means
that the number of bubbles for given volume fractions, bubble sizes and domain sizes; the
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runtime and the shape of the size distribution will remain very similar throughout different
simulations. The slight differ in results is because of the small "randomness" inputted into
the system (for example, the log-normal distribution of sizes will not always be exactly the
same due to its nature and therefore neither will the exact number of bubbles).

One of the observations made during the testing of this algorithm, was that by using a
sorting strategy when trying to position the already randomised bubbles instead of placing
them in a random order, increased the packing efficiency. Specifically, by sorting bubbles
by size in a large-first order, the best packing efficiency is obtained. This means that for
the same domain size and same number of bubbles in the same size range, by using this
"large-first" sorting strategy, bubbles will be "fit" into the domain in a more efficient way,
wasting less space and reducing the number of placement failures, making the algorithm faster.
This is because larger bubbles are harder to place as they need more space and have fewer
valid positions available. Placing smaller bubbles first reduces the empty space available for
the larger bubbles, occupying possible valid positions for the larger bubbles. Also, there is a
higher probability of placing correctly a small bubble than a large bubble, as their size allows
them to more easily "fill in" gaps. This can be compared to packing luggage when travelling:
larger clothes such as hoodies and long trousers should be packed first and smaller pieces such
as socks and toiletries last, so that if at some point during the packing the available space
does not seem like enough, the socks and toiletries ca be placed in between the larger pieces.

Also, the algorithm can be sped up by "tweaking" a bit the way the random coordinates
are assigned. For example, instead of creating all coordinates randomly once per attempt to
place the bubble, a multitude of coordinates can be randomly created in a parallel way in
each attempt, and then a comparison to find the best position out of those in this attempt
can be made. It is as if when trying to find a specific coloured bead in a bag of coloured
beads, instead of picking one bead out every time and checking whether the picked bead is
the colour you want, you pick out a bunch of beads at the same time, lets say ten beads, and
try to find the colour you want out of that small batch. As the picking a bead out of the bag
has a fixed cost (in the case of the bubble generation algorithm, each random generation of
coordinates has a cost), the probability of finding a bead of the colour you want is the same
in both instances, however, finding the coloured bead will be less demanding as you decrease
the total cost of picking out beads if you do it by batches.

The function to generate a fallback position is one of the most computationally demanding
processes of the algorithm, as it has to compare distances between all bubbles and the distance
between the grid test positions and all the bubbles. However, it is a safe way of placing
a bubble, which is why it is used as a last resort or safety net in order to place a bubble.
Another positive characteristic about this process is that the accuracy of an optimal position
determination and the computational cost can be modified or change according to what is
wanted or needed: when using a systematic grid search, both the accuracy and cost depend
on the amount of grid points. Having more grid points leads to higher accuracy and higher
computational cost, whilst less grid points leads to less accuracy and cost. This can be seen
in Figure 3.3a, as the higher number of elements in the grid size, the longer the runtime.
Therefore, this process is flexible in the sense that it can be modified depending on what is
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really needed. Furthermore, this process can be modified further, to provide an optimum for
both accuracy and cost, by using an adaptive strategy: start off with a coarse grid search to
determine the optimal location based on that, and once the optimal location of the coarse
grid is established, then refine the search around it by making the grid finer just around that
location. This will ensure higher accuracy than just using a coarse grid search, and a faster
run time, i.e less computational demand, than using a fine grid search from the start.

Method ime vs Grid i Runtime Scaling (O(n'%))
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Figure 3.3: Fallback method performance.

The runtime scaling of the fallback process as a function of the grid size can be approxi-
mated by a power law: t,,, = Cin?, where C; and C, are constants obtained from fitting
an exponential curve to the data points. This fit can be seen in Figure 3.3b with C; = 1.71
and Cy = 1.88.

Additionally, this algorithm is suitable for multiple different 2D and 3D scenarios, not
just for the generation of bubbles on an electrode. By simply changing a bit the algorithm
so that instead of having one fixed coordinate, the bubbles have no fixed coordinates and
therefore all of the coordinates are randomly generated, distributions of bubbles in space can
be generated. For the visualisation of the generated bubbles, this algorithm can be combined
or used in different software. Two examples of visualisation are given, one in which ten
thousand (10000) bubbles are generated on a vertical planar electrode, and another in which
nine hundred (900) bubbles are generated in a three dimensional arrangement around one
fixed bubble. The ten thousand bubbles example was created by generating a LAMMPS file
with the results of the algorithm and plugging said file into VMD; whilst the nine hundred
bubbles example was done using matlab’s 3D visualisation tools:

Note: any visual overlaps in either Figure 3.4 or Figure 3.5 are due to either errors in
the visualisation software, or due to the camera angle of the image. In reality, there are no
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(a) Side view of 10000 bubbles generated.  (b) Diagonal view of 10000 bubbles generated.

Figure 3.4: Visualisation of algorithm used to generate 10000 bubbles on a planar vertical
electrode using LAMMPS trajectory file in VMD.

Bubble generation algorithm - 3D View example

Z (m)

Figure 3.5: 3D visualisation of algorithm for generated bubbles around a fixed bubble.

bubble overlaps in either of the examples.

Finally, this algorithm presents differences in performance between monodisperse and
polydisperse distributions of bubbles. Generally, for monodisperse distributions of bubbles,
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the algorithm is faster, making it possible to generate a higher number of bubbles in a shorter
period of time. Also, for the monodisperse distribution of bubbles, the algorithm is capable
of exactly reproducing a space/volume fraction of bubbles when given a desired value of
space/volume fraction, as seen in Figure 3.6.
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Figure 3.6: Algorithm performance for monodisperse case.

On the other hand, for polydisperse distributions of bubbles, the algorithm is slightly
slower, as it first has to generate the log-normal distribution of bubble sizes and order the
bubbles in an descending size order (if a sorting method is included in the algorithm). At
the same time, unlike for the monodisperse distribution of bubbles, the algorithm’s achieved
volume fraction deviates from the desired value of the volume fraction. In most cases, the
algorithm overshoots the volume fraction as can be seen in Figure 3.7b.

It is believed that the overshooting of space/volume fraction for the polydisperse distri-
bution of bubbles is due to the fact that, if a desired volume fraction is inputted into the
algorithm instead of a specific number of bubbles to generate, the algorithm will calculate the
amount of bubbles to generate based on the domain size, and the average bubble size. The
way the specific number of bubbles to generate is calculated is as follows: first the average
space needed for one bubble is calculated using the average size of a bubble from the inputted
range of sizes (Agvgpubbie = [(Bmin + Rmaz)/2]* X 7 in the 2D case). Then, the total space
needed for all the bubbles, out of the domain space, is calculated by multiplying the desired
space/volume fraction times the total domain space: (Apubbie total = PAdomain it the 2D case),
where ¢ is the volume fraction. Once both of those values are known, then the number of
bubbles to be generated is computed as:

Abubble,total

(3.1)

Tbubbles =
Aavg,bubble
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Figure 3.7: Algorithm performance for polydisperse case.

Because in the monodisperse case, the average size of the bubbles is exact (as the bubbles
are all of the same size), the amount of domain space reserved for the bubbles is exactly
the same as the amount of space needed for one bubble times the number of bubbles to be
generated. Thus, once the achieved volume fraction is computed after generating all of the
bubbles, this values’ difference to the desired volume fraction is negligible: it is a difference
of either one bubble more or one bubble less out of thousands generated, due to round-off
errors. On the other hand, in the polydispersed case, because the amount of domain space
needed for the average sized bubble is not equal to the actual space taken up by all of the
generated bubbles (due to the fact that there are bubbles of different sizes that are randomly
generated following a log-normal distribution), the achieved space/volume fraction differs
from the desired one. Specifically, because the number of bubbles to generate is rounded up,
the actual space/volume fraction tends to be higher than the desired one.
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Figure 3.8: Bubble generation algorithm flowchart
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3.2 Bubble detachment and advection

To study the bubble detachment and flow inside of the electrolyser channel, two different
scenarios were studied: a horizontal planar electrode, and a vertical planar electrode. The
main object of this part of the study is to provide a coherent insight into the most important
forces that aid in bubble detachment from the electrode, without going into the deep details of
this complex phenomena. At the same time, this part of the study helps deliver comprehension
as to how the definition of certain forces can change completely the results of the simulation.

Horizontal planar electrode Vertical planar electrode

Buoyancy force Buoyancy force
Lift force Dragforce
Couette flow Lift force
Adhesion force
Drag force
Couette flow

Adhesion force

(a) Horizontal planar electrode configuration. (b) Vertical planar electrode configuration.

Figure 3.9: Configurations studied in the bubble detachment and flow section.

In both cases, the assumed flow is a viscous linear flow, either Poiseuille or Couette
flow, and the forces studied are the buoyancy force (including the Archimedes force and
weight force), the adhesion force, the drag force and the lift force. A few simplifications and
definition changes with respect to what was explained in section 2.2 were made in order to
reduce the complexity of the problem, whilst still trying to maintain the essence and crucial
parts of the problem.

As for the surface tension/ Adhesion force, its definition and the way its calculated was
simplified to avoid problems with dynamic contact angles and a moving bubble interface
along the electrode. Additionally, it was taken to act in the direction perpendicular to the
electrode surface and towards it, hindering the bubble’s detachment from the electrode. The
force was calculated as:

Fadhesion = 'YRbubble (32)

where 7 is the surface tension value of the bubble interface, assumed to be v = 0.072[N/m)|
(surface tension of water); and Ry is the instantaneous radius of the bubble attached to
the electrode.

The drag force was taken from Oseen’s approximations for a sphere in Stokes flow, which
was confirmed to be a suitable definition of the drag force by Brenner [47], R.G. Cox [48],
W. Chester [49], P.M. Lovalenti and J.F. Brady [50]. It is mentioned in some of these
references, that Oseen’s expression is not entirely correct for certain cases (such as for bodies
not possessing the symmetries described by Oseen), however, it is stated that for perfectly
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spherical rigid spheres, Oseen’s approximations are accurate enough. Since for this project,
the bubbles are assumed to be perfectly spherical and rigid bodies, Oseen’s approximation is
valid. The direction in which the drag force acts depends on the direction of the velocity
vector U:

3
FdTag = 67T/VLLCU <1 + gReb) (33)

where g is the fluid’s kinematic viscosity, L. is the characteristic length of the bubbles,
i.e the radius of the bubble, U is the relative velocity of the bubble with respect to the fluid
flow, and Re, is the bubble Reynolds number.

As for the buoyancy force, which includes already both the weight of the bubble and the
weight of the fluid, it was calculated as the difference in densities between the fluid in which
the bubble is immersed in and the gas trapped inside of the bubble, i.e Hy:

4
Fbuo = §7TR3 (pf - Pb) g (34)

where R is the bubble’s radius, py is the density of the surrounding fluid, p, is the density
of the gas inside of the bubble, and ¢ is the value of gravity.

Finally, the lift force. This force was specially studied as it is thought to be one of
the main contributors to bubble detachment in processes thought to be similar to bubble
nucleation and detachment from an electrode, such as boiling.

As mentioned already in section 2.2, the lift force, as defined by Legendre and Magnaudet;
is a function of the drag force on the bubble in creeping motion, the magnitude/absolute
value of the relative velocity of the bubble, the shear rate and the monotone function J(e).

FL = i?R\/%FO = %pl\/;R2|Urel]\/5J(e) (35)

The aforementioned definition of the lift force given my Legendre and Magnaudet presents
one problem for the case in which a bubble is rising near a wall: the definition given is for
unbounded flow. Due to the fact that the bubble is assumed to be perfectly spherical, using
said definition for unbounded flow would result in an only shear-induced lift, caused by the
assymetry of the flow surrounding the bubble, know as Saffman lift. Therefore, the resulting
lift force would not take into account the presence of the wall near the bubble, which would
result in the neglect of asymmetric flow-induced lift and pressure imbalance-induced lift due
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to the squeezing of fluid between the bubble and the wall.

Having said this, simulations were carried out using the unbounded flow definition of the
lift force, in order to confirm said definition problem.

For the unbounded flow lift, the lift force was taken as stated in Equation 3.5. As for
the monotone function J(¢), the definitions given by McLaughlin’s "Inertial migration of a
small sphere in linear shear flows" [37] were taken. In said study however, the monotone
function presents a discontinuity. To deal with the discontinuity of the monotone function
J(€) that is produced when using the asymptotic formulas for the monotone function, a
smooth interpolation was performed. The Eq. (3.26) from John B. McLauglin’s 1990 "Inertial
migration of a small sphere in linear shear flows" is given for epsilon values much larger
than unity (e >> 1), while Eq. (3.27) is described as the leading behaviour of the monotone
function J for epsilon values much lower than unity (¢ << 1). Therefore, a discontinuity is
produced for values lying around the value 1. In McLaughlin’s paper, it is said that in order
to obtain values of the monotone function for said range close to unity, it is necessary to
evaluate the monotone function by numerical integration.

As J(e) was already numerically integrated and some results were given in the paper, said
numerical integration results were taken to perform the mentioned smoothing interpolation
and make the monotone function continuous: Eq (3.26) from McLaughlin’s paper was taken
for values of epsilon larger than 20 (e > 20) , Eq (3.27) was taken for values smaller than
0.025 (e < 0.025); and as for the range in between, a smoothing spline was introduced using
the numerical integration results. The smoothing spline compared to the actual numerical
integration values, and the complete monotone continuous function can be seen in Figure 3.10.

Smoothing Spline Fit Piecewise Function J(¢)
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Figure 3.10: Monotone continuous function J(e)
As a viscous linear shear flow is assumed, specifically Stokes flow, in order to simulate

the movement of the bubble, a non-inertial force balance had to be solved. Whilst doing so,
the velocity at each time step could be computed as a function of the forces acting upon the
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bubble. Different methods could be used in order to solve this iterative process, however,
for convenience and simplicity once again, an Euler Forward time discretisation method was
used. Of course, when using the Euler Forward discretisation, instabilities may occur that
lead to the solution blowing up, however, the parameters for the simulation were chosen so
that the simulation would remain stable. The non-inertial dynamics of the bubble present a
force balance at each time step, but as the drag and lift forces depend on the relative velocity
of the bubble, said iterative process has to be carried out in order to accurately estimate said
velocity to be able to compute the forces. Therefore, at the start of each iteration, an initial
estimation of the relative velocity of the bubble is done by using the correct value obtained
at the previous time step. With said estimate, all forces are computed and the force balance
is solved in order to find the value of the relative velocity of the bubble for said force balance.
This process, performed at each time step, is repeated until the correct value of the relative
velocity of the bubble and forces are calculated.

Additionally, to compare results between unbounded flow lift and the lift force experienced
because of the presence of a slip-wall, i.e. the vertical electrode, which will be referred to
as "bounded flow lift", simulations were undertaken using an expression for the lift force in
bounded flow. The effect of the presence of a wall near the bubble described in Takemura
(2010) "On the lateral migration of a slightly deformed bubble rising near a vertical plane
wall" [51], results in a migration velocity of a bubble near a wall as seen in Equation 3.7:

#‘/7"2257,71
Umi — J 36
where V,iqing denotes the rising velocity of the bubble, p is the dynamic viscosity of the
fluid, v the surface tension value and ( is the distance between the bubble interface and the
electrode.

Using this, a new expression for the lift force can be defined; as the sum of an unbounded
lift (which we take as what we already described in Equation 3.5), and a wall-induced
contribution. This of course is assuming superposition/linearity is applicable to the lift force.
Therefore, a wall-bounded lift force can be defined as:

F1, boundea = F'L, unbounded + 67 puRU,,;, (3.7)

3.2.1 Results and discussion

Firstly, after making the monotone function continuous by using a smoothing interpolation as
explained previously, it can be seen that the numerical results given by the definitions used
for the lift force and the monotone function J(¢€), coincide both numerically and qualitatively
with the the dashed and dotted lines in Figure 3.11a, which are the analytical results shown
in Legendre and Magnaudet’s study [26]. As the Reynolds number Re increases, the lift
coefficient C; decreases. This means that the smoothing interpolation done for the range of €
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Figure 3.11: Comparison of lift coefficient for unbounded flows between Legendre and
Magnaudet’s (1998) work: [26]; and the calculations in this project.

values mentioned previously, does not alter the results.

Secondly, from Figure 3.12, it can be seen that for a range of epsilon values smaller than
approximately € = 0.0015 the lift force is negative. Qualitatively, this agrees with D. Legendre
and J. Magnaudet’s results of the lift coefficient in their work [26], for which at medium to
high Reynolds numbers, and for fixed non-dimensional shear rates Sr = 0.2 and Sr = 0.02,
which correspond to small epsilon (€) values, the lift coefficient C; becomes negative. This is
worth mentioning despite said € values representing cases in which the non-dimensional shear
rate is very low, or the Reynolds number is very high: unlikely in the case of rising bubbles
near a vertical electrode in an electrolyzer, but that could happen. This further suggests
that the lift force at some point during the bubble’s rise may become negative, making the
lift force flip direction and point towards the electrode, inhibiting the separation or lateral
movement of the bubble from the electrode. Having said this, this inverted lift force direction
case applies to very limited amount of cases for very small € values.

Simulations assuming non-inertial dynamics of the bubble and accounting for the growth
of the bubble on the electrode (following the growth laws mentioned, Equation 2.3) and
accounting for the detachment of a bubble from the electrode, result in adhesion forces much
larger than any other force, suggesting that for said cases of shear stress at the wall (values
taken from [24]), a singular bubble does not detach from the wall. However, as this does
not match what intuition tells us, another reason as to why this happens can be that the
assumptions made to the adhesion force, including its simplification into a definition that
only involves surface tension and the radius of a bubble, are incoherent and simplify the
physics of adhesion too much, leading to erroneous results. Not accounting for the changing
contact area, the changing contact angles and other bubble interface changes, results in an
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Lift Force vs ¢ for Different Velocities and Bubble Radii
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Figure 3.12: Calculated lift force as a function of the non-dimensional number e.

over simplification of the adhesion force.

Because the adhesion force is too large compared to the rest of the forces for the circum-
stances of the simulation and for the given assumption of the adhesion force, tests without
the adhesion force were made to to be able to study the other significant forces, to see the
magnitude of the lift force after detachment and to see how much the bubble would move in
the direction perpendicular to the electrode.

Worth mentioning is that simulations were also completed assuming inertial dynamics
of the bubble, just to see if the results would differ from the non-inertial bubble dynamics
simulations. For both inertial and non-inertial cases, the results were the same, so long as
there was no numerical instability in the inertial dynamics simulations.

Horizontal electrode simulations

In the simulations made for the horizontal electrode, the evolution of the lift force is not
obvious due to it not being the only force that aids in the "pushing" of the bubble away from
the electrode. In this case, the buoyancy force also plays a large part in it, although constant

once the bubble has detached.

As can be seen in Figure 3.13, the trajectory of the bubble is mostly horizontal, as its
movement away from the electrode is smaller than its movement along the flow. Also, from
the trajectory it is not possible to see the involvement of the lift force in the bubble’s vertical
movement; as without it, the trajectory would look similar due to the buoyancy force.

Because of the difficulty in visualizing the involvement and importance of the lift force
in the bubble’s trajectory for the horizontal electrode case, the vertical electrode cases were
studied in more depth.
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Bubble Trajectory and Horizontal Couette Flow
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Figure 3.13: Trajectory of a detached bubble from a horizontal electrode using a bounded
flow definition of the lift force.

Unbounded flow lift force on a vertical electrode simulations

In said case of non-detachment, the results (Figure 3.14) show that although the wall-induced
lift force is not accounted for, as the unbounded flow definition of the lift force was used,
the bubble still moves away from the electrode. Furthermore, it can be seen that the ve-
locity on the axis perpendicular to the electrode (x-axis) increases over time. The drag
force is the largest force acting upon the bubble and it increases over time, whilst the lift
force, although it also increases over time, is smaller than the drag force. The buoyancy
force remains constant, as expected, given that the bubble does not grow once it has detached.

Both the drag force and the lift force increase over time, due to the fact that the bubble
moves away from the electrode (in the direction perpendicular to it), thus it moves into a
region of the flow where the flow velocity is larger. The bubble’s change in absolute velocity
is not fast enough, and therefore the difference between it’s velocity and the flow’s velocity
increases, making both the drag and lift forces increase. However, the lift force increases at a
faster rate than the drag force, making the ratio between drag and lift force decrease, as seen
in Figure 3.15.

The displacement of the bubble in the direction perpendicular to the electrode can be seen
in Figure 3.16. The graph represents the evolution in time of the ratio between the bubble’s
x-coordinate (coordinate that indicates how close or far away from the electrode the bubble
is) and the bubble’s final radius, that is the radius that the bubble has once it has finished
growing and has detached. From the plot, it can be seen that said ratio increases, meaning
that the bubble moves away from the electrode. For the already mentioned characteristics of
the simulation (shear rate, fluid flow, etc), the bubble moves approximately a distance of
twenty (20) bubble radius away from the electrode. Meanwhile, in the same amount of time,
the bubble rises approximately five hundred (500) radius of distance parallel to the electrode.
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Figure 3.14: Bubble x-velocity, bubble trajectory and bubble forces over time.
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Figure 3.15: Drag to lift force ratio over time for the vertical electrode configuration.

A better comparison between how much the bubble moves parallel to the electrode and
perpendicular to it can be seen in Figure 3.17. In mentioned plot, both the ratio between
perpendicular and parallel motion relative to the vertical electrode over time, as well as
the trajectory of the bubble are seen. The ratio between the bubble’s y-coordinate and
x-coordinate presents a non-linear shape, meaning that the change in y-coordinate and
x-coordinate over time are not the same: for most of the simulation, the bubble moves
faster in the y-axis, i.e in the direction parallel to the electrode; than in the x-axis, the
direction perpendicular to the electrode. Approximately at ¢t = 0.125 there is an inflection



%
TUDelft ME55010-20

Ratio of x-coordinate and final radius size Over Time (Couette Flow)
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Figure 3.16: Ratio of bubble’s x-coordinate to radius over time.

point, suggesting that the motion of the bubble transitions from a buoyancy and drag force
dominated motion, to a motion in which shear effects play a bigger role, making the bubble’s
horizontal motion stronger, as seen in Figure 3.17a. This could be due to the fact that as the
unbounded-flow lift force is indirectly a function of the undisturbed fluid’s velocity, as the
bubble moves away from the electrode, the unbounded-flow lift force increases with increased
fluid velocity, making the bubble’s horizontal motion greater. Unlike Figure 3.17a, which is a
temporal-domain plot, Figure 3.17b shows the trajectory of the bubble, this of course being
in the spatial domain. Said graph shows how the bubble translates much further parallel
to the electrode than away from the electrode, suggesting that for the bubble to reach the
centre of the electrolyser channel, where the majority of the bulk flow is moving, the channel
would have to be of great lengths, i.e very tall electrolysers would be needed for said case.
Note: the starting point of the bubble‘s trajectory (green dot in Figure 3.17b), is not at
x-coordinate 0. This is because to track the bubble’s trajectory, the centre of mass of the
bubble is tracked, i.e the centre of the sphere; and the bubble is assumed to have only one
singular contact point with the electrode at the moment of detachment.

The fact that the vertical displacement of the bubble is much greater than the horizontal
displacement means that unless there are multiple bubble interactions, the space in the
electrolyzer channel where bubbles are present, is very close to the electrode. This references
the efficiency loss problem in electrolysers: the layer of bubbles close to the wall blocks the
active surface of the electrode and decreases the conductivity of the electrode.

As already mentioned, the unbounded-flow lift force increases over time as the bubble
moves away from the electrode, whilst at the same time the non-dimensional number €
becomes smaller, as seen in Figure 3.18. This is possible due to the fact that, despite the
unbounded-flow lift force being directly proportional to the monotone function J(¢), which
becomes smaller with decreasing values of €; the unbounded-flow lift force is also a function
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Figure 3.17: Comparison between bubble’s parallel and perpendicular motion relative to

electrode.
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Figure 3.18: Lift force and epsilon values over time.

of the non-disturbed flow velocity. This suggests that the decrease in value of the monotone
function J(e€) is slower than the increase in value of the undisturbed flow velocity. Additionally,
as already mentioned, for very small values of € it is possible for the lift force’s sign to change
and become negative. Therefore, it is possible that at a certain point in the bubble’s motion,
the value of € becomes so small that the lift force changes direction and makes the bubble
move once again towards the electrode that it departed from. Note: the simulation ends at
t = 0.5 (s), thus the drop of lift force and epsilon to 0.
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Bounded flow lift force on a vertical electrode simulations

An expression for the combination of the unbounded flow lift force and the lift force resulting
from the motion of the bubble near the electrode wall, was used to view the effect of the wall
on the bubble’s rising motion.

Similar plots to the ones in the subsection of the unbounded flow lift force are shown in
this subsection.

From Figure 3.19, it can be seen that when using the expression for the bounded flow lift
force, the total lift force over time is larger and grows faster than for the unbounded flow
lift force. This results in the bubble moving further away from the electrode than in the
case of the unbounded flow lift force. At a certain point, the bubble’s lift force surpasses the
bubble’s buoyancy force which remains constant throughout the simulation. However, this
does not result in the bubble moving horizontally more than vertically. This is because the
bubble not only rises due to the buoyancy force, but also due to the actual flow of the bulk
fluid; whilst the lift force is the only driving force behind the bubble’s horizontal movement.
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Figure 3.19: Bubble x-velocity, bubble trajectory and bubble forces over time for the bounded
flow lift force case.

Both the drag and lift force increase over time, however the lift force grows faster. This
is due to the bounded flow lift force being a function of the square of the bubble’s velocity,
which increases with time, while the drag force presents a linear relation with said velocity.
In Figure 3.20, it is visible how the curve increases at the start, when the bounded flow lift
force seems like it is not yet accounted for, and then decreases steadily, showing how the lift
force’s rate of increase is slightly faster than that of the drag force.



%
TUDelft ME55010-20

Drag force to Lift force ratio vs Time
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Figure 3.20: Drag to lift force ratio over time for the bounded flow vertical electrode
configuration.

The displacement of the bubble in the bounded flow lift force case can be seen in Fig-
ure 3.21. When compared to the unbounded case, Figure 3.16, visibly the difference is
negligible: the curve presents the same trend, does not present any inflection points and
maintains a steady growth. However, quantitively, for the bounded flow case, in the same
amount of time, the ratio of the bubble’s x-coordinate to final radius grows approximately four
times faster than for the case of the unbounded flow. This clearly represents the difference in
"strength" between the bounded lift force and the unbounded lift force.
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Figure 3.21: Ratio of bubble’s x-coordinate to radius over time for the bounded flow case.
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As for the ratio of the bubble’s y-coordinate to x-coordinate, i.e. the ratio between the
bubble’s coordinate in the axis parallel to the electrode, and the coordinate perpendicular
to the electrode; as well as the bubble trajectory, it can be seen from Figure 3.22, that
in the case of the bounded flow, the ratio of y-coordinate to x-coordinate of the bubble
does not present an inflection point, as is the case for the unbounded flow. Despite the lift
force in the bounded flow case being larger than in the unbounded flow case, the bubble’s
vertical movement (parallel to the electrode) remains "stronger" than the bubble’s horizontal
(perpendicular to the electrode) movement, all throughout the simulation. As the bubble
moves away from the electrode, it starts to move closer to the bulk flow, where the velocity of
the fluid is larger in the vertical direction parallel to the electrode. Thus, the bubble starts
to rise faster, as it is pushed by the fluid.

From Figure 3.22b, we can see that the bubble’s trajectory remains somewhat similar
to the unbounded flow case. However, in the same amount of time, the bubble travels
approximately four times the distance of the unbounded flow in the bounded flow case, both
in the vertical and horizontal axis. This is due to the bubble’s total lift force being higher,
making its velocity also faster than for the unbounded flow case.
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(a) Ratio between bubble y-coordinate and x-(b) Bubble trajectory in vertical electrode config-
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Figure 3.22: Comparison between bubble’s parallel and perpendicular motion relative to
electrode for the bounded flow case.

Finally, the lift force over time, as well as the evolution in time of the non-dimensional
ratio €, are shown in Figure 3.23. As already mentioned, the lift force increases faster
in the bounded flow case than in the unbounded flow case. A slight minimum valley in
the lift force is seen at the beginning of the simulation. This is a result of the bubble’s
starting velocity being zero, as the no-slip condition at the electrode is present. Once the
bubble starts moving and its velocity starts increasing, the lift force starts to increase, which
is why after the initial minimum valley, the lift force rises steadily. Synonymously, the
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value of € initially is large, as the bubble’s Reynolds number is small due to its small veloc-
ity, but eventually decreases as the bubble picks up speed, making its Reynolds number larger.
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Figure 3.23: Lift force and epsilon values over time for the bounded flow case.

3.3 Modelling of detachment force due to bubble collision

To study and model the detachment of bubbles from the electrode due to the collision between
bubbles, simulations were carried out considering the collision physics introduced in section 2.3.

In this project, because the main goal is to study the effect that the bubble layer that is
formed near the electrode has on the performance of the electrolyser, and to understand this,
it is primordial to know how this bubble layer is formed, a model to study the interaction
between bubbles, as well as a model to describe the collision force that a bubble suffers due
to the bubbles that collide with it were made.

Due to the complexity of the coalescence phenomena, and further complexity of its

modelling, in this project, coalescence of bubbles was neglected and only bubble collisions
were studied and modelled.

Additionally, and following the rest of the parts of this project, the bubbles are assumed
to be perfectly spherical, and no changes in shape are considered due to the collision of bubbles.

As mentioned in section 2.3, two major forces are involved in the collision of bubbles: the
lubrication force due to the "squeezing" of fluid between colliding bubbles, and a short-range
electrostatic - nonhydrodynamic repulsive force present in non-pure liquids.
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To model the lubrication force, given that the order of magnitude of the "squeeze" lu-
brication force is much larger than the "shear-flow" lubrication force, only the "squeeze"
lubrication force was accounted for out of both of the aforementioned lubrication forces. This
squeeze lubrication force acting upon a bubble, was computed as such:

1_
Fr, = 67r,uR§forelEn (3.8)

where p is the viscosity of the fluid, R.;r = Ri1Rs/(R1 + Rs) is the effective radius of
the colliding bubble being subjected to the lubrication force being calculated, computed
with the radius of both colliding bubbles Ry and R, ; U, is the relative velocity of the
bubble whose lubrication force is being calculated, h is the gap between both bubbles, and
n being the vector connecting both centres of the bubbles, which points out of the studied
bubble’s surface. This definition coincides with the definition given by Equation 2.41, the
only differences being that the effective radius of the bubble is used instead of the actual
radius, given by the fact that the colliding bubbles may possibly be of different sizes, and
that instead of writing k, its equivalent form in terms of radius and gap (k = ho/R) was
written. The sign of the lubrication force is given by the relative velocity: repulsive when
bubbles are approaching each other, and attractive when bubbles are moving away from each
other after collision.

As for the nonhydrodynamic repulsion force, an electrostatic short range force was chosen
for the model, instead of Equation 2.49. This is because said equation is based on the fact
that the bubble’s shape changes as the gap between bubbles diminishes, making the area
of contact between the squeezed fluid and the bubble larger, i.e the inner region of the
bubble. However, as for this project perfectly spherical bubbles at all times are assumed, the
inner area of the bubble would not change, which would lead to erroneous calculations of

the nonhydrodynamic repulsive force, which in turn could possibly lead to overlap between
bubbles.

Thus, an electrostatic short range force was chosen instead: said short range electrostatic
force, although different in origin and physical meaning, is capable of capturing the expo-
nential divergence of the bubble force inversely proportional to the distance or gap between
bubbles, i.e how the repulsive force grows as the gap between bubbles diminishes, which helps
avoid overlaps of bubbles when colliding.

The calculation of the electrostatic repulsive force can be seen in the following equation:

1

Frep - C'1 72

n (3.9)

where (' is a repulsive coefficient, h is once again the gap between bubbles, and n is
again the outward pointing vector that connects both centres of the bubbles.
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This electrostatic repulsive force diverges with the square of the gap between bubbles, as
electrostatic forces given by Coulomb’s Law do.

Said repulsive coefficient ] is set up as an arbitrary value, and can be changed according
to the desired order of magnitude of the repulsive force. For this study, the value of the
repulsive coefficient was chosen by trial and error, in order to make the order of magnitude
of both the lubrication force and the repulsive force similar, so that the collision between
bubbles can be studied and modelled as a combination of both forces acting on the bubbles
at the same time.

Apart from the collision forces, the hydrodynamic forces acting upon a bubble remain the
same as previously: buoyancy force and drag force.

In order to be able to study the collision force acting upon a bubble, and obtain an
expression for the average collision force on a bubble, a simulation was set up in which a fixed
bubble was placed in the centre of a domain, and multiple rising bubbles were generated in
that same domain, using the bubble generation algorithm created in this project (explained in
section 3.1). Said rising bubbles would then collide with the fixed bubble, exerting a force on
it. Different number of bubbles, sizes and distribution types (monodisperse or polydisperse)
were simulated in order to gain statistical data of the collision force, and finally obtain an
expression for the collision force on a bubble which can then be used in future models in
order to save computation time when dealing with collisions. The simulations were run for
enough time so that a large number of collisions per simulation was observed between the
fixed bubble and rising bubbles, making the statistical data even more coherent.

Worth mentioning is that the way the bubble generation algorithm was employed during
the realisation of this part of the project, made it so that the generation/placement of bubbles
was not fully random at all times. The bubbles were generated progressively with each itera-
tion in a grid like manner until there was no space to do so any more. Once that was done, then
the rest of the bubbles left to be assigned coordinates were generated fully randomly. This was
brought about to speed up the process of bubble generation, as during the bubble collision part
of the project, the main objective was to study collisions and not the formation of the bubbles.

In order to make the simulation feasible, instead of continuously generating new bubbles
throughout the simulation so that many collisions could happen, a set number of bubbles
was set during the initialisation part of the code (either the exact number of bubbles or a
space/volume fraction was inputted) and was kept throughout the simulation. A simulation
domain was set up with periodic boundary conditions at the west and east boundaries,
making it so that a bubble that exits the simulation domain at the east boundary, will be
re-positioned with the same velocity, size and vertical coordinates at the west boundary; and
vice-versa. This not only eliminates the need of generating a new bubble when a moving
bubble exits the domain, but also allows to simulate larger systems while only simulating
one part of the domain, eliminating any artificial artifacts due to domain size, that could
arise in the simulation. As for the north and south boundaries, different conditions were
used: a "buffer" region was created under the simulation domain, so that bubbles exiting the
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simulation domain through the north boundary would be randomly repositioned in the buffer
region. Once the bubbles in the buffer region crossed the north boundary of said buffer region,
i.e the south boundary of the simulation domain, they would enter the simulation domain
once again. Bubbles in the buffer region follow the same motion and collision physics as the
bubbles in the simulation domain, however, their collisions are not accounted for and their
presence does not affect the bubbles in the simulation domain. This means that a bubble in
the buffer region will not be included for example in the calculation of distances to the fixed
bubble.

This "buffer" region was set up to avoid numerical artifacts due to the creation of
"channels" or "ways" north of the fixed bubble. When colliding with the fixed bubble, rising
bubbles will change their trajectory, and similarly to a flow past a sphere or cylinder, a sort
of "wake" is produced. In the case of rising and colliding bubbles, this "wake" is a channel
where no bubbles exist. Therefore, using periodic boundary conditions in the north and south
boundaries of the simulation domain so that north-boundary exiting bubbles are repositioned
in the south boundary; would lead to a channel where no bubbles exist both upstream and
downstream of the fixed bubble, meaning the collisions between moving bubbles and the
fixed bubble would decrease with time until eventually an equilibrium is reached in which no
moving bubbles collide with the fixed bubble.

Thus, to avoid this, the "buffer" region was included south of the simulation domain to
eliminate the possibility of having said channel where no bubbles exist. Randomly repo-
sitioning rising bubbles exiting the simulation domain through the north boundary in the
buffer region, allows for bubbles to re-appear directly south or under the fixed bubble. Thus
eliminating the possibility of reaching an equilibrium in which no collisions happen.

A 2D visualisation of the set-up, which represents a front view of a bubble attached to
the electrode and detached moving bubbles rising around it, includes the buffer region, as
well as a time-evolution of the set-up to represent the random repositioning of the bubbles; is
shown in Figure 3.24.

As for the 3D case of this collision study, both a set-up with a fixed bubble in the centre
of a simulation domain with no electrode was made in order to study the average collision
force acting upon said bubble, and a set-up in which the bubble is attached to the electrode
and the bubbles rise parallel to the electrode and collide with the attached bubble. This
second set-up was made to study the evolution of the bubble "plume" or "boundary layer"
that is produced near the electrode. Both set-ups can be seen in Figure 3.25.

In Figure 3.25a, the buffer region is not directly visible, however bubbles in the buffer
region are pink/magenta coloured, whilst bubbles in the simulation domain are blue. The
fixed bubble’s colour is red. In Figure 3.25b, the electrode is the grey element, the fixed
bubble is red, and the moving bubbles are blue. The buffer region is not shown. Note: any
visible overlaps in either of the set-ups visualisations are not actual overlaps but just vi-
sualisation artifacts/problems made by the software used for the visualisations and animations.

Different models based on different approaches and physical phenomena were come up
with and tested in order to model the average collision force on the fixed bubble. The different
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(a) Fixed bubble in the centre of the simulation (b) Fixed bubble attached to the electrode set-

domain set-up. up.

Figure 3.25: Visualisation of the 3D bubble collisions set-ups.

tested models are: "Average buoyancy model", "Momentum Transfer Model", "Kinetic
Theory Approach" , "Pressure-based Model" , "Energy dissipation model", and a "Power

Law".
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The " Average buoyancy model" says that the average collision force on a bubble can
be approximated by the buoyancy force of the averaged sized bubble in the distribution. The
reasoning behind this approximation is that the driving force for the rising motion of the
bubbles is their buoyancy force, and when two bubbles collide, the collision force tries to stop
the buoyancy-driven motion of the bubbles from making them collide:

4
Feon = gAPW9<R>3 (3.10)

where F,,; is the average collision force , Ap is the difference in densities between the
fluid and the bubble and (R)?3 is the cube of the average radius in the distribution.

The "momentum transfer model" arguments that the collision forces arise from a
momentum exchange when buoyancy-driven bubbles collide/interact. It states that the
average collision force equals the rate of change of momentum of a bubble:

Fca =—=A co 3.11

1l di P eolt ( )
4 F,

Ap = coll = 5 R 3 s 3.12

D =M X Ueoll 37r< >pbx67w(R) (3.12)

fcoll = NdensO collUcoll (313)

where p is the momentum of the bubble, m is the bubble’s mass, v.,; is the velocity
at which the collision happens, which can be approximated as the terminal velocity of the
bubble, p; is the bubble’s density; nge,s is the number density of bubbles, which in 3D can be
computed as number of bubbles per unit volume; and o.,; is the collision cross section that
can be computed as oo = T(Rizea + (R))?. Therefore, the final equation for the average
collision force given by the momentum transfer model is:

4 _
Foot = — (R 0y Fuo f oo 3.14
1 3M< >Pbbfzz ( )

The "Kinetic Theory approach" treats the bubbly system as "molecular gas" where
the collisions between bubbles follow kinetic theory principles. It considers the average
collision force to be equal to the force per collision, times the number of collisions that happen
in the system, which is an idea taken from the impulse-momentum theorem > F' x At = Ap).
The force per collision can be computed as the momentum transfer of each collision over the
collision time:

ap _ L (R oo /(sz'xed + (1)

tcoll 3 Veoll

(3.15)

Fper,coll -
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where the v, is the collision velocity, or approach velocity which can be approximated
as the terminal velocity of the moving bubble, and the rest of the symbols remain the same.

The collision frequency used in this "Kinetic Theory approach" can be calculated as the
gas kinetic theory collision rate, and using the definition of temperature as a function of the
kinetic energy of the moving molecules, the following equation can be obtained:

2F
8K 5T S 2
fcoll = NdensOcoll = NdensOcoll ~ O'gndensacollvcoll (316)
mwm mwm

where all already shown symbols remain the same, 7" is temperature, Kpg is the Boltzmann
constant, and Fk is the kinetic energy of the bubble.

Combining the equation of the average force per collision and the collision frequency, the
average collision force can be computed as:

1
62 p3(R)?

—3
Fcoll = Fper,collfcoll ~ 0-9pb§0<Rﬂmed + <R>)Fbuo (317)

where the new symbols ¢ is the spatial /volume fraction of bubbles in the domain.

The "Pressure-based model" models the collision forces as arising from the pressure
exerted on the fixed bubble by a "swarm" of bubbles around it. It makes use of the definition
of force as pressure times the area the pressure affects and the equipartition theorem (used
already in Equation 3.16 to relate the temperature to the kinetic energy). The bubbles are
treated once again as molecules, and kinetic theory is assumed:

1 Fro \’
Poubbie = Ndens KT = 3¥P (67w(R>) (3.18)
then by using the definition of force:
. 1 Fro \'.
Feon = Poubbie A fized = 3PP (W) AT RYiped (3.19)

where A fizeq 1s the area of the fixed bubble (assumed to be a sphere to write Equation 3.19).

The "Energy Dissipation model" states that the collision force arises from energy
dissipation during inelastic collisions between the bubbles. It makes use of the definition
of dissipated power in the system as the product of the average collision force times the
average velocity of the bubbles, which is assumed to be the average terminal velocity of
the moving bubbles. Combining said definition of dissipated power with the definition of
dissipated power as a function of the dissipated energy, the average collision force is calculated.
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- Fbuo
W, iss — L collVavg = L co 3.20
d 11Vavg 1 67u < R) ( )
Wdiss = Edissfcoll = EEKfcoll (321)

where Wy, is the dissipated power, vg,, is the average terminal velocity of moving
bubbles, F4ss is the dissipated energy per collision, € is an arbitrary value between 0-1 that
represents the percentage of kinetic energy dissipated, Ex is the kinetic energy of the moving
bubble, and f.,; is the collision frequency.

Combining Equation 3.20 and Equation 3.21, an equation for the average collision force
can be obtained:

4 _
Feo = 66_2<R>2,0beu0fcoll (3'22)
Finally, a "Power Law" was tested. Two slightly differing power laws were defined using
what is thought to be the most important parameters of the bubble simulation: the number
of bubbles nyuppes, the average buoyancy force Fy,,, the volume fraction ¢ and the collision

frequency f.ou:

Fcoll - CflnbubblesF1buo<,002 (323)

Fcoll - C’lnbubbles}?buogpc2 chO?l (324)

where C; , C5 and Cj are all arbitrary fit constants. The optimal values of said constants
were obtained by fitting said power laws to the results obtained in the simulation.

All the models mentioned and tested in this study were come up with using physical
intuition and ideas/analogies from what could possibly be similar behaving phenomena like
the motion of molecules in a system. None of the models have previously been established as
bubble collision models and or validated for said bubble systems. Dimensional analysis was
used to obtain the coherent equations used.

The reason why the "Kinetic Theory approach" and the "Pressure-based model"
are different and yield different results despite both being based on using the kinetic energy
of the bubbles and both using the equipartition theorem is because they both stem from
different physical assumptions. The "Kinetic Theory approach" stems from the idea that
the bubble collisions are discrete events and in each event momentum is transferred; whilst
the "Pressure-based model" stems from the idea that the bubble collisions of the moving
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bubbles with the fixed bubble are continuous and therefore exert a "pressure" on the fixed

bubble.

All models share the fact that they all use the average buoyancy force in their average
collision force calculations. Because the buoyancy force is the force that mainly drives
the motion of the rising bubbles, it is expected that the buoyancy force of each bubble is
a main contributor to the collision force exerted by each moving bubble on to the fixed
one. It also makes it easier to calculate the average collision force on a bubble due to the
bubbles surrounding it, as it is a parameter that can be calculated by only knowing the
density of the fluid and the bubble, and the size of the bubbles; making the model less complex.

3.3.1 Results and discussion

First of all, both 2D and 3D simulations were run using the set-up in which the fixed bubble
is placed in the centre of the domain, as shown in Figure 3.26.

-0.025 }, g
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(a) 2D set-up. (b) 3D set-up.

Figure 3.26: 2D and 3D set-ups for the average collision force analysis in the case of the fixed
bubble being in the centre of the simulation domain.

As for the average collision force obtained from the simulations, the results between the
2D and 3D case were very similar. Despite having differences in number of moving bubbles,
distribution of sizes of the moving bubbles, total number of collision, etc; as those parameters

have a random nature; the average collision force obtained lies in the same order of magnitude:
Fcoll =~ [10_4 — 10_5] (N)

Moreover, said range of average collision force order of magnitude relates to the order of
magnitude of the buoyancy force of the average sized bubble in the distribution; suggesting
that the average collision force of the fixed bubble can be computed as the buoyancy force
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(a) 2D force evolution. (b) 3D force evolution.

Figure 3.27: Collision force evolution over time for the 2D and 3D fixed-bubble in the centre
of the domain simulations.

of the average sized bubble in the distribution. Said results were obtained for both the
polydisperse and monodisperse cases.

Furthermore, from the histogram of the 3D case, Figure 3.28, it can be seen that the
distribution of collision forces throughout the simulation are arranged in a log-normal
distribution that resembles the log-normal distribution of the range of sizes of the moving
bubbles.
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Figure 3.28: Collision force histogram for the 3D fixed-bubble in the centre of the domain
simulations

This once again suggests that the collision forces on the fixed bubble have a strong
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correlation to the buoyancy force of each bubble, as said buoyancy is the driving force for the
motion of the moving bubbles.

Additionally, for both the 2D and 3D cases, the number of bubbles within the repulsive
region of the fixed bubble (the region where the fixed bubble starts to actively ’feel" the
moving bubbles and thus a force is exerted on it), remains similar throughout the simulations,
as seen in Figure 3.29. The number of bubbles in the repulsive region is calculated by setting
a distance at which the force exerted on the fixed bubble by a moving bubble is large enough
to consider it in the "repulsive region". As seen in the figures, said number is around 3 for
both cases, meaning that the maximum number of bubbles directly colliding with the fixed
bubble at the same time is 3.

Bubbles within Repulsive Distance vs Time Bubbles in Repulsive Range
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Figure 3.29: Evolution of the count for the bubbles in the repulsive region over time for the
2D and 3D fixed-bubble in the centre of the domain simulations.

Worth mentioning is that the the curve seen is a step function because only the centre
of mass of a bubble crossing the distance threshold is considered when accounting for a
bubble in the repulsive region. Therefore, at each iteration a check is made to see whether
the bubble is in or out of that repulsive region, and once it is out the count automatically drops.

Similarly, the results for the number of bubbles in the buffer region throughout the
simulation is also analogous in the 2D and 3D cases. Of course, quantitatively the results do
not necessarily match, as the amount of bubbles in the buffer region depends on the total
number of moving bubbles, which can differ from simulation to simulation; as well as the
domain size and buffer region size. However, qualitatively, said results are coherent, as can
be seen in Figure 3.30.

Although not quite visible in Figure 3.30a, both for the 2D and 3D case, the number of
bubbles in the buffer region ends up reaching an equilibrium where said number of bubbles
oscillates between certain values. At first, the number of bubbles in the buffer region is 0,
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Figure 3.30: Evolution of the number of bubbles in the buffer region over time for the 2D
and 3D fixed-bubble in the centre of the domain simulations.

as all bubbles are initially placed in the simulation domain, however, as bubbles rise and
exit the north boundary of the simulation domain, they are re-placed in the buffer region
(as previously explained). Once said equilibrium is reached, it can be concluded that the
results will not present any errors or miscalculations due to numerical artifacts related to the
domain size or periodic boundary conditions.

As for the area of the fixed bubble that suffers collisions, both in the 2D and 3D case,
it is visible that the bubble collisions are mostly of course in the bottom part of the fixed
bubble, due to the rising motion of bubbles. However, from Figure 3.31, it is observed that
bubbles will "roll" around the fixed bubble an amount that is not always the same. This
is due to the fact that the collision between fixed bubble and moving bubble is not a 2
body problem, but a multiple body problem: other moving bubbles will collide with the
rising bubble that is at collision with the fixed bubble, pushing the rising colliding bubble
towards the fixed bubble and not letting it "bounce" away from the fixed bubble. Since for
each fixed bubble - rising bubble pair wise collision, the moving bubbles in the surround-
ings are different at each moment, the amount that the rising bubble "rolls" around the
fixed bubble differs: the different bodies of the multiple body problem are different every time.

The evolution of the number of collisions with the fixed bubble can be seen in Figure 3.32.
As the plot represents the cumulative total of collisions throughout the simulation, logically
the curve is positive (meaning the number of total collisions grows with time). However, the
slope of the curve remains somewhat constant along the entirety of the simulation. This
suggests that the collisions are independent of time conditions and that once an equilibrium
is reached, the collisions are continuous and steady. This statement suggests no numerical
artifacts are present in the results of the collision simulations, as they do not influence the
collision frequency with the fixed bubble; but instead a constant "stream" of moving bubbles
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Figure 3.31: Evolution of the number of bubbles in the buffer region over time for the 2D
and 3D fixed-bubble in the centre of the domain simulations.

collides with the fixed bubble, as would happen in an electrolyser.
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Figure 3.32: Evolution of the total number of collisions with the fixed bubble in time for the
3D fixed-bubble in the centre of the domain simulations.

Note: all the plots shown in subsection 3.3.1, this subsection showing the results of the
bubble collisions part of the project, are shown for individual simulations of polydisperse
distributions of bubbles. However, the results apply to all cases of 2D and 3D simulations
made in which the fixed bubble is in the centre of the simulation domain; for both polydisperse
and monodisperse distributions of bubbles.
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As for the different models used, the first one tested was the "Average buoyancy model".
Said model yields acceptable relative errors when comparing the average collision force
calculated using Equation 3.10, and the average collision force obtained from simulations (for
all time steps, including the time steps when no bubbles are colliding). The average relative
error for this model is approximately 85% , specifically 88% for the polydisperse distribution
of bubbles, and 82% for the monodisperse distribution of bubbles, therefore making it slightly
better for monodisperse distributions of bubbles, as the average buoyancy force is exactly
equal to the buoyancy force of the average sized bubble. For the monodisperse case, against
logic, the average buoyancy force model does not yield perfect results when predicting the
average collision force on the fixed bubble. This is because, as explained already, when a rising
bubble collides with the fixed bubble, its collision is also affected by other moving bubbles
near the rising bubble, i.e. it is a multibody problem. This makes the rising bubbles "roll"
along the fixed bubble. As the rising bubble rolls, the ratio of collision force to buoyancy force
is not exactly one: said ratio is only one when the rising bubble collides with the fixed bubble
and both of their centres of mass are in the same vertical axis, aligned with the direction
of gravity. Surprisingly, this model works best for simulations in which a low percentage of
the total time steps are time steps with collisions. This could be, once again, due to the
ratio between collision force and buoyancy force not being equal to one as the moving bubble
"rolls" over the fixed bubble: the maximum collision force for a two-bubble collision is the
buoyancy force of the moving bubble; therefore assuming the average collision force for all
time steps to be the buoyancy force of the average sized bubble neglects the rolling effect
during collision.

As for the "Momentum transfer model", "Kinetic theory approach", "Pressure-based
model" and "Energy dissipation model", all present non-accurate results, as their relative
errors are very high percentages. The "Momentum transfer model" yields an average relative
error of 94.5% for the polydisperse cases and 87.55% for the monodisperse cases. The "Kinetic
theory approach" presents an average relative error of 99.96% for the polydisperse cases and
99.7% for the monodisperse cases. The "Pressure-based model" shows an average relative error
of 99.68% for the polydisperse cases and 99.53% for the monodisperse cases. The "Energy
dissipation model" yields an average relative error of 99.99% for both the polydisperse and
monodisperse cases.

The high average relative errors of these models are believed to be due to the simplifica-
tions and assumptions made when deriving the equations for the average collision force, such
as considering the approach velocity of the moving bubble to be the terminal velocity of the
bubble at all instances.

Furthermore, the reason as to why for the monodisperse cases said models perform ever
so slightly better than for the polydisperse cases, is once again due to the average buoyancy
force being exactly equal to the buoyancy force of the average sized bubble for the monodis-
perse cases. As all models make use of the average buoyancy force, all models share this reason.

Both versions of the "Power Law" model produce the best results out of all suggested
models, in terms of average relative error.
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In the case of the "Power Law" without including the collision frequency, the smallest
average relative error, for the combined case of polydisperse and monodisperse distributions, is
of 47.2% for C; = 0.0205 and Cy = 0.1314. However, treating polydisperse and monodisperse
distributions separately, lower relative errors can be obtained: in the polydisperse case, a fit
with C; = 0.027 and Cy = 0.1314, results in an average relative error of 27.56%; whilst for
the monodisperse case, for C; = 0.1115 and Cy = 1.1, an average relative error of 44.18% is
obtained.

In the case of the "Power Law" including the collision frequency, the smallest average
relative error, for the combined case of polydisperse and monodisperse distributions, is of
49.02% for C, = 19.5, C5 = 0.795 and C3 = —0.9. Once again, by treating polydisperse
and monodisperse distributions separately, lower relative errors can be obtained: in the
polydisperse case, a fit with C} = 0.25, C5 = 0.4112 and C3 = —0.2767, results in an average
relative error of 27.58%; whilst for the monodisperse case, for C; = 0.1962, Cy = 1.2258 and
C3 = —0.05, an average relative error of 43.5% is obtained.

Said results of the "Power Law" raise the question whether the collision frequency matters
or is relevant for said model.

" Does Collision Frequency Matter?
T
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Figure 3.33: Comparison of predicted force vs actual force for both different varioations of the

power law (with and without the collision frequency) for both polydisperse and monodisperse
cases.

From Figure 3.33, it is visible that the results of the "Power Law" with the collision
frequency term and without the collision frequency term are quite similar. Therefore, for the
case in which said law is used to describe the average collision force on a large distribution of
bubbles, one might be more successful ignoring the collision frequency term, as said term
does not add any more accuracy to the model, but adds one more term to an equation that
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could ever so slightly increase the computational demand per bubble.

In Figure 3.34 the results for all models considered compared to the correct average
collision force are shown. As can be seen in the plot, confirming what has already been
stated, the power law models have the highest accuracy of all models, tending to predict
the average collision force roughly in the same order of magnitude as the actual average
collision force, whilst the other models are not capable of doing so. Having said this, this
statement is nuanced, as both versions of the power law were fitted to the data to obtain the
optimal values of coefficients and the smallest relative errors, thus of course they are the best
performing models. However, the parameters to use in the power law models were chosen out
of intuition, i.e what was believed to be most important and coherent to the average collision
force. Therefore, if they weren’t chosen correctly, the power law models could yield worse
results than the other presented models.
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Figure 3.34: Comparison of predicted force vs actual force for all models, for both polydisperse
and monodisperse cases.

Using the set-up in which the fixed bubble is attached to the electrode, as seen in Fig-
ure 3.25b, a qualitative understanding and result of how the bubble collisions affect the
trajectory of the rising bubbles, and how these rising bubbles end up forming a "plume"
can be obtained. The evolution of the bubble plume caused by bubble collisions can be
seen in Figure 3.35. The snapshots show a side view of the set-up, where the grey area
is the flat vertical electrode (given a random width and height), the red bubble is fixed
bubble positioned on the electrode to simulate a non-detached bubble still growing with
which moving bubbles can collide, and the blue bubbles are the already detached and rising
bubbles. It is visible how when bubbles collide, because they can not be pushed towards the
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electrode, instead they are pushed away from the electrode. After some time, when more and
more bubbles start to collide, a plume is formed due to said "pushing" of bubbles further
from the electrode as a result of multiple collisions.

(a) Snapshot 1. (b) Snapshot 2. (c) Snapshot 3.

Figure 3.35: Visualisation of the bubble collisions code and the bubble plume generated.
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Chapter 4

Conclusions, research gaps and future
lines of study

This thesis studied the formation of bubbles on flat electrodes and their behaviour in an
electrolyser, including their detachment, advection and interactions with each other. It
is essential to understand how bubbles behave in electrolysers and what causes them to
behave in such manner, in order to reduce the efficiency loss of the the electrolysis process
at large scales. The objective of this thesis was to develop a point-bubble model capable of
working for a large number of bubbles, and to gain insight into the behaviour of bubbles
in electrolyser-like flow regimes. This final chapter synthesises the main contributions this
research has made into this field of study.

4.1 Conclusions

A comprehensive literature review on the simulation of multiphase bubbly flow for hydrogen
production in water electrolysis, as well as the physics and theory behind it has been presented.

4.1.1 An Algorithm for bubble generation

A robust algorithm was created to generate realistic 2D and 3D distributions of bubbles consis-
tent with experimental observations and literature. Its main features and performance include:

The algorithm allows a high volume fraction or high number of bubbles to be generated,
staying true to the stochastic nature of bubble nucleation on an electrode and to the distribu-
tions of bubble sizes seen in literature.

The possibility of using the algorithm in different simulation methods and set-ups, whilst
maintaining a relatively small computational demand, makes it a reliable and powerful tool
to pair up with other numerical methods used in the field of bubble simulations. It is a robust
and volatile algorithm, capable of creating monodisperse and polydisperse distributions of

91
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bubbles, that counts with a failure of placement safety net, known as the fallback position
function, as explained in section 3.1.

The fallback position function’s computational demand and runtime scale with the grid
size, following a power law given in this thesis. When dealing with volume fractions instead of
number of bubbles, as an input to the algorithm, it presents high accuracy when calculating
the needed number of bubbles, specially for monodisperse distributions of bubbles.

The flowchart of the logical reasoning and steps the algorithm follows is presented.

4.1.2 Bubble detachment and advection

To study the forces acting on the detachment of a bubble from a flat surface mimicking
an electrode, as well as the force acting on the bubble during the bubble’s flow after its
detachment, different cases were studied.

The major interest of this part of the project was placed on the lift force, as it is believed
to be the major contributor to the bubble’s detachment and motion away from the electrode.

The first case was a horizontal electrode set-up for which no conclusions could be drawn
about the importance of the lift force to the bubble s motion away from the electrode. In
said horizontal case, the buoyancy force acts as a continuous promoter of the advection of
the bubble away from the flat surface.

The other case studied was a flat vertical electrode set-up. For this vertical case, the
study of the forces and movement of the bubble after detachment suggest that the lift force
plays a major role in pushing the bubble away from the electrode.

The difference between unbounded flow lift force definitions and the inclusion of a bounded
flow lift force term in the total lift force suggest mostly quantitative differences: larger dis-
placements, for the same amount of time, are seen in the case of the bounded flow, but similar
trajectories are observed.

The lift force is observed to grow at a faster pace than the drag force, whilst the value of
the ratio of non-dimensional numbers (¢) decreases as the bubble rises and becomes faster.

For both the horizontal and vertical cases, it was concluded that the simple definition of
the adhesion force keeping the bubble attached to the electrode, oversimplifies the physics of
adhesion, resulting in excessively large adhesion force values that keep the bubble attached
to the electrode for many different simulation runs.
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4.1.3 Modelling of detachment force due to bubble collision

An attempt to model the force that enhances bubble detachment, that arises due to the
collisions between bubbles, was made.

The non-coalescing collision between bubbles was simulated by assuming perfectly spher-
ical, non deformable bubbles, that suffer a lubrication force and electrostatic force when
coming close enough to each other.

The bubble generation algorithm presented in this study, was used to create two different
set-ups with the intention of studying said collisions.

A first set-up in which a fixed bubble was placed in the centre of the domain, whilst rising
bubbles collided with it, was used to gain knowledge of the average collision force exerted
on said fixed bubble throughout the simulations. Various different runs were made with
different sized bubbles, different domain sizes, and different volume fraction of bubbles in the
domain. Parameters such as the collision frequency, force vector distribution and bubbles
within collision reach, apart from the main result, the average collision force; were obtained
from the simulations.

Once the average collision force was obtained, different models based on slightly different
physical phenomena were tested and compared with the simulation results.

Both different variations of the "Power law" model present average relative errors of
around 48%. The "Average buoyancy model" yields an average relative error of 85%. The
rest of the models presented worse average relative errors, errors up to 99%. Despite the
differences in average relative errors, most models suggest that what determines the average
collision force is mostly the average buoyancy force of the bubble distribution. As most
models make use of said force, they present average collision force predictions either in the
same order of magnitude as the actual results, or a few orders of magnitude smaller: they
underestimate the average collision force.

The high relative error from such models is believed to be in both cases a result of the
"rolling" motion of bubbles when colliding with the fixed one, caused by the collision being a
multiple body phenomena. However, no irrefutable evidence is presented that can confirm
said statement, but evidence that suggests it is given.

The second set-up in which a fixed bubble was placed on a vertical electrode, was used to
visualise the effect of bubble collisions on the evolution of the scale of the "bubble plume"
that exists near the vertical electrode and causes the efficiency problems. From the included
snapshots in the study, it can be seen that bubble collision promotes the extension of the
"bubble plume" into the bulk flow.
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4.1.4 Achievements of the thesis

The achievements of this thesis therefore are the following:

e An exhaustive review of existing knowledge on bubble formation, growth and detachment
in water electrolysis was carried out.

e A broad analysis of methods used to generate realistic bubble distributions on electrolyser
electrodes was completed.

e A study of the most relevant hydrodynamic forces acting on bubbles in water electrolysis
was performed.

e A code capable of generating bubbles on the electrode, that complies with the knowledge
obtained from the study of methods already used to create realistic distributions, was
created.

e A code capable of replicating the motion of a bubble in both horizontal and vertical
shear flow was generated.

e A code capable of representing bubble-bubble collision as well as multiple-bubble
collision was produced.

e Numerical models describing the collision force experienced by a bubble attached to
the electrode were come up with and tested.

e Insights into why bubble "plumes" are formed in electrolysers, and how said plumes
happen, were obtained.

Furthermore, this literature review has touched upon the challenges associated with
modelling bubble behaviour during water electrolysis such as modelling the moment bubbles
begin to nucleate, or modelling bubble’s changing contact angle with the electrode.

4.2 Research gaps and limitations

4.2.1 Research gaps and limitations general to bubbly flows in water
electrolysis

Despite all of the knowledge gained during the literature review, and the progress made in
understanding and simulating bubbly flows during water electrolysis, further investigation is
needed to cover the existing general research gaps in this field of study:

e A large portion of the research done on this field of bubbly flow simulation for water
electrolysis focuses on singular bubbles. However, and as mentioned already, in reality
many bubbles are generated at a time in the electrode, and their interactions play a
role in the electrolyser’s performance: bubbles may coalesce to form bigger bubbles
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or push each other due to collisions, up to a point where a "wall" or "plume" of
bubbles is formed on the electrode, decreasing the electrode’s available reaction area
significantly. Therefore, numerical models capable of simulating large number of bubbles
and capturing the interactions between them at a reasonable computational cost, are
needed. Existing numerical methods like the Point-Particle method developed in this
study, although efficient for large number of bubbles, require more accurate closure

laws for hydrodynamic interactions between particles, to achieve higher accuracy and
fidelity.

e More accurate constituent equations, i.e definitions of the forces, are needed. Despite
the existence of said definitions, that capture the essence of the main hydrodynamic
forces acting upon the bubbles, such as the buoyancy force, calculating the less studied
and more subtle forces that are not so straightforward to compute, because they depend
on gradients of variables for example, is still challenging. For that reason, there are
less refined consituent equations that calculate said subtle forces, which may still
be of great importance to the hydrodynamics of bubbles. Additionally, simpler but
accurate definitions are needed, to reduce the computational demand of simulating
bubbles, whilst reasonably maintaining the essential physics. The absence of simpler
models and the excess of complex definitions and models of forces lead to erroneous
oversimplifications like the adhesion force simplification made in this study.

e A closer interplay of the fluid dynamics of bubbles, and the electrochemical reactions
happening in water electrolysis, is needed. Most studies treat both phenomena somewhat
separately. The integration of both phenomena in one, would result in a more realistic
representation of what is really happening in water electrolysis, specially for simulations
of large number of bubbles.

e There is a need for more detailed experimental data on bubble formation, growth,
detachment and flow evolution to validate the numerical models and simulations of this
phenomena. Specially for conditions relevant to the scale-up of said process, i.e. for
conditions seen in the large scale water electrolysis industry. Data such as the collision
frequency of bubbles in water electrolysis for given volume fractions, the average moving
velocity of bubbles during water electrolysis, the percentage of total time in which a
bubble suffers a collision, etc. are suggested to be imperative for the study. Without
this data, conclusions as to if the models are coherent with what happens in reality
can not be drawn, and therefore they could be deemed useless. Said data can also help
improve model’s predictive capabilities. The results obtained in this study, although
promising, are not useful unless they are validated experimentally.

e The uniqueness of possible scenarios in this field of study, leads to incoherent data and
results. Much research has been done into the formation, detachment, transport and
interaction of bubbles in water electrolysis, however most available literature presents
unique scenarios. Having such variance of set-ups, conditions and parameter values
makes it hard to determine whether results are valid and represent the underlying
physics correctly, or if the results are tailored to the specific conditions of the simulations.
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4.2.2 Research gaps and limitations specific to this study

As for the major limitations or constraints specific to this study, most of them derive from
assumptions and simplifications made to the intricate underlying physics in this phenomena.

First of all, throughout the simulation, the bubble shape is considered to be perfectly
spherical and non-deformable. Of course, this is a significant simplification of the true
behaviour of bubbles, as in reality many bubbles will change shape depending on the forces
acting on them and their interactions with other bubbles.

Secondly, the developed algorithm for bubble generation focuses on heterogeneous nu-
cleation, i.e. the formation of bubbles on the electrode. This results in the neglect of
homogeneous formation if bubbles in the electrolyser.

Third, due to the complexity of modelling an adhesion force with a changing contact angle
with the electrode, a fully dynamic and complex detachment force is not addressed or used in
this study. Therefore, the conclusions related to the detachment of the bubble are limited.

Finally, the study presents a limited electrode configuration. The developed code, and
therefore the results obtained from the study, are only available for planar electrodes. This
restricts the application of this study to cases in which the electrode geometry is not planar.

4.3 Future lines of study

Having mentioned research gaps relevant to this thesis’ theme, several future lines of study
both for the general case of the existence of bubbles in electrolysers, as well as specific to this
study, can be proposed:

e Developing hybrid models that resolve different scales could help reduce the computa-
tional cost of simulations with high number of bubbles. By combining high resolution
methods such as Interface-Resolved simulations for the bubble dynamics near the elec-
trode, with less computationally demanding methods such as the Point-Particle method,
with improved closure-laws, for tracking bubbles further away from the electrode (in
the bulk flow) or for generating said bubbles in the domain, could be a way to simulate
larger systems, with more accuracy, whilst keeping the computational strain low.

e Improving the research on the less known hydrodynamic forces and their impact on
the bubble’s dynamics is needed. Once that is done, incorporating that knowledge into
existing numerical models would improve simulation accuracy.

e Improving the knowledge on bubble-bubble interactions and coalescence using high
resolution methods such as Direct Numerical Simulation (DNS). By doing so for small,
simpler domains and small number of bubbles; valuable insights can be obtained which
can then later be applied to larger systems. Once found reliable, said mentioned
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high-fidelity simulations can also serve as benchmark for newly developed and less
computationally demanding models such as the one presented in this study.

e Attempting to make the bubble generation algorithm faster and less computationally
demanding. Other ideas that came up during the realisation of this project were not
tested due to the computational and time constraints, as well as the programming
knowledge cap. Different methods to generate bubbles that were not tried are for
example, making the generation of coordinates parallel and sequential at the same time:
have an iterative loop without limit to randomly generate the bubble coordinates. For
every iteration, all coordinates of all bubbles are randomly generated. The coordinates
that are valid and therefore create bubbles that do not overlap are left untouched going
into the following iteration. In the following iteration, only the coordinates that were
not deemed as valid are re-randomised in the current iteration. The process is repeated
until all coordinates are valid. This process, as mentioned, has not been tested or tried,
but may lead to faster run times and lower computational demand, as the process is
parallelized and each parallelization can be handled by different cores.

e Improving adhesion force modelling to further understand the implications of said force
on the detachment of the bubble, and how it compares or competes with the forces
aiding in the detachment of the bubble.

e Investigating the "rolling" motion of colliding bubbles during multi-body collisions, and
how it affects the average collision force. Then more accurate collision force models
will be able to be created, that implement said knowledge on the rolling effect.

e Conducting a sensitivity analysis on the key operational parameters (bubble radius,
electrolyte flow, wall shear stress, etc) and electrode characteristics (electrode size,
electrode geometry, etc), can lead to more accurate simulations and models, resulting
in knowledge on how to obtain a more optimized electrolyzer performance.

e Developing open-source simulation tools can help boost the research in this field, as
communal sharing of knowledge by the experts in the field can lead to a wider range of
ideas employed.

In conclusion, while significant progress has been made in the field of water electrolysis
and multiphase flow simulations, continued research is needed to fully understand and solve
this complex phenomena. Only then will improvements in the efficiency and scalability of
green hydrogen production via water electrolysis, and therefore a step closer to a sustainable
energy future, be possible.
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