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Abstract

In this research project, multiphase behaviour in zero gap alkaline water electrolyzers is investigated,
focusing on the influence of various parameters including current density, electrode-wall distance and
electrode height. This involves a cell containing a vertical electrode pair separated by a membrane sub-
merged in an electrolyte that has a liquid-air interface near the top of the electrodes. The study aims to
identify and understand turbulent phenomena through different analysis methods. Additionally, the out-
comes derived from the conducted experiments serve as validation data for concurrent modeling research.
The analysis begins by examining vortex formation on the cathodic side, where hydrogen bubbles ori-
ginate, using Particle Image Velocimetry (PIV). The results indicate the presence of bubble vortices,
especially near the top of the channel. At electrode-wall distances of 1.0 cm or more, the bubbles that
fail to reach the liquid-air interface tend to circulate extensively within the channel without exhibiting
any noticeable discrepancies, such as small vortices. It should be noted that some low-velocity vortices,
typically on the order of millimeters per second, can be observed within the bulk of the channel. As
a general rule, shorter electrode-wall distances lead to increased vortex formation throughout the entire
channel. Additionally, higher current densities induce a greater amount of these vortices or chaotic and
irregular motion of the bubbles in the bulk region. In modern configurations, elastic elements, such as
materials of thin wires with high porosity and low solid volume fraction, are strategically incorporated
into the electrolyzer design to enhance mechanical resilience and accommodate variations in pressure
and temperature. These elements serve to ensure the stability and reliable performance of the electro-
lyzer system under diverse operational conditions. Much of the chaotic behaviour of the bubbles seems
to be counteracted when the electrode-wall distance is large (1.5 cm) while an elastic element is placed
in between the cathode and opposing wall. When the whole channel is filled by the elastic element (0.6
cm electrode-wall distance), this results in more small-velocity vortices than without the element.
Another examined phenomenon is the presence of a bubble mist. This mist arises when the bubbles that
originate at the electrode do not escape the channel at the liquid-air interface, but recirculate towards
the opposing wall and downwards from there. Light intensity coming from the bubble clouds is used to
gain and calibrate results. Increasing the current density and decreasing the electrode-wall distance lead
to deeper bubble mist plumes. Surprisingly, elevated electrolyte height directly influences mist depth,
with larger electrolyte heights showing the highest mist depths, even when dividing these by the exposed
electrode height. For these measurements, diamond shaped apertures on the electrodes are used. For
another series of experiments where higher current densities are examined, slotted apertures are used and
the effect of lowering the electrode-wall distance on the bubble mist depth is diminished. Whether this is
due to the type of electrodes or the different measurement circumstances (for example lighting) can not
be concluded from the results. This emphasizes the need for consistent experimental conditions.
Thirdly, the continuous release and upward movement of gas bubbles originating at the cathode, i.e. the
bubble plumes, are investigated. The effect of changing the current density is investigated along different
heights of the electrodes. The analysis performed employs three different strategies to assess turbulent
behaviour. This includes the PIV method used initially to depict vortices, the light intensity coming from
the bubble clouds and visual analysis to find discrepancies like bubble bursts and big bubble trajector-
ies. The PIV method shows capabilities in tracking the plume width and depicting turbulent behaviour.
The light intensity analysis however proves challenging due to disparities in lighting. Improved light-
ing and higher-resolution cameras could yield more reliable results, enabling further investigation into
correlations between parameters and turbulence, such as bubble bursts.
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1

Introduction

Energy is in constant need of efficiency improvement. Growth of population, living standards and there-
fore increased consumption mean that current energy sources can not deliver enough to facilitate our needs
and more importantly, not in the green manner we strive towards. In 2015, to battle climate change, many
governmental bodies agreed to achieve a reduction of 45% carbon emissions by 2030 and reach net zero
by 2050 [1]. Because of the growing contribution of intermittent energy sources as solar and wind en-
ergy, storage is more important than ever. Batteries, hydro-pumped energy storage and other conventional
methods normally lead to solid short-term storage while seasonal energy surpluses (think of solar energy
in summer months) can not be covered by these techniques in a sufficient manner. Chemical bonds are
well known to have great potential in terms of long term production and therefore seem to be a solution
for these storage issues. Hydrogen is a commonly used chemical element in numerous applications be-
cause of its high energy-to-weight ratio, namely a Lower Heating Value (LHV) of 120 MJ kg~! and an
Upper Heating Value (UHV) of 142 MJ kg~! [2]. As the byproduct created during production is oxygen
without any carbon emissions [3], water electrolysis is an attractive option for reducing greenhouse gas
emissions, fulfilling our storage needs and powering applications for vehicles. Hydrogen is considered
an affordable, secure and versatile form of energy carriage and usage. However, hydrogen energy faces
many challenges like efficiency losses and therefore additional production costs [4]. Although significant
research has been conducted on hydrogen energy, there are still many unknowns regarding its full poten-
tial.

Alkaline Water Electrolysis (AWE) is one technique that produces hydrogen and oxygen from an alkaline
solution and electricity. This technique is favourable because it utilizes water, which is renewable and
abundant, as a source of hydrogen. Additionally, electrolysis can be powered by renewable energy sources
such as wind or solar, making it a carbon-free process.

The aim of this research project is to quantify and visualize flow patterns inside alkaline water electrolys-
ers. Especially, the transition to turbulence while varying configuration parameters is a concept which is
vital to get understanding of. When researchers are able to model flow patterns accurately inside differ-
ent electrolyser cells while varying several parameters like the distance of the electrode to the opposing
non-conducting wall, current density on the electrodes or electrode height, many improvements can be
made and much time is saved when designing new electrolysers for particular industrial purposes. To
verify the obtained flow patterns, it is necessary to conduct experiments in addition to model-making. To
achieve this quantification, three phenomena are considered. These are the formation of bubble vortices
at the top and in the bulk (i.e. lower regions) in the channel, the depth of the bubble mist resulting from
electrolysis and the bubble plume originating at the cathode when applying a certain current. Firstly, the
formation of vortices is studied with the help of Particle Image Velocimetry (PIV) to investigate the ac-
tual occurrence of vortices while varying the (exposed) electrode height, current density and the distance
between the cathode and the opposing non-conducting wall. Modern electrolysers gradually make more
use of elastic elements being placed inside the channel to withstand mechanical stresses. The influence
on the bubble flow of these elements is tested in different configurations as well. The depth of the bubble
mist resulting from recirculation at the liquid-air interface is also examined while varying the same para-
meters. The analysis is performed by examining the light intensity of these clouds and comparing this
to other configurations. Lastly, the different analysing methods are implemented on the bubble plume
that originates at the cathode, while also visually depicting various exceptions like bubble burst or larger
bubbles trajectories.

Transition to turbulence in electrolysers is dealt with in several earlier studies. In chapter 2, the field of
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knowledge is categorized, and an overview of known experiments and outcomes is given. Furthermore,
the aim and research questions of this research project are described in more detail in chapter 3. The
methods, appliances and strategies used to obtain the results and comparisons to models are outlined in
chapter 4. The results are given in chapter 5. These are elaborated upon in chapter 6 while discussing
both the advantages and shortcomings of the chosen methods and strategies. This automatically leads to
recommendations in order to improve further research.



2

Theory and Literature Review

The purpose of this theory and literature section is to gain more insight into relevant research fields that
are related to the research aim discussed further in chapter 3. First of all, the concept of electrolysis is
discussed together with basic concepts of fluid dynamics in section 2.1. Main concepts like flow regime
types, bubbles and their influence on electrolysis are discussed in section 2.2. In section 2.3, a theoretical
condition and practical experiences considering transition from laminar to turbulent flow are listed. The-
ory and earlier performed research about backflow and vortex formation is summarized in section 2.4.
Then, earlier findings of a different reviewed result of turbulence, namely the formation of a wavy plume,
are discussed in section 2.5.

2.1. Hydrogen from Electrolysis

Electrolysis is a technique which is used to induce a non-spontaneous chemical reaction with the use
of an applied current. In general, the positive electrode (anode) attracts negatively charged ions or the
negative electrode (cathode) receives positive ions. This ensures the availability for gaining electrons. To
gain understanding of electrolysis, in this section, the basic concepts like the chemical reactions during
alkaline water electrolysis, configuration and fluid flow dynamics are outlined.

2.1.1. Basic Concepts Alkaline Water Electrolysis

Water electrolysis splits water (H,O) into hydrogen (H,) and oxygen (O,). An alkaline electrolyte like
potassium hydroxide (KOH) or sodium hydroxide (NaOH) is added to the water in 20-40 wt.% (weight
percentage) concentrations to ensure ionic activation at temperatures up to around 80 °C and a maximum
pressure of 30 bar [5]. Figure 2.1 illustrates the conductivity values of aqueous solutions of KOH at
various temperatures and weight percentages. The data clearly indicates that the utilization of KOH in
the range of 20-40 wt.% is justified to increase conductivity, particularly at room temperature. Typically
in industry, electrolysis processes are commonly carried out with a weight percentage of approximately
30% to ensure maximum efficiency.

At the cathode hydroxide ions are produced. These ions carry charges which are brought to the anode
(typically across a membrane or diaphragm) and discharged there while producing oxygen [8]. In short,
the following reactions contribute to this process. At the cathode [9]:

2H,0+2e¢~ - H, +20H" 2.1
and at the anode:
40H™ — O, +2H,0+4e™ (2.2)
Therefore the sum reaction:
2H,0 — 2H, + O, 2.3)

As one can see, four moles of hydroxide ions oxidize to oxygen and water, during which four mole
electrons are released [10]. The standard potential of the cell E can be found by using:

Ey=—— 24

0 zF @4

Where the Gibbs free energy AG, value of 237.2 kJ/mol is used [11]. Here, F = 96.487 A - s mol~! is the

Faraday constant, z is the number of electrons involved in the reaction. For alkaline water electrolysis,

3
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Figure 2.1: Conductivity of aqueous solutions of KOH for different temperatures and weight percentages (wt.%) KOH [6].
Data from [7].

the standard cell potential can be found by:

237.2-103
Eg=-22"2—

2-96485 (2.5)
Ey=-1228V

From this, as water electrolysis is a non-spontaneous reaction, one can see that at least 1.23 V is needed
from an additional power source to perform water electrolysis.

Butler Volmer and Tafel Slope In practice, the applied potential needs to be larger than the standard
cell potential Ey. The overpotential is the difference between the applied potential and the theoretical
equilibrium potential of the reaction. The overpotential which needs to be applied is (among other factors)
dependent on the electrolyte resistance. The obtained current when applying a certain overpotential is
derived by the Butler Volmer equation, see eq. (2.6).

i (1—a)nF anF
io_eXp( RT ") exP(RT”) (2.6)

where i, is the exchange current density, R is the universal gas constant of 8.31446J-K~!. mol ™!, n the
number of electrons involved in the reaction, « is the charge transfer coefficient and # is the overpotential
at the electrode surface. In some instances, chemical reactions at an electrode-electrolyte interface involve
intermediate steps, where one step is significantly slower than the others. This slower step is termed the
rate-determining step (RDS). Often, when the RDS involves the transfer of a single electron, the Butler-
Volmer equation is a suitable and accurate approximation. It is important to note that the RDS rarely,
if ever, encompasses the simultaneous transfer of multiple electrons [12]. Therefore, here n = 1. The
efficiency of the electrolysis process depends on the overpotential #. As can be seen in Figure 2.2, the
potential that needs to be applied to deliver a certain current density in the system is highly dependent on
these factors.

Notably, the Tafel slope is a measure of the electrochemical kinetics governing a chemical reaction. It
represents the rate of the electrochemical reaction as a function of the overpotential. Mathematically,
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Figure 2.2: By systematically targeting individual contributions to cell voltage, a methodical approach is enabled for reducing
the overall cell voltage. This technique enables a specific focus on each contribution, thereby facilitating the implementation of
highly effective voltage reduction strategies. From [13].
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Figure 2.3: Electrochemical Tafel slope showing the relationship between overpotential and current density (logarithmic
scale). Adapted from [14].
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the Tafel slope is defined as the logarithm of the ratio of the current density to the absolute value of the
overpotential. This slope, as depicted in Figure 2.3, is linked to the activation energy of the reaction,
which is the energy required for the reaction to occur. It provides valuable insights into the mechanism
and efficiency of the reaction.

Various factors, including the type of electrode, the concentration, and the temperature of the electrolyte,
influence the Butler-Volmer equation, and consequently, the Tafel slope. A steep Tafel slope may indic-
ate that the reaction is limited by the kinetics of the hydrogen or oxygen evolution reaction. On the other
hand, a flat Tafel slope might suggest that the reaction is constrained by mass transport or the availability
of reactants. In summary, understanding and analyzing the Tafel slope plays a crucial role in deciphering
the electrochemical behaviour of a system and optimizing its performance. In case of this project, it is
important that the electrodes have a homogeneously distributed voltage. When assuming a Tafel slope
of 50 mV [15] we expect a linear relationship between the logarithm of the current and the overpotential
with a slope of 50 mV for every tenfold change in current. Specifically, there should not be a significant
difference in voltage distribution between the lowest and highest points of the electrode. The value for

naky ..
the contribution of the activation losses is found by using e =7 . Ideally, this is a value close to 1. For a =

0.5, we find e% ~ 1.45, when applying an overpotential of 20 mV, which is well below 50 mV. As the
activation losses only contribute partly to the total resistance losses, this loss (45%) can be considered an
acceptable in-homogeneity. Achieving this uniform voltage distribution is dependent on several factors,
including the size of the electrode, its ohmic resistance R(£2), and its surface area. This means that a con-
ducting Nickel bar can be attached to ensure homogeneous current distribution. However, it is important
to consider that attaching a conducting Nickel bar may affect the flow dynamics of the electrolyte. When
acknowledging the maximum voltage drop of 20 mV, the maximum applied current over an electrode pair
is:
I 20 mV

max — d
Relectrode

2.7
where R, jecirode 1S the electrode resistance of that particular shape and material.

2.1.2. Cell configurations

In Figure 2.4 an overview of a traditional and a zero-gap AWE-setup is shown. The configuration con-
sists of two electrodes (anode and cathode), an electrolyte, and a reactor-cell consisting of two chambers
separated by a membrane or diaphragm. As stated, electrolytes like NaOH and KOH are used for ionic
activation. These might cause some corrosion at the surface of the electrodes, and therefore neutralizing
chemicals might be needed to avoid this. These electrodes are placed against a membrane (or diaphragm)
and this creates two separate chambers. The membrane is designed to support the transport of created
hydroxide (OH™) ions from the cathode to the anode. The membrane preferably copes well with corro-
sion in alkaline media, has high conductivity and possesses high water permeation [8]. From Figure 2.4,
one can see that the conventional AWE setup, which typically includes a gap between the membrane and
electrodes, is commonly substituted with the zero-gap cell configuration. The primary motivations for
this shift is that reducing the gap between electrodes significantly reduces the ohmic resistance losses
normally caused by the electrolyte between the electrodes, when instead of an electrolyte-filled gap, only
membrane separates the electrodes [16]. Because of this, zero-gap electrolysers need less energy to drive
the chemical reaction. This can be seen as the ohmic losses and are significantly reduced when electrolyte
resistance can be dismissed, see Figure 2.2. This way, the energy efficiency is improved and operating
costs are lowered.

This makes zero-gap electrolysers an attractive option for industrial applications that require large-scale
hydrogen production. This is the reason that for this experimental research, (near) zero-gap electrolysis
is considered.
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Figure 2.4: Schematic representation of alkaline water electrolyser with traditional non-zero gap (left) and the modernly used
zero-gap (right) configuration. From [17].

Elastic Element

In AWE, the use of an elastic element is often used to control gaps between an electrode and a wall
or bipolar plate. In Figure 2.5, an example of a configuration containing an elastic element is given.
This is an element made of thin wires with high porosity and low solid fraction. With deteriorating
electrodes or thermal expansion due to high temperatures during electrolysis, having an elastic element
to compensate for these circumstances is convenient. Even pressure differences caused by big bubbles
may affect electrode-wall distances as well. When there is no elastic element present, changes in these
electrode-wall distances may lead to mechanical stress inside electrolysers operating with high pressures.
In some cells with a planar configuration, short circuit might occur more easily without having an elastic
element in place to control the electrode-wall distances. This is why it is interesting to see what the effect
is of such elastic elements to the fluid flow.
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Figure 2.5: Schematic representation of alkaline water electrolyser with elastic element between wall/bipolar plate and
electrodes. From [18].

2.2. Hydrogen production performance

In this section, the different types of flow regimes that could be encountered during this research and
might be relevant for the modelling are listed. Secondly, the influence of bubbles on the flow inside the
channel is examined. After this, the influence on the performance of alkaline water electrolysers of these
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bubbles is discussed.

2.2.1. Bubbles in alkaline water electrolysers

A factor affecting the mass transfer (here the electrolyte replenishment against the electrode surface) and
therefore the electrolysis’s performance, is the formation of gas bubbles deposited on the surface of an
electrode. The void fraction (referred to as gas fraction) € denotes the fraction of the volume occupied by
gas. This means:

v

£= —r (2.8)
Vgas + Vliq

Where V,,; and V4 are the local volumes of the gas and liquid respectively in the cathodic channel. The
result of applying current to an electrode pair is illustrated in Figure A.1 in the appendices. Clearly, the
void fraction rises with the current density and we see that the total volume rises within the channel. For
this range of current densities (0 - 6000 A/m?), the gas fraction in the cathodic side of the channel rises
to 0.23 as can be seen in Figure A.2. The superficial flow velocity Uy, can be regarded as the velocity
of the gas flow if the flow of the bubbles is the only moving phase in the medium. This can be found by
multiplying the interstitial gas velocity u,, with the gas fraction . The volume flow rate of the gas Qg
is needed to determine U,:

Ugas = Qjas
It is found that gas liquid flow is generally divided into five types of flow regimes, namely bubbly, slug,
churn-turbulent, annular drop and falling film flow [19, 20], see Figure 2.6. A flow regime is generally
determined by the velocity and the quantities of the liquid and gas in multiphase flow. For this research,
the most relevant regimes are the bubbly flow and the slug flow. Bubbly flow, regime (1) in the figure, is
characterized by the cell that contains mostly liquid with small bubbles of free gas rising within it. The
liquid comes in contact with the wall surface while the bubbles simply serve to decrease the density and
increase viscosity. When the flow rate of the liquid is increased, the bubbles become more uniformly
dispersed throughout the pipe’s cross-sectional area. As gas bubbles rise, they might expand and merge
(coalesce) into larger bubbles called slugs, see regime (2) in the figure. This happens while the liquid
remains in continuous phase. The liquid film surrounding the slugs may descend downwards. Both the
gas and liquid phases have a significant impact on the pressure gradient.
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Figure 2.6: (1) Bubbly, (2) slug, (3) churn-turbulent, (4) annular drop and (5) falling film flow regimes for two-phase flows.
From [21].

2.2.2. Bubbles in electrolysers

The presence of gas bubbles, acting as the dispersed phase, introduces changes to both the electrical and
thermal characteristics of the electrolyte, as well as altering the diffusion of electro-active substances and
the distribution of current density. These factors subsequently have implications for the overall perform-
ance of the cell at a macroscopic level. The influence of bubbles on the fluid dynamics is studied by Luo
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et al. [22]. They found that the presence of bubbles induced strong convection of electrolyte within the
cell gap. The primary reason for this increased velocity is the drag force exerted by the bubbly flow. They
compared the velocity of the fluid while having no working electrode pairs (only pumped induced flow)
and a 440 A/m? current density over the electrodes and found a nine times higher velocity in the latter
case. Here, the bubble flow was deemed as the main reason for recirculation of the electrolyte. Even at
lower Reynolds numbers, oscillatory motions of the bubbles adjacent to the electrodes, induced local tur-
bulence, expressed in velocity fluctuations, also found by Shah and Jorne [23]. It must be stated that near
the anode, much more turbulent behaviour was found than at the cathode. The average size of hydrogen
bubbles formed at the cathode is several tens of microns [24]. In a research by Baczyzmalski [25], it was
found that larger bubbles (dy, > 1.5 mm) often propagate in an oscillatory trajectory. In particular, the
presence of impurities or salts might cause these paths. They analysed the speed and trajectory (including
wavelength) of multiple large bubbles. These can be found in Figure 2.7. In this figure, we can see that a
linear relation exists between the bubble size and wavelength, where 4= 10-d},. A significant influence
of the current density is not visible. Logically, the bubble rise velocity grows with bubble size. This is
elaborated on in subsection 2.3.2.
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Figure 2.7: Left: Bubble trajectory wavelength (a) and mean vertical rise velocity (b) of larger (dy, > 1.5 mm) bubbles. Right:
Trajectory multiple large bubbles. From [25].

2.2.3. Mass transfer and bubble influence

The rate of mass transfer from the bulk to electrode surface is influenced by various factors such as the
concentration of the ions in the solution, the viscosity of the solution and the surface area of the electrodes.
If the mass transfer rate is slow, it can lead to reduced efficiency of the electrolysis process, and in some
cases, can even lead to reduced selectivity of the desired product. In many industrial applications, the
optimization of mass transfer is crucial to achieve high yields of the desired product and to minimize the
production of undesired by-products.

Bubble formation can reduce the hydrogen production as a blockage forms of the electrocatalyst surface.
It has been reported that removal of bubbles can result in a potential decrease of 10%-25% [26, 27]. It
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is believed however that mass transfer rates might increase due to bubble formation, especially micro-
mixing caused by the bubble induced fluctuations in the flow field. It is believed that especially diffusion
transition contributes to ion transfer mechanisms. From a high to a low concentration region hydrogen
molecules are diffused as heat diffuses from high to low temperatures. One can assume that the emit-
ted particles in these diffusion processes are described by random and frequent collisions [28, 29]. By
comprehending this concept, it becomes possible to devise approaches that reduce the negative impact
of bubbles on energy conversion efficiency and stability, while also harnessing the advantages offered by
bubble-related phenomena.

The effect of gas along electrodes is also examined by Fouad and Sedahmed in 1972 [30]. They varied
the rate of gas evolution, the electrode height and the electrode-diaphragm separation in a traditional non-
zero gap configuration, see Figure 2.8. They depicted two streams of gas, namely the flow of bubbles near
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Figure 2.8: Electrodes in traditional configuration, where the diaphragm splits two channels. From [30].

the electrode, and one flow near the diaphragm. These bubbles arrive there as a result getting dragged
by the displaced solution. This results in the formation of the "eddy-zone", which is similar to a vor-
tex visible in this report. These eddies are believed to complement the mass transfer from the bulk to
the surface of the electrode. They found that the formed vortices become larger in height as the current
density was increased. When decreasing the electrode-diaphragm spacing, the eddy motion is intensi-
fied. The zone where eddy motions took place extended in the direction of the electrode. This led to an
increase of mass transfer, as the vortex reached deeper levels as well. When the spacing became very
small, the upward stream at the electrode collided with the vigorously downward-moving eddy current.
This decreased the so-called convection effect and the rate of mass transfer. The effect of decreasing the
electrode height (from 50 to 2.5 cm) led to a full vortex over the whole channel height instead of only the
upper part being circulating. Obviously, the results of these experiments are determined using a non-zero
gap and electrode-diaphragm distance is varied instead of electrode-wall distance. This causes a possible
difference in bubble distribution compared to this project’s case. Also the surface of the opposing wall
is smoother when the opposing wall is not a porous diaphragm. However, both experiments relate to a
electrode towards a non-reacting wall, and so are relevant to compare.
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visible. From [23].

Shah and Jorne in 1989 [23] also examined the influence of electrode geometry on the mass transfer of
the electrolysis process and especially the convection that arose by the bubbles. They found that, when
increasing the cell gap in a small range (up to 10 mm), a local maximum in mass-transfer occurred, see
Figure 2.9. Namely, when adjusting the cell gap from O to 4 mm, the mass transfer decreases with gap.
They stated this is caused by the fluid motion that becomes less intense with increasing the gap. A well-
defined return flow occurs when the gap is between 4 and 5 mm. This does not interfere with the upstream
of the (in this case chlorine) bubbles. Although the experiments of Fouad [30] and Shah [23] describe
significantly different measurement circumstances, the effect of changing parameters on the mass transfer
is relevant to this research project.

2.3. From laminar to turbulent flow

The Reynolds number quantifies the balance between the forces related to a fluid’s inertia and its viscosity
when it undergoes internal motion due to varying fluid velocities. The transition point from laminar flow
to turbulence can be categorized in two ways. Namely, the theoretical transition value depending on the
Grashof number Gr;, between two plates for example and practical transition point in electrolysis from
earlier research.

2.3.1. Theoretical transition laminar-turbulent flow

Visco-elastic effects lower values of critical Reynolds numbers of parallel shear flows. The empirical
critical Reynolds number of planar Poiseuille flow, which is flow between two parallel plates, is around
1700 [31]. The Reynolds number is given by:

_ puL

U

This makes use velocity of the fluid flow v, fluid density p, dynamic viscosity u and the characteristic
length L. That means that, for verifying the transitional Reynolds number, forced convection and a set
fluid flow velocity is needed. For natural convection, the Grashof number between vertical plates Gry,
gives the transition point between laminar and turbulent flows:

T.—T._)L3
Grngﬂ(s o)

Re (2.10)

@.11)

V2
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where g is the acceleration of 9.81 m/s2, f is the coefficient for thermal expansion, T, and T, are the
surface and bulk temperatures respectively, L is the vertical height along the plates and finally, v is the
kinematic viscosity of the electrolyte. The theoretical value of the Grashof number for the threshold
between laminar and turbulent flow lies in the range of 4 - 103 [32]. In case of electrolysis the influence
of the bubbles on the surface of the electrodes can be approximated. The rise in temperature causes a
certain difference in electrolyte density due to the formation of gas bubbles. When working with high
current densities, this relation can be approximated by
A7 = fAT with Ar ~0.5

p p
the simplified Grashof number becomes

3
gL
Gry ~ =—
L™ 02
with

_H
y=—
p

During this research, typically a KOH concentration of 1M (~5 wt.%) is used. This is relatively a low
concentration, but for the purposes of this project -which is flow quantification- larger weight percentages
are not needed. With a temperature of roughly 25 °C, the value for dynamic viscosity y is 1.5713 -1073
Pa-s and a density of 1307.2 kgm ™3 [33]. Note that these values are found for a molarity of 1.0121 mol
-L~!. From there, one can find the theoretical value for the height along the electrode where turbulence

should occur.
5 2
. 3
L=4 &(ﬁ) (2.12)
g P

For these values the transition height to turbulence along vertical parallel plates L = 4.90 cm. This
equation shows that only the dynamic viscosity ¢ and density p have an influence on the transition height
towards turbulent flow. These values are influenced by the temperature. The values of the theoretical
transition height to turbulence versus the temperature between 15 and 60 °C is shown in Figure 2.10.
Several data points from Guo et al. [33] are taken for the dynamic viscosity u and density p leading to
various values for L for different temperatures. One can see that as temperature rises, the transition height
to turbulence becomes lower.

2.3.2. Experimental results turbulent flow

In the year 2000, Boissonneau and Byrne did research towards velocity profiles versus current density
applied at different heights between the electrodes when pumped from the bottom [34]. The used tech-
niques in this paper are Microscope Enhanced Visualisation (MEH), Laser Doppler Velocimetry (LDV)
and Particle Image Velocimetry (PIV). They found that transition between laminar and turbulent flows
occurs at different locations along the cathode lengths, depending on the respective current densities, see
Figure 2.11. Note that this figure does not denote the zero-gap configuration, as well as a KOH solution,
but a Na,SO, (50 g -I~!) solution.
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Figure 2.10: Theoretical transition height from laminar to turbulent flow along two parallel vertical plates for different
temperatures of 1M KOH electrolyte and bubbles with 50 micron diameter. See eq. (2.12). The value for dynamic viscosity y
is 1.5713 -1073 Pa-s and a density of 1307.2 kgm™3. Data from [33].
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Figure 2.11: Evolution of turbulent intensity within the bubble layer along the cathode length for three distinct current
densities: j = 500 (¢), 1000 (M), and 2000 (a) A/m?, within a Na, SOy solution (50 g/1). The turbulent intensity at the
channel center is provided for the current density j = 1000 A/m? (X), while vertical solid lines demarcate the positions of the
channel’s inlet and outlet. From [34].

They also depicted that both turbulence and laminar behaviour can exist across the cell channel at the same
horizontal plane. This is possible as in the middle of the channel, there are less bubbles and therefore less
turbulence. This is an example of the bubble induced turbulence discussed in subsection 2.2.2. Pang et al.
(2020) researched the influence of the Reynolds number on the turbulence and plume widths [35]. They
found with the help of in situ High Speed Videography (HSV) a crossover to turbulence occurs when
the Reynolds number exceeds 1200. This is in contrast to empirical higher values of 1700 described
earlier. It is believed that internal force promoting bubble detachments causes this difference. When
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Re exceeds 1000, the plume width expands and the bubble void fraction decreases because of decreased
residence time of bubbles due to higher fluid velocity. The bubble sizes decreased monotonically with
increasing Re. In 1975, Vliet and Ross [36] estimated the effect of inclining angles on transition height
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Figure 2.12: Transitional range Gry - Pr versus angle. From [36].

to turbulence. For a 90 degree hot plate in water they estimated the transition range in terms of Grashof
number. Figure 2.12 shows shows these approximate transition regions in terms of Gr, - Pr as a function
of angle. This transition of 10'3 for Gr, - Pr is denoted by the Archimedes number Ar. Ar is given by
[37]:

(p—po)

Po

If the variation of density is primarily due to a change in temperature (AT), then for small temperature
differences (p — pg) /po = PAT (where f is the volumetric expansion coefficient), the Archimedes number
can be related to the Grashof number (Gr).

L3
g_

Ar =
V2

(2.13)

The critical Archimedes number can be described as:

gU,. 7%
Ar* = g‘“z (2.14)
Db\/
with Uy, the superficial flow velocity:
JRT
sas = o F (2.15)

This suggests that turbulence scales with height like z o j~1/4. Here p denotes the atmospheric pressure
in Pa. The hydrodynamic dispersion coefficient, Dy, can be estimated by multiplying the Stokes velocity
Usiokes and characteristic length r, which is the bubble radius. The Stokes velocity is given by (2.16).
With, assuming a bubble size of 50 microns [24], equals 1.1 mm per second.

pigd?

UStokes — 18 (2.16)

In this case, D, equals 2.833 - 1078 m?/s. The critical Archimedes number was found to be Ar* =
10'2. For different values of the current density this leads to theoretical values for transitional height.
In Figure 2.13, the values for the transitional height are outlined versus current density. These are thus

found by:
1
4
o= ( )

Ar* Dpv?

(2.17)
4 Ugas
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It is clear that the height values for transition to turbulence are different than the heights found by Bois-
sonneau and Byrne (Figure 2.11). The differences in height can be linked to the fact that Boisseneau and
Byrne used a downcomer where flow recirculated towards the bottom of the channel, creating a mix of
natural and forced convection.
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Figure 2.13: Transitional height versus height based on critical Archimedes number for bubbles with 50 microns diameter.
Based on [36].

2.4. Backflow and Vortex Formation

A widely occurring phenomenon is the backflow in electrolysers. The liquid and bubbles have a positive
(upwards) velocity along the electrodes and when this arrives the liquid-air interface, the gas escapes the
surface but the liquid is held by the gravitational forces so a vortex originates.

Weier and Landgraf examined two-phase flow at gas-evolving electrodes and especially convection driven
by Lorentz forces and found that Lorentz forces are a flexible tool to shape flow fields in the electrode
gap [38]. They mainly varied the parameters current density and gap width and found that a recirculation
region is observed. Equation (2.3) states twice as much hydrogen is produced compared to oxygen in
terms of volume. This means the liquid momentum on the cathodic side is larger than on the anodic
side. The liquid motion is deflected and Weier and Landgraf found that the larger hydrogen bubbles
were able to penetrate trough the liquid-gas interface, while the smaller bubbles were entrained in the
fluid flow. Recirculation was also depicted by Shah and Jorne [23]. They found recirculation near the
top of the electrode with a cell gap of 5 mm using ZnCl, to extract chlorine gas. While these findings
were generated using a traditional, non-zero gap configuration, it is essential to consider the behaviour
of bubbles with various sizes to gain a comprehensive understanding of the flow characteristics. Riegel
et al. [39] in 1998, examined the influence of varying the cathode height (from 40-400 mm), the current
density up to 6250 [A/m?] and mean electrolyte velocity on flow regimes. Backflow, which (according to
them) limits the efficiency of a electrolytic process as the void fraction and electrical resistance increase
considerably, is found at currents higher than:

I =-379+128v (2.18)

Where I[A] denotes the current and v the mean velocity of the electrolyte in m/s.

Backflow occurrence is thoroughly investigated by Vogt [40, 41] towards an explanation and the con-
ditions for the abrupt change from a bubble dispersed layer and layer free of bubbles towards a cross-
sectional layer of bubbles in case of a gas-evolving electrode and an inter-electrode gap towards either a
membrane or wall. He states that as the thickness of the bubbly plume ¢ increases, the velocity v at the
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Figure 2.14: Schematically, the change of velocity gradients at the boundary layer between bubble plume and liquid (y = 6)
and at the wall opposite to the gas-evolving electrode (y = s). From [42].

boundary of both layers increases as well. The liquid flow rate in the bubble layer increases as much as the
liquid flow rate in the liquid layer decreases and, because of this, the velocity gradient dv/dy decreases
at the boundary (at y =§).

At the opposing wall, this causes the velocity gradient to increase, see Figure 2.14. Here, dv/dy =0
denotes the critical condition of disappearance of the bubble street combined with a sudden change in
flow pattern.

In 2012, Alexiadis et al. derived that, while having laminar flow, vortices arose and linked this to pseudo-
turbulence [43, 44]. They researched the occurrence of those vortices as a function of current density,
bubble diameter and channel thickness. They found a quasi-steady regime when applying a low current
density and saw large bubbles. In the bulk, the void fraction was low, as only recirculating bubbles were
present, and the velocity predominantly in the negative y-direction (downwards). This is depicted in
Figure 2.15 (a). We see that, as Vogt described as well, a counteracting flow exists in the bulk as well
to compensate for the upward flow at the electrode. This is denoted by "bulk downstream" in the figure.
When increasing the current density or decreasing the bubble diameter considerably, bursts from the gas
blanket occur towards the bulk. The frequency of these bursts is directly related to the severity of these
increases. At a certain level of current density or bubble diameter, the velocity profile in the channel
changes completely. The vortices increase the mixing in the channel and the void fraction. The bubbles
are dragged into the vortices instead of released at the top. This way, the efficiency of the whole cell
might be affected in a positive way due to the mixing. This reduces the concentration gradients at the
cathode. However, the electrical resistance might be increased. In equation (2.19) the relation is given for
the theoretical transition point between the quasi-steady regime and the pseudo-turbulent regime. This
relation is denoted as:

Ugas (,Ul/pl)ll/3 _ 719
d412g7/3 (2.19)

with ”
Ugas = (2.20)

- szg
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Where d is the bubble diameter, / the channel thickness, M is the molecular mass of the gas (2 - 1.00784
g/mol), j is the current density, F is Faraday’s constant, and z is the number of electrons involved in
the chemical reaction, which for this type of electrolysis equals 2. This means superficial velocity Uy,
directly linked to current density j. A quasi-steady flow occurs for K-values of less than 1.07 x 10~* and
a pseudo-turbulent regime occurs for K is higher than 2.34 x 10~*. During the modelling, the bubble
diameter has a maximum size for the occurrence of pseudo-turbulence. When having a small diameter,
there are more bubbles and the density in the bulk is decreased. This creates a higher density ratio between
the blanket and the bulk, which creates more unstable flow. If Uy, is increased, a larger number of bubbles
is recirculated. The bulk density is decreased, and so a larger instability region exists. A lower channel
depth leads to a higher impact of recirculating bubbles due to the lower amount of liquid in between the
electrode and the wall. The density ratio is increased as well by this and this means a smaller electrode-
wall distance leads to a destabilized flow.
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Figure 2.15: (a): The velocity and void fraction profiles for the quasi-steady regime. (b): Liquid velocity and void fraction in
the quasi-turbulent regime [43]. Both single channel.

As stated the found that the transition between the quasi-steady regime and pseudo-turbulent regime is
affected by the gas flux at the wall Uy, and the bubble diameter d [44]. A relation can be given for the
theoretical transition current density j;,,,s to pseudo-turbulence:

Utrans'Z'F'pg

Jtrans = M (2.21)

Here, a value of 0.0813 -10~3 [kg/L] is taken for the density of the hydrogen gas pg [45]. Fora IM KOH
solution, when using theoretical values for the dynamic viscosity and the density of the KOH-solution
derived in [33], the theoretical transition point towards pseudo-turbulence is given in Figure 2.16. This
is interesting to examine experimentally, see chapter 4. The assumed value for the dynamic viscosity y
equals 1.5713 -10~3 [mPa-s] and the density of the electrolyte equals 1307.2 [kg-m~3][33].
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Figure 2.16: Theoretical transition point according to Alexiadis [43] to pseudo-turbulence and quasi-steady regime for current
density versus electrode-wall distance for IM KOH solution. For a temperature of roughly 25 °C, the value for dynamic
viscosity u is 1.5713 1073 mPa-s and a density of 1307.2 kgm_3 [33] is used. It should be noted that a hydrogen bubble
diameter of 50 microns is assumed.

2.5. Wavy Bubble Plume
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Figure 2.17: A hydrogen bubble curtain near the electrode. A zoomed sequence shows the coalescence occurring between 22
ms and 23 ms. At the right, the velocity profile mirrors the wavy profile of the curtain. From [38].

One phenomenon occurring in alkaline water electrolysis, is the wavy bubble plume. A wavy bubble
plume refers to the formation of a pattern of oscillating gas bubbles on the electrode surface when per-
forming electrolysis. Weier and Landgraf clearly found a wavy bubble curtain layer near the cathode of
H, bubbles [38], see Figure 2.17. However, they reported that they were not able to determine liquid
phase velocities close to the electrode, since the light emitted by the tracer particles was blocked due to
the high void fraction in the region. The reported bubble sizes were ranging up to 400 ym, with outlier
bubbles up to 3 mm. This is also observed in visualizations of Boissonneau and Byrne [34] and Aldas
[46]. Earlier in 1989, Shah and Jorne [23] examined the bubble envelope shape when altering the gap
width. These differences can be seen in Figure 2.18. They stated that the velocity of the electrolyte does
not significantly affect the shape of the envelope for small cell gaps. When the distance between the elec-
trodes is increased, the bubble layer near the bottom of the cell expands vertically in a linear fashion. The
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circulating motion within the cell becomes more pronounced and elevated compared to situations with
smaller electrode gaps. In contrast to small electrode-wall distances, the configuration of the bubble layer
is influenced by the speed of the liquid flow.
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Figure 2.18: Schematic overview of observed bubble envelope shapes for small cell gap of < 4 mm (left) and bigger cell gaps
of 8 mm (right). From [23].
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Research Project

This chapter elaborates on the research project in terms of the objectives and overall approach. The main
research objective of this thesis is to enhance our understanding of multiphase flow patterns in electrolysis.
This is done by creating overviews of vortex formation, mist heights and bubble plumes at cathodes while
altering several parameters like the current density j, electrode-wall distance w and electrode height A.
The whole research project can be divided into three different sub-projects as listed below.

Vortex formation The main idea of this research project is to create a way to distinguish flow pat-
terns during water electrolysis. Varying the current density, height of the electrolyte and electrode-wall
distance, the aim was to create a comprehensive overview of the types of vortices occurring inside the
electrolyte, especially the quantity, size and shape of the vortices varying different parameters. An ex-
ample of such vortex formation is shown in Figure 3.1a as circular bubble motion is visible. To address
this, extensive research is being conducted to explore different methodologies, such as ultrasound detec-
tion and particle imaging. Additionally, various factors, including lighting conditions and sample timing,
are being tested to identify the optimal measurement techniques. More on these different strategies can
be found in chapter 4. Finding optimal measurement configurations should help research initiatives in
the future to gain insights concerning fluid dynamics more easily. In addition to developing an analysis
strategy, the research project explores various configurations to examine the effects of altering the men-
tioned parameters. This leads to the research question:

e How does manipulation of current density, electrolyte height and electrode-wall distance influence
the quantity, size, and shape of vortices within the electrolyte during zero-gap water electrolysis?

Mist height In parallel with the vortex formation study, a series of experiments is conducted to com-
plement existing simulations and gain insights into bubble cloud (mist) height variations in zero-gap
electrolysers under different conditions. Key parameters, such as electrode-wall distance, current density
and electrode height exposed to the KOH solution are varied to identify the potential correlations with
the size of the recirculating bubbles. An interesting observation is the variation in intensity of the bubble
mist, where differences in brightness may be attributed to variations in gas fraction, see Figure 3.1b for
an example of a mist cloud reaching a certain depth. This investigation aims to uncover fundamental re-
lationships between the mentioned parameters and bubble behaviour, providing valuable qualitative data
that complements (or contradicts) simulation work.

e How do variations in electrode-wall distance, current density, and electrode height influence mist
height in zero-gap electrolysers?

Bubble plume analysis Another significant aspect of the research project involves analyzing bubble
plumes formed at the cathode during water electrolysis, see Figure 3.1c for a plume originating at the
cathode. Detailed mapping of the plume thickness along the electrode at various heights allows for an
observation of potential turbulence transitions. Varying the current density facilitates verification of ex-
isting empirical values for turbulence along vertical plates, providing valuable insights into the behaviour
of multiphase flow compared to forced convection for example. This is examined by using both com-
putational analysis methods and visual analysis. Especially big bubble trajectories are investigated indi-
vidually. Understanding the dynamics of bubble plumes is crucial, as they significantly influence mass
transfer rates, species distribution, and overall process performance. Combining experimental techniques
and computational simulations, it is interesting to see how this matches in practice.

21
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e How does varying parameters like current density and height along the cathode influence the thick-
ness and turbulent behaviour of the bubble plume originating?

In conclusion, this research project seeks to advance our comprehension of flow patterns and bubble dy-
namics during water electrolysis. By exploring fundamental phenomena and providing validation data to
complement model-making, the study contributes to the development of enhanced and efficient electro-
lysis processes, furthering the progress of clean and sustainable energy technologies.

(a) Vortex formation in the bulk of the (b) Mist depth inside channel. (c) Bubble plume at cathode (left).
channel. Zp200736 electrode. Zp200736 electrode. Zp200705 electrode.
Electrode-wall distance 1.2 cm. Electrode-wall distance 1.5 cm. Height 9.5 cm (full view).
Current density 800 A/m? Current density 800 A/mZ. Current density Alm?

Figure 3.1: Overview types of phenomena researched during the research project with (a) vortices observable at different
heights along the channel, (b) the mist cloud reaching a certain depth inside the channel in fully developed state (60 seconds
after applying current), and (c) a bubble plume originating at the cathode, filmed with a high speed camera.
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Methods

In this chapter, the different sorts of experiments are outlined. The electrolyte used in these experiments
is a solution created by dissolving 330 grams of 85% pure Potassium Hydroxide (KOH) in 5 liters of pure
Milli-Q water [47]. This results in a 1M (~ 5.3 wt.%) KOH solution, see below.

5L 280.5
KOH : 56.1 g/mol - £

=330g 4.1)
As a membrane, Zirfon is employed, specifically Zirfon PERL UTP 500, which is known to exhibit
weaknesses when subjected to high voltages (approximately 10V). Fortunately, the conditions in this
research project will not reach such high voltages. Furthermore, all cells housing the electrode pairs and
KOH solutions are made by PMMA (Polymethyl Methacrylate) plates. These are KOH resistant [48] and
see-trough to ensure good lifetime and vision on the experiment. Acryfix is used to glue these plates into
an electrode pair holding cell as this glue is alkali resistant as well.

Multiple types of electrodes are examined using Particle Image Velocimetry (PIV) and Ultrasonic Doppler
Velocimetry (UDV), which is elaborated more on in section 4.1. The majority of electrode samples
are provided by Veco [49]. These samples have been carefully chosen based on their ability to stand
independently and remain upright, along with their relatively low resistance. This minimizes hindrance
from connection bolts or plates during the experiments. The characteristics of the used samples are given
below in Table 4.1.

Table 4.1: Veco electrode properties.

Veco Electrode | Size (cm) Th(llilr(r?; 5 Hole Size (um) | Hole Shape A?ege(l(l%) foRre?isggn;i )(gczr)n
ZP200699 8 x 21 300 320 x 230 diamond 28 0.1186
ZP200705 3x15 900 320 x 230 diamond 28 0.0799
ZP200736 3x15 600 270 x 470 slotted 41 0.0920

As discussed in section 2.2, the maximum allowed current for these electrodes should be calculated by

equation (2.7). The value for R . ;040 18 calculated by:

With L being the length of the electrode in meters and w,, the width of the electrode. This leads to the

R

electrode =

le,lcm * L

We

maximum current density to have homogeneous electron division, see Table 4.2.

Table 4.2: Maximum current densities Veco samples.

4.2)

Veco Electrode | Size (cm) Active Area | Resistance (€2) Max Max. Current
(cm * cm) | for (100 x 1 cm) | Current (A) | Density (A/m?)
ZP200699 8 x 21 8 x 15 0.1186 6.7 558
ZP200705 3x15 3%x9 0.0799 5.2 1919
ZP200736 3x15 3%x9 0.0920 4.5 1684
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More properties regarding the electrodes can be found in the appendix, see Figure B.1.

The influence of the placement method of the electrodes on the membrane on the bubble formation is large.
In this research, in order to get an unambiguously overview of altering the fore-mentioned parameters,
the porous sides of the electrodes are placed against the membrane.

4.1. Data Analysis

To analyse the flow patterns and bubble movement, two different methods are examined. The Ultrasonic
Doppler Velocimetry method and Particle Image Velocimetry. Ideally, both methods are employed in
parallel to ensure a comprehensive and dependable understanding of various phenomena. The strategy
aimed to harness both functions simultaneously, with each serving as a mutual check to enhance reliability.
Unfortunately, the UDV method did not give promising results throughout the research project. While
examining a bubble mist, it turned out that the gas bubbles strongly reflect the ultrasonic waves. If one
has many particles (bubbles), these reflections may affect the ultrasonic beam in both intensity and shape.
Therefore, PIV is chosen as the leading analysis technique in this research. Relevant details of the PIV
method are given below.

PIV In order to get a more complete overview of the flow inside alkaline water electrolysers, Particle
Image Velocimetry is a commonly used tool. This method examines actual movies for its analysis. These
results are then compared to simulations for validation. To ensure good stable images, a setup is made
to envision the whole cell, or parts of the cell along the cathodes surface. The common (simple) config-
uration when using PIV analysis is given in Figure 4.1. A power source supplies the potential over the
electrodes in series with a multi meter to ensure desirable current densities. A laser sheet is created by
making a slit close (~ 0.5 cm) to the wall (nearest to the camera). This results in bubble analysis at a
certain depth in the channel and not all the bubbles in the electrolyte.

Figure 4.1: Overview of experimental setup.

With the help of a Matlab PIV script, moving bubbles can be detected and followed when comparing

two successive frames of a movie. This way the direction of the bubbles is determined. From there, the

fluid flow direction can be approximated as well. When reaching steady state, the average vector field

is given over a number of frames, to establish the vortex formation. Additionally, the vorticity is given

to enhance the overview of motions of bubbles. Vorticity, here @ [s71], is (;[he n;easure of the rotation
1% u

of a fluid element that moves trough the flow. Here w is derived by w, = x oy with u and v being

the displacement in vertical direction and horizontal direction respectively. The PIV method is used on
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both a normal speed camera (with a frame rate of 30 frames per seconds) and the NOVA fastcam by
Photron [50] which is able to go up to 12,800 frames per second. For high speed analysis, a trade-off
is needed between light and the resolution. After analysis, a 1000 frames per second setting was found
optimal for this camera. This way, the lens received enough light and it was possible to analyse bubbles
individually. To summarize, the PIV method enables to get an overview of the flow by analyzing two
subsequent frames and creates a vector field of bubble movement. This is done for low and high frame
rates (30 to 1000 frames per second) to investigate its influence.

4.2. Vortex formation

To investigate the multiphase flow, the most important feature is the PIV analysis. For this, many movies
are shot of different configurations in terms of current density, electrode height and distance from the
cathode to the wall. All of these configurations are examined when having reached a fully developed
state. This means a certain current is applied and after a minute, the movies are shot to perform PIV
analysis. This does not mean that the process has reached a steady state. Analyzing the channels at a
different timestamp will result in other vortex locations/directions or less activity visible.

The tested configurations are given below. Most of these configurations are tested with both a regular
camera and the high speed camera. In section 5.1 the differences between the results for both cameras
are outlined.

Table 4.3: Configuration analysed with PIV.

Electrode zp200705 | zp200705 | zp200736
El cctrode-wall 0.5cm 1.0 cm 1.5cm
distance
Height 7.5 cm 7.5 cm 10.0 cm
Current Density | 200, 400, | 100, 500, 200, 400,
(A/m?) 800, 1600 | 1100, 1900 | 800, 1600

As PIV examines particles and not fluid flow, corrections must be made by accounting for the earlier
described Stokes velocity in Equation 2.16. This is done by estimating the bubble size of hydrogen
bubbles at the cathodic side and subtracting the presumed bubble rise speed (which moves in upward
direction) over the whole frame. An example is given in Figure C.2. Here, it is seen that over the whole
field a little subtraction is made. Note that apparently, the Stokes velocity is relatively small (1.1 mm/s
for bubbles of 50 microns) in comparison with the actual bubble velocity (order of several centimeters
per second along the cathode). Obviously, not all bubbles are the same size, and vg e dg so larger
bubbles have significantly higher Stokes velocities. More on this is discussed in chapter 5.

Elastic Element In addition to investigating the effects of varying current density and electrode-wall
distance, the impact of using an elastic element, as shown in Figure 4.2, is also explored. A comparison is
made between a configuration where the elastic element is present at the cathode and another configuration
without any elastic element. This comparison aims to gain valuable insights into how fluid dynamics
within the electrolyte are influenced by the presence of the elastic element.

Table 4.4: Configuration analysed with PIV. This configuration is analysed for an elastic element attached to the cathode and a
regular cathodic side.

Electrode zp200736
Electrode-wall
distance

Height 10.3 cm
Current Density | 200, 400,
(A/m?) 800, 1600

0.6 cm
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Figure 4.2: Elastic element used in channel in between cathode and opposing wall.

4.3. Mist height versus electrode-wall distance, electrode height and current
density

One objective is to analyse the resulting bubble mist formation height versus the electrode-wall distance,
electrode height and current density. For this analysis, the following configurations are examined, see
Table 4.5. The current density used on the zp200699 electrode are 100-600 A/m? to ensure low voltage
drop. To investigate higher current densities up to 1600 A/m?, the zp200736 electrodes are used.

Table 4.5: Configurations Veco zp200699 and zp200736 for mist depth analysis

Electrode-wall | Electrolyte

distance (cm) | Height (cm) Electrode-wall | Electrolyte
1.0 9,11, 13 distance (cm) | Height (cm)
1.2 14.5 0.5 5,10
1.5 9,11, 13 1.0 5,10
2.4 14.5 1.5 5,10

(a) Zp200699, width 8.5 cm (b) Zp200736, width 3.0 cm

The depth of this mist is analysed by determining the intensity of the light scattered by the different
bubbles. Big hydrogen bubbles escape the electrolyte at the liquid-air interface. Smaller recirculating
bubbles have different sizes and when bubbles are bigger they have a larger Stokes velocities and are
trapped inside the vortex towards the cathode after they have travelled downwards at the opposing PMMA
wall. A certain recirculating cloud would then be formed by bubbles of a certain size while smaller
bubbles would be left underneath this cloud. The light intensity of this cloud is higher than that of the
small bubbles below. Ideally, this means that we could link bubble size trapped into mist to current
density, electrode-wall distance and height of electrolyte. To analyse the mist depth use is made of a
Matlab script. Similar to the vortex formation analysis, the videos are recorded after reaching a fully
developed state. As light intensity is crucial for this type of analysis, the analysis of a certain cell is done
and only compared to cell configurations researched on the same time of day and same location in the
lab space. This means that experimental results the zp200699 electrode experiments, see Table 4.5a, and
results obtained from analyzing the zp200736 electrodes (Table 4.5b) can be difficult to compare.
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4.4. Bubble Plume Analysis

For the analysis of the bubble plume originating at the cathode, a high speed camera is used. With cap-
abilities of capturing up to thousands of frames per second, is it possible to detect bubbles independently.
The images of the bubble plumes are subjected to both PIV-script as the average intensity script used for
the mist depths. As these are both only convenient for average overviews of situations, discrepancies as
big bubble trajectories are analyzed by reviewing footage and discussed when relevant. The influence of
the elastic element on individual bubbles is reflected upon as well. This discussed in subsection 5.1.2.
The intention was to identify the most effective strategy for analyzing different features of the bubble
plume by exploring the various methods.
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Results

In this chapter the results obtained from the experiments described in chapter 4 are given. The results of
the vortex formation experiments, combined with elastic element examination, with the help of PIV are
given in section 5.1. In section 5.2, the mist height for an electrode-wall distance of 0.5 to 2.4 cm are
given while changing parameters like the exposed electrode height and current density. Findings resulting
from the three-way bubble plume analysis are given in section 5.3.

5.1. Vortex formation

Firstly in Figure 5.1, an example is given of a vector field on top of an image of a certain cell. For all
results the left of the figure denotes the cathode and the right indicates the opposing wall. The height of
the channel is denoted by Z (mm). As the bubbles originate at the cathode and move in upward direction,
we expect a velocity field towards the top in the figure at the cathode. In this example the initial liquid
height was 7.5 cm (75 mm). We see that the liquid appears to be somewhat higher while filming the
movies. This is a result of the volume rise which originates when applying power to the electrodes when
the hydrogen and oxygen (gas) generation forms, as discussed in section 2.2.

In Figure C.3 in the appendices, an example is shown of an average velocity field of 10 frames shot by
a 30 frames per second camera. This means the length of this analysis is 0.33 seconds. In Figure C.1,
a 10 frame average of the 1000 frames per second (fps) camera configuration is shown. It is clear that
averaging over a shorter period of time leads to better results in terms of vortex depiction. As the vortices
arise and disappear (especially in the lower region of the channel) continuously and very quickly, a short
measuring time is needed to gain relevant results. Taking an average over 0.33 seconds (10 frames) leads
to a fairly random field of vectors without distinctive regions of motion.

5.1.1. Zp200705

Electrode-wall distance 0.5 cm Firstly, the zp200705 electrode with 0.5 cm electrode-wall distance
is divided into three segments to allow better resolution of the movies. The segmented results are given
below in Figure 5.2. For this low electrode-wall distance, bubble activity is present at low depths inside
the channel. Only for 200 A/m? there is no bubble flow observed below 20 mm. Notable is that not
only backflow at the opposing wall is occurring at this large depths. Even at 400 A/m?, it seems that
recirculation is taking place between 20 and 30 mm. This shows that at low electrode-wall distances,
even at relatively low current densities of 400 A/m?, vortices can from throughout the whole channel.
This behaviour only gets amplified when examining higher positions in the channel. Clear vortices are
visible at all current densities above 200 A/m?. At high levels the top vortices are visible for all current
densities, however at 1600 A/m?, the top vortex is not clearly present, but the top region is filled with
recirculating behaviour. At this current density, this behaviour stretches down to 20 mm above the bottom
of the channel.

29
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Figure 5.1: Cathodic side. 500 A/mZ. Captured at a frame rate of 1000 fps. Electrode-wall distance = 1 cm. Zp200705
electrode. 60 seconds after startup. Stokes velocity subtracted.

Electrode-wall distance 1.0 cm  For an electrode-wall distance of 1.0 cm, we see in Figure 5.3 that with
increasing the current density, the top vortex becomes more centered at the very top of the channel. This
happens for the 1.0 cm case. However, for the various configurations at 0.5 cm we do not see the same
pattern. Instead, we see several vortices at more random locations along the channel, especially at the
higher (800 and 1600 A/m?) current densities. Albeit smaller than the vortices at the top of the channel,
in the bulk of the channel there is recirculating motion observable too. To emphasize this motion, the
smaller vectors (lower speeds) in the figures are amplified to show the activity at lower heights in the
channel as well. This can be seen in the appendices in Figure C.6, where typical movement in the bulk of
the channel is visible at 500 and 1100 A/m?. It is however visible that this activity in terms of recirculation
does not resemble the 0.5 cm distance case, where at comparable current densities, more vortex formation
was detectable.
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Figure 5.2: Cathodic side. From left to right: 200, 400, 800 and 1600 A/m2. Electrode-wall distance 0.5 cm. The electrolyte
level at 7.5 cm. Zp200705 electrode. 60 seconds after applying current.
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Figure 5.3: Cathodic side. Left to right: 100, 500, 1100, 1900 A/m?. The electrolyte level at 7.5 cm. Electrode-wall distance
1.0 cm. Zp200705 electrode. 60 seconds after applying current.

5.1.2. Elastic element

Large electrode-wall distance configuration and elastic element Firstly, a comparison is shown for
a 1.5 cm electrode-wall distance for current densities between 200 and 1600 A/m?2, see Figure 5.9 for
the configuration with elastic element against the cathode. Here, an elastic element is placed against
the zp200736 cathode but the channel is not entirely filled with the elastic element. The results of this
comparison between an element-less and element configuration are given in Figure 5.4 and Figure 5.5 re-
spectively. In Figure 5.4, we see that a relatively large current density of 1600 A/m? leads to the formation
of a strong (high velocity) vortex in the bulk of the channel. What stands out is the difference in bubble
vortex formation between the two configurations. From 400 A/m? on, several vortices in the channel
without an elastic element can be depicted from the results. See Figure C.7, where lower depth vortices
are noticeable at lower regions in the channel. These are absent in the same cases with the elastic element
attached to the cathode.
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Figure 5.4: Cathodic side. 200, 400, 800, 1600 A/m2. Electrode-wall distance 1.5 cm. The electrolyte level at 10.0 cm.

Zp200736 electrode.



34 5. Results

W - ° “ EL S T It\\"‘ -
RSN PN RSN o :
R " SRR | RN e 5
" - LY [;" ' U
IRTTEaEaa . 11 PSRt H U = 50
LSS S gl g 0RO R e | -
Bt <fr1u\h“u.-‘m'~\.“«- ”M/\ W ~
mo Ky - - B ~~> - - ! S U /\Q.\\\\\’ —
MR- ORI B S SN NN { R RN 3
o w R B ' SN s N 1o
oo o ‘|\\‘ M-8 i\ tyoN \, 1 E ,:\\,\\ﬁ .
y MR Sl iRt B |.,,\\,4, NN =
. \|b§ ..... Y ||\',\n{\ ! {,\\\\:. =
86 0 (O . |\1 ' ,L.|1\ "v |‘ t\\\\ +
2 A \ B e BONEE ! "J‘ . {.. xf\\\:\. 3
& b gt I 1. 'J\Mht\ : S
: B J ol o - KON Bl Vo '
i RRRRENE| | AR 1M b |50
N 2 Ponsat BER j \1#‘
N = B | 5 T hEmTe | A IF .,fffi !
ERZ S ANSERERSERIE  HORRE N iR R
., . N e ¢ PR (N BN 1 1B . g
b . o - VR | ! B B - [ 100
3 ! : L NS LA ' il -
ul o . m |lx'\< ‘ (,L}l
~ N o) B B N B ,
| : P R UR S el B
A1 BIRRUREH i || NN MRS (| B
‘i DESEEL fil;iftlf’:‘fffﬁf\\\\\ll 1 w-:‘
TN ELERE RN [ B S B !
Sl SRR ERRERRL N S B R || r?f’ e
d - o EE ERRIEE | ot S R | o PREE 1HE g |
! ‘ . S Jmh ! I . LR
-G :M i Li*‘\{, .¥f’ YLl
R i’ U " K
‘‘‘‘‘‘‘ ;,\\\, . \ . ; HE lr|’ f ,
B ER . . OE SN B e \_f IH‘, “ﬁ,f& 1
- 00 - BB PR - ~ ,,‘\/ l\“ l‘\f' N '
47 -‘K\vl-“}"" C I ; H e B
j EEERaEEE HN M “mEA f AT B Wi
T T 101 S SRR R 7
..... 't, g. = ‘ - il R R
a, SR AR N RS © B
P LR A N 0 NS AF S IR R A
r/..’__,.J P 0 7 cy \/"I‘:\,{/v ,.1v!l’\\\‘\l
B . ’(\ n N1 N St '*1"
e e i e e e R
34 - . i o Yy ' R aan \ [

Figure 5.5: Cathodic side with elastic element attached to electrode at 200, 400, 800, 1600 A/m?Z. Electrode-wall distance 1.5
cm. The electrolyte level at 10.0 cm. Zp200736 electrode.

Small electrode-wall distance configuration elastic element Secondly, an electrode-wall distance of
0.6 cm is examined and for this experiment the whole channel is filled with the elastic element. The
results for the earlier described measurements are given in the figures in the appendices in Figure C.8
for the configuration without elastic element and Figure C.9 for the configuration with elastic element.
Closer analysis of the 400 A/m? cases is given in Figure C.10. In both configurations at lower regions
recirculating activity is present, where especially in around the elastic element centered vortices form. It
seems even more of this activity is notable at the elastic element configuration. For 400 and 800 A/m?, see
Figure C.11, at higher positions along the cathode, more of these small vortices are spotted, which seem
less present when no elastic element is in between the cathode and the wall. As discussed the assumed
bubble diameter d is assumed to be 50 microns for all bubbles. This is a limitation and it is interesting
to see the effect on the smaller (in terms of velocity) vortices. Therefore, the effect of assuming a bigger
bubble size is examined on the small vortex positioned in the 800 A/m? channel of Figure C.11. The
effect of having an assumed bubble size of 100 microns leads to a Stokes velocity of 0.45 cm/s which is a
4 times higher Stokes velocity. This larger upward velocity is subtracted from all grid points in the frame.
In Figure C.12, the effect of this is significant, see the blue marked vectors for examples. Although the
vectors are influenced by the shift in bubble size, even the small vortices are still noticeable, albeit less
significant. Additionally, the centre of the vortex (green dot) in the 100 micron case seems to be shifted a
bit more towards the cathode. Even bigger bubbles sizes and therefore bigger Stokes velocities can lead
to different results.

Except for these small differences, we see that no significant distinctions can be made between the reg-
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ular configuration and the one with the elastic element between the cathode and the wall, at least when
considering the average vector field for an electrode-wall distance of 0.6 cm. In conclusion, when the
electrode-wall distance increases, as in in Figure 5.5, much fewer vortex formations occur in the elastic
element configuration than the regular cathodic side case. However, for lower current densities in the 0.6
cm configuration, this pattern is less pronounced, and even more small vortices are observable for the
elastic element case.

Big bubbles Visually some observations can be made. Bigger bubbles have a higher chance to get stuck
inside the elastic element or between the electrode and the element. This impedes smaller bubbles (and
fluid itself) from following their initial direction causing these smaller bubbles to deflect as well. This
behaviour is illustrated in Figure 5.6. It is interesting to investigate the influence of bubble coalescence in
a manner where eventually, a bubble covers a significant portion (around half the width) of the channel,
similar to slug flow as described in section 2.2. In Figure 5.7, the effect of a bubble on the fluid below
itself is visible. Here the bottom of the frame denotes the cathode, and bubbles rise towards the liquid-
air interface towards the left. This video is filmed in the same circumstances as the 1600 A/m? case in
Figure C.8. The passing of the large rising bubble causes the liquid in its path to create space and be
drawn underneath (to the right in the figure) the bubble. This is caused by the pressure difference in the
channel between the fluid behind and in front of the bubble (where the pressure is higher at that moment).
In Figure 5.8, it is visible that the bubble flow at the cathode indeed goes in the opposite (downwards)
direction compared to a situation without big bubbles. Behind large bubbles, bubble vortices arise as
well. We also see an uniform upward flow direction well behind the bubble (see the bottom snapshot in
Figure 5.8). In addition to larger bubbles getting trapped, they frequently collide with the element, leading
to a change in their direction. Subsequently, these larger bubbles follow a meandering path. To indicate
this, an example is made of this situation without the opposing wall nearby the cathode Figure 5.9. This
way, the bumping is clearly visible. At the bottom, we see a large bubble getting detached from the elastic
element entering "free" electrolyte. It remains close to the cathode until it finds the elastic element again
and starts a wavy trajectory.
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Figure 5.6: Cathodic side. 1600 A/m?. Electrode-wall distance 0.6 cm. Bubble encountering elastic element in bottom of
channel.
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Figure 5.7: Cathodic side. Five different time stamps with big bubble propagating trough the channel upwards (left in figure).
1600 A/m2. Electrode-wall distance 0.6 cm. 20 frames (0.02 seconds) in between successive frames. Zp200736.

Figure 5.8: Cathodic side. Five different time stamps with big bubble propagating trough the channel upwards (left in figure).
1600 A/m2. Electrode-wall distance 0.6 cm. 20 frames (0.02 seconds) in between successive frames. Effect on velocity field
visible. Zp200736.
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Figure 5.9: Cathodic side. Typical bump against elastic element. Current density of 1000 A/m2. Large electrode-wall distance
to have clear view of elastic element effect. Zp200736 electrode.
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5.2. Mist height versus electrode-wall distance, electrode height and current
density

In Figure 5.10, an example is given of a series of experiments. This configuration in particular is the
zp200699 electrode pair with a distance of 1.2 cm from the cathode to the opposing wall. The electrolyte
height is 14.5 cm. An illustrative example of the light intensity analysis can be observed in Figure 5.11.
All the examined electrolysis configurations are given in Appendix D. These are used to determine the
depth of all mist plumes. For the first set of experiments, the different vortex heights for the different
configurations are shown in Figure 5.12. These are all made when analyzing the zp200699 cathodic side
see Table 4.1. This analysis is done to see what the mist depth behaves like for low current densities.
Most notable is that for the lower electrode-wall distance configuration, the mist reaches a relatively
deeper level (ratio around 0.5 the electrode height) than the bigger electrode-wall distance configuration.
Higher current densities are examined with the zp200736 electrode setup. When reaching higher current
densities, see Figure 5.13b, the influence of changing the electrode-wall distance seems lower than that
of changing height of the electrolyte. Additionally, we observed that the mist depth reached a maximum
value at around 800 A/m?2, after which it seemed to stabilize. The mist never reaches the bottom of the
channel. Obviously, these two different sets of experiments should not be compared thoroughly with
each other, as the lighting and sets of electrodes differ. The shortcomings of this measurement method
are elaborated on more extensively in chapter 6.

Figure 5.10: Cathodic side. Fully developed electrolysis, from left to right, 100 - 600 A/m?. Electrode-wall distance 1.2 cm.
Electrolyte height 14.5 cm. Zp200699 electrode. 60 seconds after applying current. Red dots denote centimeters.
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Figure 5.11: Cathodic side. Intensity overview of fully developed electrolysis, 100 - 600 A/m?2 with contour lines. Zp200699

electrode. Electrolyte height 14.5 cm. 60 seconds after applying current.
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(a) Mist heights for the different electrode-wall distances 1.0 and 1.5
cm, different electrolyte heights (9.0 and 13.0 cm) for a range of
current densities. The electrode is placed on the bottom of the cell.
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(b) Mist heights for the different electrode-wall distances 0.5 - 1.5 cm,
different electrolyte heights (5.0 and 10.0 cm) for a range of current
densities. The electrode is placed on the bottom of the cell.
Zp200736 electrode.

Figure 5.13: Comparison for lower current densities up to 600 A/m? (a) and higher current densities to 1600 A/m? (b). The
ratio of the maximum depth divided by the channel depth is provided next to the respective value.

Bubble Mist Depth versus Current Density
T I T I T

0 T T
A0F T Tl 1
20F 7-7-"""'"--——r-.,_,__r_7__7_7_ I
30 - ~ i
3 e
£ ~
B a0t T 1
= >
© .
o]
e
= .
@ .50 o i
= pT
o .
@ -
D - ~
60 \\\“*-k N
gap 1.0 cm, Channel 9cm )
70l gap 1.0 cm, Channel 11em | "~ _ |
) gap 1.0 cm, Channel 13cm T N
———— gap 1.5 cm, Channel 9cm T
———— gap 1.5 cm, Channel 11cm T
80 gap 1.5 cm, Channel 13cm Tl L |
- gap 1.2 cm, Channel 14.5 cm e
—mmes gap 2.4 cm, Channel 14.5 cm
90 ! ! ! ! ! ! !
200 250 300 350 400 450 500 550

600

Current Density [A/m2]

Figure 5.12: Mist heights for the different electrode-wall distances 1.0 - 2.4 cm, different electrolyte heights (9 - 14.5 cm) for a
range of current densities. The electrode is placed on the bottom of the cell.
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5.3. Bubble Plume Analysis

With the help of the high speed camera both PIV tracking and the average light intensity method have been
examined. In Figure 5.15, the bubble plume created by analyzing the light intensity. In Figure 5.16, the
results of 200 and 550 A/m? are given from analysis with the PIV strategy. Albeit difficult to quantify,
it is clearly visible that for the different current densities, different heights can be depicted as heights
where turbulent behaviour occurs. Besides computational analysis, the movies are also analysed visually
to depict abnormalities or on the other hand structural phenomena happening at certain configurations.
For different heights along the zp200699 cathode, the bubble plumes are given in Appendix E. These
plumes are examined for current densities of 20, 70, 200 and 550 A/m?. Some configurations showed
abnormalities that need to be in discussed in particular. Already at a relatively low height between 5
and 8 cm high, at 550 A/m?, irregularities were found when analyzing the plumes more thoroughly, see
Figure 5.14a. It is clear more of these ’bursts’ are occurring for higher current densities, which might be
caused by turbulence in the channel. It is too inconsistent however to link these turbulent phenomena to
any of the parameters (height, current density or electrode-wall distance).

Bubble trajectories A detached larger bubble’s trajectory is shown in Figure 5.14c. The earlier de-
scribed meandering path is again visible, here with an amplitude of approximately 0.5 cm and a wavelength
between 2.5 cm and 3.0 cm. The estimated bubble diameter is 2.1 mm. The rise velocity is around 20
cm/s. For a higher current density of 2000 A/m?, the bubble trajectory of a 1.8 mm bubble consisted of
an amplitude of 0.3 cm, a wavelength of 2.0 cm and an upward velocity of approximately 18 cm/s. These
trajectories are in agreement with earlier findings of Baczyzmalski [25], described in subsection 2.2.2,
although the velocities of the big bubbles at higher current densities are slightly higher than the corres-
ponding bubble velocities found in Figure 2.7.
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(a) Bubble burst in bubble plume 5-8 (b) Bubble burst in bubble plume (c) Big bubble trajectory at
cm 11-14 cm 5-8 cm

Figure 5.14: Zp200699 cathode. Irregularities in the form of bubble bursts at different heights along the cathode at 550 A/m?.
A large bubble (~ 2.1 mm) trajectory is shown in (c). Time between first and last frame equals 0.15 seconds
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Electrolyte height 16.5cm

20 Am™2 70 Am2 200 Am32 550 Am 2

Figure 5.15: Cathodic side. Bubble plume when using the average light intensity over a whole 0.6 second movie.
Electrode-wall distance large (~ 3 cm) to prevent back-flow interference. Zp200699 electrodes.
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Figure 5.16: Cathodic side. Bubble plume PIV. Current densities of 200 (left) and 550 (right) A/mZ2. Electrode-wall distance

large (~ 3 cm) to prevent back-flow interference. Zp200699 electrodes.






6

Conclusions and Discussion

6.1. Conclusions
Vortex formation For this part of the research the research question is:

e How does manipulation of current density, electrolyte height and electrode-wall distance influence
the quantity, size, and shape of vortices within the electrolyte during zero-gap water electrolysis?

First of all, there are various conclusions that can be made. The PIV method is a convenient tool to track
bubbles in electrolysis, when working with ambient lighting and/or a laser, depending on the purposes
of the measurements. Highly recommended, especially for analysis of higher current densities (> 400
A/m?), is the use of a high speed camera with capabilities of at least around 1000 fps to be able to track
single bubbles. With the help of PIV, some knowledge is gained concerning the formation of vortices
at the cathodic side of alkaline water electrolysers. Bubble vortices are notably present at the top of the
channel in many of the examined configurations. Analyzing fully developed electrolysis configurations
showed a significant number of vortices visible in the lower regions of the channels as well. In general, a
lower electrode-wall distance resulted in more recirculating activity throughout the channel. This is clear
when comparing similar current densities for the cases of 0.5 and 1.0 cm with equal electrode heights
of 7.5 cm, see Figure 5.2 and Figure 5.3 respectively. Additionally, in these figures, we see that higher
current densities lead to more activity in the bulk (lower region) as well and caused bubble circulation
at deeper levels within the channel. It becomes clear that the top vortex becomes denser and smaller at
higher current densities when having a larger electrode-wall distance of 1.0 cm. This is clearly visible
in Figure 5.3. In this figure there is also less activity noticeable in the bulk of the channel. Different
current densities were also examined for a 1.5 cm electrode-wall distance. Here, a higher current density
seemed to lead to more vortices in the bulk as well. However, also lower current densities showed vortex
formation, see Figure C.7, albeit containing lower bubble velocities than the top vortex in such channels.
The results when applying an elastic element against the cathode were significantly different. When
performing the exact same measurement configurations, the elastic element seemed to counteract much
of the activity in the bulk. Hardly any flow directions other than upwards or downwards are visible. For
a smaller electrode-wall distance (0.6 cm) configuration, where the elastic element covered the entire
cathode-wall distance, this was different. Especially when looking at lower velocity regions, lots of small
vortices where present in the bulk, also at lower current densities of 400 A/m?. While the vortex formation
experiments have provided some insights, it remains challenging to establish a direct correlation between
specific parameters and the stimulation or damping of vortices.

Mist depth analysis The second research question of this thesis is:

e How do variations in electrode-wall distance, current density, and electrode height influence mist
height in zero-gap electrolysers?

Some observations can be safely obtained from the bubble mist depth measurements. We see that bubble
mist increases (gets deeper in the channel) when increasing the current density. Also decreasing the
electrode-wall distance leads to deeper mist plumes. Most interestingly, we see that increasing the height
of the electrolyte directly leads to an increase in the mist depth as well. Even when dividing the mist
depth by channel length, this ratio is biggest for larger electrolyte heights. When analyzing the larger
current densities with the other electrode pair (zp200736 electrodes with slotted apertures instead of
the diamond apertures in the zp200699 electrodes), there is almost no distinction between the bubble
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mists when varying the electrode-wall distances. As we do not even see big differences for this electrode
pairing in their influence on mist depths when altering electrode-wall distances at lower current densities,
we can conclude that the differences in measurement circumstances and configuration cause the lack of
reproducibility. Gas bubbles can recirculate to 90 percent of the channel depth in certain configurations.
The bubble mist never reaches the bottom of the channel during examining the configurations in this
research.

Bubble plume analysis The final research question:

e How does varying parameters like current density and height along the cathode influence the thick-

ness of the bubble plume originating and turbulent behaviour?

Firstly, we see what we would expect from rising bubble plumes as they grow thicker with increasing
height along the cathode, see Appendix E. The thickness of the bubble plume is also influenced by in-
creasing the current density. Additionally, some turbulent behaviour is definitely observed, especially
at higher current densities. After analyzing some separated larger bubbles, agreement was found with
earlier studies regarding amplitude and wavelength of the wavy trajectory of these bubbles. Regarding
analysis strategy, the PIV method tracking individual bubbles gives a decent overview of the bubble
plumes thickness and the overall stability of the plume versus height, see Figure 5.16. It is however not
easy to depict a certain height where turbulence instigates. Additionally, implementing the average in-
tensity of light seems a promising method to facilitating the analysis of these plumes. Intriguing was
analysing bubble trajectories visually to get an overview of several discrepancies like big bubble traject-
ories or bubble burst, which seem to indicate turbulent behaviour. These can be missed if just analyzing
movies computationally.

6.2. Discussion and Further Research

Vortex formation When analyzing the average velocities over 0.01 seconds, many vortices and inter-
esting behaviour can be depicted. However, it remains the question to what extend these vortices in the
bulk can be linked to turbulence. The lower electrode-wall distances result in less reproducible results
in terms of concrete conclusions, but that can actually be caused by occurrence of turbulent behaviour.
There are also some practical limitations to the PIV method. Firstly, the Stokes velocity is subtracted
from the average flow field. A certain bubble size (50 microns) is assumed here for all bubbles. As-
suming one bubble size is obviously a big limitation to the validness of the results, as we see that even
a bubble size of 100 microns already has effect on the depicted vortices in Figure C.12. Therefore, a
separate bubble recognizing script should be implemented on the videos. This way, a more accurate
Stokes velocity can be subtracted from the bubble velocities to create values closer to the fluid velocities.
Being able to recognize bubble sizes helps researchers to accurately model bubble and fluid flows in the
future. Additionally, at locations in the channel where no bubbles are present, there is a vector added in
the current script. Another issue is the lighting helping the experiments. For an accurate view of one
sheet of bubbles a laser is used. This sometimes caused issues as the light of the laser was centered at the
point closest to the source, which led to brighter mist in the bulk of the channel. A more versatile light
source may improve the images. When the script is updated for bubble tracking and a light sheet is evenly
spread, further research can really extend the created data during this project. As we want to accurately
link parameters like electrode-wall distance, electrolyte height and current density to vortex formation or
turbulent behaviour, these criteria are essential.

Mist depth analysis There are several shortcomings to the bubble mist experiments unfortunately. The
use of two different sets of electrodes led to differences in basic findings. This means no universal con-
clusions can be made regarding adjusting the electrode-wall distance and the results on the bubble mist
plume. As can be seen in the results, a certain brightness is set to compare different current densities. It
is believed a certain size of bubbles correlates with the light intensity. Picking a slightly different value
to calibrate the mist depth with, can lead to significantly other results. This might be the reason for the
differences between the outcomes of the two separate experiments. Firstly, the lighting in the room where
the second part of the experiments was performed was much less bright than the more ambient lighting
present at the first experiment’s location. Picking a brighter or less bright value for calibration can cause
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different sizes of bubbles to be included as "mist". As mentioned, the different electrode pairing might
lead to overall different sizes of bubbles and therefore different light intensities. Because of this, a dif-
ferent approach should be chosen. Due to the significance of bubble sizes for this part of the project, it
would help if one would be able to fit a bubble recognition script on this as well.

Bubble plume analysis The plume analysis consisted of many unknowns towards the best strategy to
analyze turbulent behaviour. The two predominantly used computational strategies leading to the vortex
formation and the mist height results gave varying results in terms of quality. The PIV method did show
qualities in tracking the width of a bubble plume. It shows turbulent behaviour but it remains unclear
where exactly the bubble bursts or other turbulent phenomena occur when averaging over a couple of
frames. When refining the average light intensity method, significant potential for improvement becomes
evident. Again, a more evenly distributed lighting over the whole frame would be beneficial. Thereby, a
high resolution camera that is able to film the whole cell at once (so not the segmented videos as made
use of during this project), would lead to more reliable results. In the average light intensity figure, Fig-
ure 5.15, it is evident that there exists a disparity in brightness between the upper region of one frame and
the lower portion of the subsequent frame. This discrepancy results in an uneven appearance of the plume
at the point where two frames intersect. When having high electrode-wall distances, less recirculating
bubbles interfere with the bubble plume, so if one is solely invested in bubble plume behaviour, a large
electrode-wall distance compared to electrode height is beneficial. To gain actual correlations between
parameters and turbulence in the form of bursts of bubbles out of the plume, much more movies and
different configurations need to be tested.

In summary, to establish definitive correlations between parameters and turbulent behaviour, future in-
vestigations should conduct a wider range of experiments, varying electrode-wall distances, electrolyte
heights, and current densities. Additionally, the use of a high-speed camera with full-view recording cap-
abilities in combination with better lighting equipment will allow researchers to capture critical events,
such as bubble bursts, contributing to a more in-depth understanding of turbulence in the system. A
method to track bubbles and their sizes would be a significant improvement to this research.






Appendices

51






53

A

Gas Fraction



54 A. Gas Fraction

Figure A.1: Gas evolution in channels. Anodic (electrode-wall distance 6 mm) and cathodic (electrode-wall distance 5 mm)
side at the left and right of the membrane respectively. Current densities of 100 (left), 1000 (middle) and 6000 A/m?2.
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Gas Fraction vs. Current Density and Height
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Figure A.2: Gas fraction & for a range of current densities of 0 to 6000 A/m2. Gas fraction values given at different ;.
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C

Vortex Analysis

100 87.5 75 62.5 50 37.5 25
X (mm)

Figure C.1: Cathodic side. Average vector field 500 A/m?Z. Captured at a frame rate of 1000 fps. Gap to wall = 1 cm. No
subtraction Stokes velocity

100 87.5 75 62.5 50 37.5 25
X (mm)

Figure C.2: Cathodic side. Average vector field 500 A/m?. Captured at a frame rate of 1000 fps. Gap to wall = 1 cm. Stokes
velocity subtracted.
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C. Vortex Analysis
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Figure C.3: Average vector field 400 A/m?. Captured at a frame rate of 30 fps. The red lines denote the location of the wall
(top) and the cathode (red). Velocities are also notable below the cathode as also a small portion of the anodic side is filmed.
The electrolyte level was at 105 mm.
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Figure C.6: Cathodic side. Left: 500 A/m?2. Right: 1100 A/m2. Electrode-wall distance 1.0 cm. The electrolyte level at 7.5

cm. Zp200705 electrode. Lower area highlighted. Different movement patterns visible.
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Figure C.4: Cathodic side. Left: 200 A/m2. Right: 400 A/m2. Electrode-wall distance 0.5 cm. The electrolyte level at 7.5 cm.

Zp200705 electrode. Additionally, the results without color map are given.
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Figure C.5: Cathodic side. Left: 800 A/m2. Right: 1600 A/m2. Electrode-wall distance 0.5 cm. The electrolyte level at 7.5

cm. Zp200705 electrode. Additionally, the results without color map are given.
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Figure C.10: Cathodic side. 400 A/m2. Left: no elastic element. Right: elastic element. Electrode-wall distance 0.6 cm. 60

seconds after applying current.
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Figure C.11: Cathodic side. Elastic element. Left: 400 A/m2. Right: 800 A/m?. Electrode-wall distance 0.6 cm. 60 seconds
after applying current.
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Figure C.12: Cathodic side. Elastic element. 800 A/m?. Left: 50 microns diameter bubbles. Right: 100 microns diameter
bubbles. Electrode-wall distance 0.6 cm. 60 seconds after applying current. Stokes velocity 4x higher for 100 microns. Clear
effect on the vectors. Vortices still visible. Centre of vortices depicted in green.
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Figure E.1: Bubble plume 20, 70, 200, 550 A/m2. Electrode height 2-5 cm.
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Figure E.2: Bubble plume 20, 70, 200, 550 A/m?. Electrode height 5-8 cm.
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Figure E.3: Bubble plume 20, 70, 200, 550 A/m?. Electrode height 8-11 cm.
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Figure E.4: Bubble plume 20, 70, 200, 550 A/m?. Electrode height 11-14 cm.
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Figure E.5: Bubble plume 20, 70, 200, 550 A/m?. Electrode height 14-17 cm. At the top, one of the bolts connecting the
cathode to the membrane and anode is visible.
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