
Characterisation of flow
and bubble phenomena

in a high pressure
alkaline water
electrolyser.

by

T. Kleist
to obtain the degree of Master of Science
at the Delft University of Technology,

to be defended publicly on Thuesday July 6, 2021 at 10:00 AM.

Student number: 4212746
Project duration: August 1, 2020 – July 6, 2021
Thesis committee: Dr. ir. J. W. Haverkort, TU Delft, supervisor

Dr. ir. W. P. Breugem, TU Delft
Dr. ir. M. T. De. Groot, Nouryon
Ir. J. Van. Kranendonk, Zero Emission Fuels

This thesis is confidential and cannot be made public until December 31, 2022.

An electronic version of this thesis is available at http://repository.tudelft.nl/.

http://repository.tudelft.nl/




Abstract
Zero Emission Fuels B.V (ZEF) is currently in the process of designing and prototyping a sustainable
methanol microplant, which captures water vapor and carbon dioxide from the atmosphere and uses
those components to eventually produce methanol. In order to produce methanol, hydrogen is required
which is produced from the captured water by electrolysis in a zero gap design, high pressure alkaline
water electrolyser. The pressure in the electrolysis setup is regulated at a desired operating pressure
of 50 bar by a pressure control system, designed by ZEF.

Insight is required in how the flow of electrolyte and bubbles behaves in the electrolysis setup and the
electrolyser cells, in order to implement design or operation condition changes to allow for an efficient
operation in the eventual microplant.

This study focuses on the experimental characterization of the flow and bubble phenomena in the
ZEF electrolyser design, during operation at a desired pressure of 50 bar, with the use of visualization
by video footage inside the electrolyser cells. Camera equipment used for the visualization consists
of a microscope camera and a GoPro camera. An ultrasound Doppler velocimetry device (UDV) was
used to measure the electrolyte flow velocity and direction in different parts of the electrolysis setup, in
order to substantiate findings made by the camera equipment.

Experiments were conducted with an electrolysis setup based on the current electrolyser design
made by ZEF, with the addition of a transparent addon to allow for visualization of the flow and bubbles
inside an electrolyser cell on the oxygen side. First the operation of the electrolyser was characterized
by means of IV curves and temperatures, followed by visualization experiments for varying operating
pressures and current densities at different parts of the electrolyser cell.

One of the main observations made during the visualization experiments is the periodic occurrence
of stagnation of electrolyte and gas flow out of the electrolyser. Stagnation of the flow occurs inside
the electrolyser cells on the oxygen side, at the top channels leading the flow out of the electrolyser
cells, to eventually a flash tank. Different multiphase flow regimes were observed during active flow
through the top channels, which vary based on the operating current density, pressure and temperature.
Bubble behavior was observed at different positions on the electrode in the electrolyser cell and possible
enhancement of gas crossover was detected in the electrolysis setup and investigated.

The effect of the pressure control system on the operation of the electrolyser was also investigated
and showed to affect the electrolyte flow direction in the electrolysis system. Models were made to
validate and explain the findings from the visualization video footage and characterization of the elec
trolyser. A previous made model that characterizes the flow in the electrolysis system is used for
comparison.

Due to the lack of a temperature regulation system, a finned tube heat exchanger was modelled to
be implemented in the experimental setup as for the eventual electrolysis setup.

Based on the findings from the experiments, recommendations are proposed regarding the experi
mental and eventual design, and for further development of the high pressure alkaline water electrolyser
and the electrolysis system.
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Θ Constant for heat exchanger calculation []
𝜙 Circumferential angle []
Ψ Prandtl number function []
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𝐹 Force [N]
𝐺 Gibbs free energy [𝐽/𝑘𝑔]
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𝑗 Current density [𝐴/𝑐𝑚2]
𝑘 Thermal conductivity [𝑊/𝑚𝐾]
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𝐾 Resistance coefficient [𝑘𝑔/𝑠𝑚4
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𝐿𝑀𝑇𝐷 Log mean temperature difference [𝐾]
�̇� Mass flow [𝑘𝑔/𝑠]
�̇� Molar flux [𝑚𝑜𝑙/𝑚2𝑠]
𝑁𝑢 Nusselt number []
𝑝 Pressure [bar]
𝑃 Wetted perimeter [m]
𝑃𝑟 Prandtl number []
𝑄 Generated heat [𝑊]
𝑟 Radius [𝑚]
𝑅 Resistance [Ω]
𝑅 Gas constant [𝑚3𝑝𝑎/𝐾𝑚𝑜𝑙]
𝑅𝑎 Rayleigh number []
𝑅𝑒 Reynolds number []
𝑠 Fin spacing [m]
𝑆 Entropy [𝐽/𝑘𝑔 ⋅ 𝐾]
𝑡 Time [s]
𝑇 Temperature [𝐾]
𝑢 Velocity [𝑚/𝑠]
𝑈 Voltage [𝑉]
𝑣 Molar volume [𝑚3/𝑚𝑜𝑙]
�̇� Volumetric flow rate [𝑐𝑚3/𝑠]
𝑋 Constant for heat exchanger calculation []
𝑧 Number of electrons []
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Contents 3

Subscripts
𝑎 Air stream
𝑎𝑖𝑟 Air
𝑎𝑛𝑜𝑑𝑒 Anode
𝑎𝑚 Ambient air
𝑏 Base
𝐵 Buoyancy
𝑏𝑢𝑏𝑏𝑙𝑒 Bubble
𝑐𝑎𝑡ℎ𝑜𝑑𝑒 Cathode
𝑐𝑒𝑙𝑙 Electrolyser cell
𝑐𝑖𝑟𝑐𝑢𝑖𝑡 Circuit
𝑐𝑟𝑖𝑟𝑐 Circular
𝑐𝑟𝑖𝑡 Critical
𝑑𝑖𝑎 Diaphragm
𝑑𝑖𝑓𝑓 Diffusion
𝐷 Drag
𝑒𝑙𝑒𝑐 Electrolyte
𝑒𝑓𝑓 Effective
𝑓 Fin
𝑓𝑜𝑜𝑡𝑒𝑟 Footer channel
𝐹𝑎𝑟𝑎𝑑𝑖𝑐 Faradic
𝑔 Gas
ℎ𝑒𝑎𝑑𝑒𝑟 Header channel
ℎ𝑒𝑎𝑡 Heat exchanger
𝐻𝐻𝑉 Higher heating value
𝑖 Inner
𝑖 Specific component
𝑖𝑛 Inlet
𝑖𝑜𝑛𝑠 Ions
𝑙 liquid
𝐿 lift
𝑚𝑒𝑚 Membrane
𝑚𝑒𝑡𝑒𝑟 Per meter
𝑜 Outer
𝑜𝑢𝑡 Outer
𝑝 At constant pressure
𝑝𝑜𝑟𝑒 Pore
𝑟 Mean
𝑟𝑒𝑣 Reversible
𝑟 Mean
𝑠𝑙𝑢𝑔 slug
𝑆 Interfacial
𝑡ℎ Thermal
𝑡𝑜𝑡𝑎𝑙 Total
𝑡𝑢𝑏𝑒 Tube
𝑣 At constant volume
𝑣𝑜𝑙𝑡𝑎𝑔𝑒 Voltage
𝑉 Volumetric
𝑥 X direction
𝑦 Y direction
𝑌 Yield

Chemical
𝐶𝐻3𝑂𝐻 Methanol
𝐶𝑂2 Carbon Dioxide
𝐻2 Hydrogen
𝐻2𝑂 Water
𝐾𝑂𝐻 Potassium hydroxide
𝑂2 Oxygen
𝐻𝑂− Hydroxide

Abbreviations
AEC Alkaline electrolysis cell
AWE Alkaline water electrolysis
DAC Direct air capture
EU European union
FM Fluid machinery
HHV Higher heating value
KOH Potassium hydroxide
LEL Lower explosion limit
MS Methanol synthesis
PEM Polymer electrolyte membrane
PSU Polysulfone
UEL Upper explosion limit
ZEF Zero Emission fuels
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Introduction.

1.1. Global warming and the use of sustainable energy.
The world is in great demand of energy to keep the planet running. It relies heavily on the use of fossil fuels for its energy
production, as well for other products like plastics [40]. The large scale use of fossil fuels over the past years has depleted
the reserves present at our globe [56]. The depletion is rapidly increasing and will leave our society with the problem of finding
alternative energy sources.

Since the end of the 19th century the use of fossil has been increasing ever since with an alarming rate. The industrial
revolution has led to the increase of use of coal at first. Halfway the 20th century the use of crude oil and natural gas became
more popular besides coal. The graph in figure 1.1 shows the consumption of fossil fuels since the 19th century [50].

Figure 1.1: Fossil fuel consumption world wide since the 19th century [50].

From the graph it becomes clear that in the last decades the consumption of the of fossil fuels has seen the largest increase
and even now is increasing. The reserves of fossil fuels, present at our globe, will eventually be exhausted if they are not given
the time to replenish [56]. Besides the eventual exhaustion of the fossil fuels, there is an even larger problem occurring with the
large scale use of fossil fuels. The last few decades, the use of fossil fuels has led to an increase in the atmospheric carbon
dioxide concentration at our planet [74]. If one looks at the annual total carbon dioxide (CO2) emission world wide for the last
three centuries, a rapid increase since the 1950’s becomes visible [48].

Carbon dioxide is called a greenhouse gas. The release of greenhouse gasses in the atmosphere the last few decades has
led to the greenhouse effect, which results in the steadily increase of the global average temperature [39]. The global warming
of the planet has to be limited, otherwise the rise of the global average temperature will increase to an alarming level. The Paris
Agreement by the United Nations aimed at holding the global warming well below 2 ∘C [51]. Even at the best scenario, where the
emission of greenhouse gasses will only see a minor growth, the global average temperature will increase with approximately
2 ∘C [38]. This will have a large negative impact on the planet, so renewable sources of energy are required to fill the energy
consumption need.

The last few years there is a positive, and necessary, growth in the use of renewable energy sources. The energy production
from clean sources, namely solar, wind and hydro energy, has increased significantly, as shown in figure 1.2. Over the years,
research has been done on renewable energy [32], and it is expected that renewable energy sources will provide between 30 %
and 80 % of the world energy demand in 2100 [42].
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6 1. Introduction.

Figure 1.2: Increase in energy production by renewable energy sources from 1965 to 2019 [49].

A lot of research is done on the CO2 emission neutral or free energy production and the technologies to do so become more
efficient. Besides the providing of energy in the form of clean electricity, there is also the demand of a clean fuel which can be
used for transportation and energy production or storage purposes. Methanol is a substance which can meet to this demand. It
can be used as a storage medium to store electrical generated energy into chemical energy [47]. The storage can be done in
the form of a liquid fuel which can easily be transported. Methanol can be used as a fuel, or fuel additive, to power vehicles [25].
The production of methanol can come from a lot of different sources, which makes it more attractive to produce. In the end is
methanol a clean energy source that has a lot of positives as an energy storage medium and for energy production.

1.2. Zero emission fuels B.V.
Zero Emission Fuels B.V (ZEF) is a startup company that is specialized in zero emission technology. Their goal is to produce
methanol with a process that is CO2 neutral, to contribute in a positive way to the global warming of the planet. ZEF is currently
working on designing and prototyping a microplant which will be used for methanol synthesis. The production of methanol is
powered by the surplus energy of solar panels. The microplant is able to capture water and CO2 from the atmosphere, and
uses those as feed stock for the methanol synthesis.

The future as seen by ZEF, is a large solar panel farm with small microplants connected to three solar panels each. The
advantage of the microplants are that they can be easily disconnected from the solar panels for maintenance or repairs. Because
of the small size and flexibility, the microplants allow for dynamic operation and have a potential for mass production.

1.2.1. ZEF microplant.
The ZEF microplant is divided into five subsystems which each contribute to the production of methanol from sunlight and air.
Each subsystem has his own task and works together with the other subsystems in order to let the microplant producemethanol.
The five subsystems and a short description are presented below:

• Direct Air Capture (DAC): Captures CO2 and water vapor from the atmosphere. The system separates the captured
gasses into two product streams.

• Fluid Machinery (FM): The captured CO2 is transported to the FM subsystem and pressurized to a pressure of 50 bar.
Possible presence of water is purged from the product stream.

• Alkaline Electrolysis (AEC): In this subsystem water is converted at high pressure into hydrogen and oxygen, by an
alkaline water electrolyser. The hydrogen is supplied to the methanol synthesis subsystem and the oxygen is sent to a
degasser unit.

• Methanol Synthesis (MS): The produced hydrogen and the pressurized CO2 are supplied to the MS subsystem and are
synthesized to form methanol and water.

• Distillation (DS): During the synthesis of methanol, water is formed as a byproduct. In order to produce grade AA (98%
pure) methanol the water is separated from the final product by a distillation column.

The five subsystems can be presented in the form of a process diagram. A simplified version of the process diagram of the ZEF
microplant can be seen in figure 1.3.
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1.3. Thesis scope. 7

Figure 1.3: Simplified process diagram of the ZEF microplant, containing the five subsystems. Focus of this thesis is on the
AEC subsystem.

1.2.2. Alkaline Electrolysis subsystem.
The focus of this thesis is on the alkaline water Electrolyser in the AEC subsystem. The AEC subsystem consists of four smaller
subsystems: a pressure booster, a degasser unit, the alkaline water electrolyser and two flash separators. Figure 1.4 shows a
schematic representation of the AEC subsystem.

Figure 1.4: Simplified process diagram of the AEC subsystem, consisting of a pressure booster, a degasser unit, two flash tanks
and the alkaline water electrolyser.

Water captured from the atmosphere enters the AEC subsystem in the degasser unit, where any residual CO2 is removed
from thewater stream. Thewater is removedwith the use of oxygen that is produced by the electrolysis process in the electrolyser.
The purified water is pressurized in the pressure booster to a pressure of 50 bar and transported to the alkaline electrolyser.
At the electrolyser the electrolysis of the water happens and hydrogen and oxygen are produced at a pressure of 50 bar. The
produced gasses are each transported to their own flash tank, where the gasses are separated from the alkaline solution.
The alkaline electrolyser itself is a complex and expensive part of the ZEF micro plant. An overview of the specifications of the
ZEF electrolyser are presented in appendix chapter B in table B.1.

The electrolyser consists of a stack of 18 cells, which are compressed and designed to operate under high pressure con
ditions of 50 bar while remaining leak tight. The configuration of the cells consists of a bipolar zerogap configuration and uses
Zirfon Perl UTP 500 diaphragms [62]. Potassium hydroxide (KOH) is used for the electrolyte. The pressure inside the electrolyser
is maintained by a pressure control system that uses liquid level sensors, pressure sensors and purging valves. Instead of using
a pump for the recirculation of the electrolyte, the flow is induced by natural convection. The natural convection is caused by the
bubble evolution at the electrodes of the electrolyser cells, and due to the pressure differences that occur inside the electrolyser
system.

1.3. Thesis scope.
One of the crucial phenomena that is related to efficient and safe operation of the electrolyser system is the flow inside the AEC
subsystem. The flow of the electrolyte is induced by natural convection and follows a certain path from the electrolyser halfcells
to the corresponding flash tank and recirculates back to the halfcells. Possible mixing of electrolyte from the hydrogen side and
oxygen side, by back flow or oscillating flow behaviour, will lead to gas crossover, which can lead to explosive mixtures being
present in the electrolyser stack. Stagnation and oscillating flow also lead to less efficient operation, which makes optimizing the
flow in the electrolyser stack even more important.

The mass flow and flow velocity also determine how efficient the temperature in the system can be regulated. At the moment,
there is no regulation of temperature possible in the AEC subsystem. When operating at higher operating current densities, the
temperatures in the AEC subsystem can rise significantly, increasing gas crossover and posing a risk to the integrity of the
electrolyser cells.
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8 1. Introduction.

With the above in mind, the scope of the thesis is determined. The main goal of the thesis is to characterise the flow and
bubble phenomena inside the ZEF alkaline electrolysis system, with the main focus on the flow phenomena. This to get a better
insight in the electrolysis process. In the end a flow characterisation map is made for the flow and bubble phenomena inside the
electrolysis system. The characterisation is substantiated by visualization of flow and bubble phenomena in a small scale high
pressure alkaline water electrolyser stack. Experiments are conducted on an experimental setup that represents the electrolysis
system from the ZEF microplant. During the visualization experiments, data is gathered by sensors and an ultrasound Doppler
velocimetry device. Experimental data is compared with literature and a previous model, made by I. Daniil [9], that predicts the
flow velocity in different elements (pipes, halfcells, flash tanks), the pressure in these elements and estimates the electrolyte
level and gas density in the flash tanks . The gathered experimental data will eventually be used to improve the flow in the
electrolyser system and implement a temperature regulation system that can keep the temperature on a desired level and can
accommodate to sudden temperature difference.

1.3.1. Research questions.
In order to get to the scope of the thesis, research questions are proposed. The last research question is added to investigate
the effect of pressure on the bubble behaviour when comparing low and high pressure operation. The purpose of the research
question is to gather scientific knowledge. The research questions are shown below:

• Does the characterisation of the flow and bubble phenomena, by a flow characterisation map, in the electrolysis
system impose operational restrictions for the electrolyser stack, regarding efficient and safe operation?

• Does the influence of the pressure control system lead to unexpected or undesired flow behaviour inside the
electrolysis system?

• Can an effective temperature regulation system be modeled and eventually installed for the electrolyser stack,
based on the observation and characterisation of the flow inside the electrolysis system?

• Does operating at a low pressure and a low current density lead to the same bubble behaviour as operating at a
high pressure and a high current density?
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2
Theoretical background study of alkaline

water electrolysis.
This chapter will give an insight in the theoretical background of alkaline water electrolysis. Previous literature is consulted, which
will contribute to a clear overview of all the relevant elements regarding water electrolysis. The literature study will serve as a
reference for understanding and validating certain phenomena that will occur during the experimental research.
The literature study starts with the explanation of the basics of water electrolysis and some in depth geometry. This is followed by
the system resistances, thermodynamics and efficiency determination of specifically alkaline water electrolysis. Subsequently
important subjects regarding the scope of the thesis, such as gas crossover, bubble influence, flow phenomena and high pressure
electrolysis, are discussed. Thereafter the state of the art on high pressure alkaline electrolysis is treated and a small summary
of the findings is presented at the end of the theoretical background study.

2.1. Basic principles of water electrolysis.
Electrolysis is an electrochemical process where liquid water molecules are split into hydrogen and oxygen in gas form, as shown
in equation 2.1. This process takes place in an electrolysis cell when a certain amount of electrical energy is supplied, which
allows the bonds between the water molecules to be broken.

𝐻2𝑂(𝑙) → 0.5𝑂2(𝑔) + 𝐻2(𝑔) (2.1)

The main components of a basic water electrolysis unit are the electrodes (the cathode and the anode), an electrolyte and a
power supply [71], as shown in figure 2.1. Both electrodes are connected to a power supply and are placed in an ion conducting
electrolyte. When a direct current (DC) is applied, electrons start flowing from the power supply to the negative cathode, where
the electrons are consumed by hydrogen ions (H) to form hydrogen. In order to balance the electrical charge, hydroxide ions
(OH) are transferred through the electrolyte to the positive anode, where the ions give away electrons and oxygen and water
are formed. Both sides of the electrolyser cell are separated by a diaphragm, which prevents mixing of the evolving gasses but
allows for ions and water molecules to permeate.

Figure 2.1: Schematic illustration of a basic water electrolysis unit. The main components and the electrochemical process are
presented. Figure adapted from Zeng et al. [71]
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10 2. Theoretical background study of alkaline water electrolysis.

At the moment, different electrolyte systems are developed for water electrolysis. The three main developed systems are:
alkaline water electrolysis (AWE), proton exchange diaphragm electrolysis (PEM) and solid oxide electrolysis (SOE) [7]. From
these electrolysis systems, AWE has the most mature technology and offers relatively stable operation and low capital cost. PEM
offers high efficiency, a compact design and less gas permeation compared to AWE. Both technologies are already commer
cialized while SOE is more in developing phase and not widely used yet. In appendix chapter A.9, typical specifications for the
different electrolyser systems are compared. In the remaining part of this theoretical study the focus will be on AWE technology,
since this is the electrolysis technology used in the ZEF microplant.

2.2. Alkaline water electrolysis.
An alkaline water electrolysis system follows the same operation principle as a basic water electrolysis system. The main
difference is in the electrolyte that is used for conducting the ions through the cell. For AWE, a strong base is used as the
electrolyte. The most common used electrolyte in alkaline water electrolysis is potassium hydroxide (KOH), because its avoids
huge corrosion losses [31] and offers a high conductivity [53]. Typically, KOH is used in an aqueous solution with a 2030 wt%
concentration with operating temperatures ranging from 50 to 90∘C [71].

Electrode material properties and morphology greatly influence the reaction kinetics that take place in AWE system [8]. The
most common electrode material used is nickel, due to its high catalytic activity and availability as well as low cost [33]. The
production of hydrogen occurs at negative cathode, while the production of oxygen occurs at the positive anode. The half reaction
that occurs on the surface of the anode and the cathode, is shown below in respectively equation 2.2 and equation 2.3.

2𝑂𝐻− ⟶𝐻2𝑂 + 0.5𝑂2 + 2𝑒− (2.2)

2𝐻2𝑂 + 2𝑒− ⟶𝐻2 + 2𝐻2𝑂 (2.3)

2.3. Electrolyser cell geometry.
The cell configuration of an alkaline water electrolyser consist usually of cells that are assembled in a stack. There are two
main stack designs, namely the monopolar and the bipolar stack design [53]. A defining geometrical aspect of alkaline water
electrolysers is the gap distance between the electrodes and the diaphragm. Based on the gap distance, an electrolyser can
either be defined as a finite gap or a zero gap design electrolyser. The main configurations of an alkaline water electrolyser is
treated in more detail in appendix chapter A.2.

2.4. Electrolysis system resistances.
In order to achieve the electrochemical reaction process, a sufficient electrical energy supply is required. The required energy
is increased by the electrical resistances in the water electrolyser. These resistances are from the circuit, activation energies
necessary for the electrochemical reaction to occur on the electrode surfaces, effective electrode surface area due to partial
coverage of gas bubble formation and the ionic transfer resistances within the electrolyte solution [71]. Figure 2.2 shows an
electrical circuit analogy of the resistances present in a water electrolysis system.

Figure 2.2: Electrical circuit analogy of the resistances present in a water electrolysis system. The resistance Rmembrane is
referred to as Rdia in the report. Figure adapted from Zeng et al. [71]

.

The resistance on the left, R1, is the external electrical circuit resistance at the anode. The resistance includes the wiring
and connections to the anode. Resistance Ranode originates from the overpotential of the oxygen formation reaction a the
anode surface area. Rbubble,O2 is the resistance due to the partial coverage of the anode surface area by the formed oxygen
bubbles. The electrolyte and diaphragm resistances are represented by respectively Rions and Rdia. Rbubble,H2 originates from
the partial coverage of the cathode surface area by the the formation of hydrogen bubbles. Rcathode is the resistance caused by
the overpotential of the hydrogen formation at the cathode surface area and R1

’ is the external electrical circuit resistance of the
cathode. From the electrical circuit analogy, the total resistance can be expressed by equation 2.4.

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅1 + 𝑅𝑎𝑛𝑜𝑑𝑒 + 𝑅𝑏𝑢𝑏𝑏𝑙𝑒,𝑂2 + 𝑅𝑖𝑜𝑛𝑠 + 𝑅𝑑𝑖𝑎 + 𝑅𝑏𝑢𝑏𝑏𝑙𝑒,𝐻2 + 𝑅𝑐𝑎𝑡ℎ𝑜𝑑𝑒 + 𝑅
′
1 (2.4)

The system resistances can be divided into three categories. These are the electrical circuit, the transport and the electro
chemical reaction resistances. All resistance categories are treated below.

2.4.1. Circuit resistances.
The electrical circuit resistances at the anode and the cathode come from the wiring and and connections, represented by R1
and R1

’. These resistances can be calculated with the use of Ohm’s law. The calculation is presented in equation 2.5.

𝑅1 =
𝑈
𝐼 (2.5)
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2.5. Electrolysis thermodynamics. 11

Here U stand for the applied voltage and I for the applied current. The electrical circuit resistances can also be calculated
with the physics equation, shown in equation 2.5.

𝑅1 =
𝐿

Κ ⋅ 𝐴 (2.6)

In the equation L, Κ and A stand for the length, specific conductivity and cross sectional are of the conductor.

2.4.2. Transport resistances.
The transport related resistances are the physical resistances in the electrolysis process. The gas bubbles covering the electrode
surfaces of the electrodes and the presence of the bubbles in the electrolyte solution are an example of the resistances. The
resistances to the ionic transfer in the electrolyte and the diaphragm resistance also contribute to the resistance. Altogether do
the transport resistances consist of Rbubble,O2, Rions, Rdia and Rbubble,H2. Resistance to the flow of ions in the electrolyte and
resistance to the flow of electrons can be named as ohmic losses.

2.4.3. Electrochemical reaction resistances.
The overpotentials required in order to overcome the activation energies of the hydrogen and oxygen formation reaction are due to
the electrochemical resistances. The reaction resistances cause the increase in overall cell potential and are the energy barriers
of the reactions, which determine the kinetics of the electrochemical reactions [3]. The reactions resistances are represented by
Ranode and Rcathode. When improving the energy efficiency of a water electrolysis process, and the performance of the system,
the understanding of these resistances and minimizing them is of utmost importance.

2.5. Electrolysis thermodynamics.
The electrolysis of water requires an energy input for the reaction to occur. The minimum amount of energy is called the equilib
rium cell voltage, which can be defined as the potential difference between the anode and cathode [67]. The definition is shown
in equation 2.7, where U0𝑎𝑛𝑜𝑑𝑒 stands for the anode potential and U

0
𝑐𝑎𝑡ℎ𝑜𝑑𝑒 stands for the cathode potential.

𝑈0𝑐𝑒𝑙𝑙 = 𝑈0𝑎𝑛𝑜𝑑𝑒 − 𝑈0𝑐𝑎𝑡ℎ𝑜𝑑𝑒 (2.7)
The equilibrium cell voltage of an electrochemical cell can also be obtained from the change in Gibbs free energy. The

overall Gibbs free energy for standard conditions can be expressed with equation 2.8.

Δ𝐺0𝑐𝑒𝑙𝑙 = 𝑧 ⋅ 𝐹 ⋅ 𝑈0𝑐𝑒𝑙𝑙 . (2.8)
Here z stands for the number of electrons transferred, F is the Faraday constant and U0𝑐𝑒𝑙𝑙is the standard equilibrium potential

for water electrolysis. The driving force for a spontaneous cell reaction is the negative value of the Gibbs free energy change.
Which can be written as shown in equation 2.9 [53].

Δ𝐺𝑐𝑒𝑙𝑙 = Δ𝐻𝑐𝑒𝑙𝑙 − 𝑇Δ𝑆𝑐𝑒𝑙𝑙 (2.9)
Where Δ Hcell and Δ Scell stand for respectively the enthalpy change and the entropy change for the cell reaction, and T

stands for the temperature in Kelvin.

2.5.1. Thermodynamics at standard conditions.
At standard conditions (1 bar, 25 ∘C) the Gibbs free energy becomes +237.2 kJ mol1 [26], The Gibbs free energy can be used
to determine the equilibrium cell voltage, the minimum amount of electrical energy required in order to produce hydrogen, as
shown in equation 2.10.

𝑈𝑟𝑒𝑣 =
Δ𝐺0𝑐𝑒𝑙𝑙
𝑧 ⋅ 𝐹 = 237.2

2 ⋅ 96485 = 1.23 𝑉 (2.10)

This value of this cell voltage is 1.23 V and can also be specified as the reversible potential, which is represented by Urev in
the equation.

Since the Gibbs free energy has a positive value, the reaction is thermodynamically unfavourable at room temperature and
can only occur when heat is consumed. This means the overall reaction is endothermic. The additional amount of energy needed
can be supplied in the form of heat from an external heat source or by a sufficient supply of electrical energy, which generates
heat inside the electrolyser cell. The potential necessary for the electrolysis to occur with the additional supply of energy is called
the thermoneutral potential [46]. The thermoneutral potential can be calculated with equation 2.11 by using the enthalpy change
necessary for the reaction, which has a value of +285 kJ mol1.

𝑈𝑡ℎ =
Δ𝐻0

𝑐𝑒𝑙𝑙
𝑧 ⋅ 𝐹 = 285

2 ⋅ 96485 = 1.48 𝑉 (2.11)

In the equation Δ H0𝑐𝑒𝑙𝑙 stands for the enthalpy change and Uth represents the thermoneutral potential, which at standard
conditions has a value of 1.48 V.

2.5.2. Thermodynamics at elevated temperatures.
When operating at higher temperatures than room temperature, the thermodynamic functions, (Δ𝐺, Δ𝐻, Δ𝑆), have to be recon
sidered. The pressure and the absolute temperature are the two main variables which help to provide an expression of the
thermodynamic functions from which the reversible and thermoneutral potential of the electrolyser can be calculated. To show
the effect of temperature on the enthalpy change and the Gibbs energy change, figure 2.3 shows a plot of the enthalpy change
and Gibbs energy change, at a constant pressure of 1 bar, as a function of absolute temperature [28]. The relationship between
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12 2. Theoretical background study of alkaline water electrolysis.

the electrolyser cell potential and the operating temperature can be expressed as shown in figure 2.4. In the figure the reversible
cell voltage and the thermoneutral voltage are plotted against the absolute temperature.

Figure 2.3: Enthalpy change and Gibbs energy change for
decomposition of water as function of absolute temperature.
Figure adapted from Lamy et al. Figure adapted from Lamy
et al.[28].

Figure 2.4: Plots of the thermoneutral voltage and reversible
voltage for decomposition of water as a function of absolute
temperature. Figure adapted from Lamy et al. [28].

The lines present in figure 2.4 represent the thermoneutral voltage line and the equilibrium voltage line. The latter one is
the red line that represents the minimum potential required for the electrolysis of water. Below the line, electrolysis of water is
not possible. The thermoneutral voltage blue line represents the actual voltage that must be applied for the electrolysis to be an
exothermic reaction. Below the thermoneutral voltage line and above the equilibrium voltage line, the electrolysis of water is an
endothermic reaction and requires added heat or electrical energy. The plot clearly shows that at a higher operating temperature
the thermoneutral potential change can be neglected when comparing operating under 25 ∘C, (Uth=1.48 V) and 100 ∘C, (Uth=1.47
V). The reversible cell voltage does decrease more significant with a change of 5 % between operating at 25 ∘C, (Urev=1.23 V),
and 100 ∘C, (Urev=1.17 V).

2.6. Electrode kinetics.
The electrode reaction rate is characterised by the current density. It depends on the nature and on the treatment of the electrode
surface [72]. The reaction rate also depends on the electrolyte solution that is in contact with the electrodes. The ions in the
electrolyte solution form layers, called double layers , on the electrode surface, which influences the reaction rate. Finally, the
reaction rate depends on the the reaction overpotential at the electrode. In the appendix chapter A.3 the electrode kinetics
are treated in more detail, with the oxygen and hydrogen evolution steps together with the reaction rate for each step. The
ButlerVolmer equation and the Tafel equation will also be briefly discussed.

2.7. Electrolysis efficiency.
The efficiency of electrolysis can be expressed in different ways. Normally, the voltage efficiency can be calculated based of the
amount of voltage needed to split the water divided by the total voltage applied to the whole electrolysis cell [6]. Equation 2.12
represents the calculation.

𝛾𝑣𝑜𝑙𝑡𝑎𝑔𝑒 =
𝑈𝑎𝑛𝑜𝑑𝑒 − 𝑈𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑈𝑐𝑒𝑙𝑙
⋅ 100% (2.12)

Other efficiencies that can be calculated are the Faradic efficiency and the thermal efficiency [71]. For the calculation of
the efficiencies, respectively the Gibbs free energy change and the enthalpy change of the electrolysis reaction are used. The
Faradic efficiency calculation is shown in equation 2.13 and the thermal efficiency calculation is shown in equation 2.14.

𝛾𝐹𝑎𝑟𝑎𝑑𝑖𝑐 =
Δ𝐺

Δ𝐺 + 𝐿𝑜𝑠𝑠𝑒𝑠 ⋅ 100% = 𝑈Δ𝐺
𝑈𝑐𝑒𝑙𝑙

⋅ 100% (2.13)

𝛾𝑡ℎ =
Δ𝐻

Δ𝐻 + 𝐿𝑜𝑠𝑠𝑒𝑠 ⋅ 100% = 𝑈Δ𝐻
𝑈𝑐𝑒𝑙𝑙

⋅ 100% (2.14)

In the equations, UΔ𝐺 stands for the equilibrium voltage required for the electrolysis reaction, 1.23 V at standard conditions,
and UΔ𝐻 stands for the thermoneutral voltage required for the electrolysis reaction, 1.48 V at standard conditions.

The Faradic efficiency stands for the percentage of the theoretical energy necessary for the electrolysis of water against the
cell voltage. The value for the efficiency is always less than 1 because of losses in the cell. The thermal efficiency has an added
voltage on top of the reversible voltage in order to maintain the thermal balance. The thermal efficiency can become larger than
1, as the system may absorb heat when operating in endothermic mode, as shown in figure 2.4.

Another way to determine the efficiency of a water electrolysis system is to compare the hydrogen production against the
electrical energy applied to the system. This can be done in terms for the hydrogen production rate and for the energy carried by
the hydrogen produced [71]. The latter uses the high heating value (HHV) of the hydrogen. Both calculations for the efficiency
are shown respectively in equation 2.15 and equation 2.16.
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𝛾𝐻2𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑟𝑎𝑡𝑒 =
𝑟𝐻2𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑟𝑎𝑡𝑒

Δ𝑈 ⋅ 100% =
�̇�𝐻2

𝑈𝑐𝑒𝑙𝑙 ⋅ 𝑗 ⋅ 𝑡
⋅ 100% (2.15)

𝛾𝐻2𝑦𝑖𝑒𝑙𝑑 =
𝑈𝐻𝐻𝑉
Δ𝑈 ⋅ 100% = 283.8

𝑈𝑐𝑒𝑙𝑙 ⋅ 𝑗 ⋅ 𝑡
⋅ 100% (2.16)

where Ucell stands for the cell voltage, j for the current applied to the cell and t stands for time. �̇�H2 represents the hydrogen
production rate at unit volume electrolysis cell. The higher heating value of one mole hydrogen is represented by UHHV, with a
value of 283.8 kJ

2.7.1. Overpotential.
The overpotential does depend on the temperature and on the current density, as shown in the BulterVolmer equation. In figure
2.5 the cell voltage is plotted against the current density.

Figure 2.5: Contribution of different losses leading to the overpotential in an electrolyser cell. The Ohmic losses show to become
more dominant at increasing current density. Figure adapted from Phillips et al. [43].

From the figure, it becomes clear that at higher current densities the overpotential increases. The overpotential from the
hydrogen and oxygen evolution are the main contributing resistances in the electrolyser cell at lower current densities. If the
current density increases, the Ohmic losses become more dominant in contributing to the overpotential.

The overpotential can be divided by the current density in order to unify the units of the resistances to the unit Ohm, and
compare the energy losses caused by the different resistances [65]. This is illustrated in figure 2.6, where, Eloss, electrolyte, stands
for the energy losses due to bubbles in the electrolyte and the ionic transfer resistance. At higher current densities, the coverage
of bubbles on the electrode surface shows to be the main contributor to the overpotential with the losses in the electrolyte.

Figure 2.6: A qualitative comparison of energy losses caused by resistances in the system. The losses due to the bubbles in the
electrolyser cell show to be the main contributor to the overpotential at increasing currrent density. Figure adapted from Zeng et
al. [71]

.
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2.8. Gas crossover.
When operating an electrolysis system, it is desired that the produced gasses of hydrogen and oxygen are released with a 100%
purity. In reality cross contamination of the two gasses occurs, which is called gas crossover. There are several parameters that
affect the gas crossover, such as the operating temperature and pressure, the electrolyte flow, the cell separator properties and
the electrolyte cycling strategy.

It is important that the purity of the evolving gasses at the flash tanks is monitored. This to ensure that the gas mixtures
stay below the explosive limits [24]. Experiments were conducted to estimate the explosive limits of the hydrogen and oxygen
mixtures at different temperatures and pressures [55]. The lower explosion limit (LEL) at atmospheric conditions is 4 mol%
hydrogen in the oxygen product flow, whereas the upper explosion limit (UEL) is 4.8 mol% oxygen in the hydrogen product flow.
In order to maintain a safe operation, the values for the crossover should stay under 50 % of the LEL and UEL.

Gas crossover can take place in different ways. The produced gasses can crossover in dissolved form, in the electrolyte,
through the separator in the electrolyser cell or through the mixing of the electrolyte cycles. Furthermore there are two main
physical mechanisms that trigger gas crossover in alkaline electrolysers [59], namely: mass diffusion caused by concentration
differences of the dissolved gasses and mass convection due to pressure gradients along the flow and electroosmosis.

2.8.1. Gas crossover through the diaphragm.
Hydrogen and oxygen are present at each of their respective sides of the diaphragm, either in the gas phase in bubble form
or dissolved inside the electrolyte. The diaphragm blocks the mixing of the generated hydrogen and oxygen. Nevertheless,
dissolved gasses can permeate through the diaphragm because of its porous structure, inciting crossover. Trinke et al [59]
studied this effect and found that the gas permeation is triggered by the concentration difference across the separator, the
differential pressure and through electroosmotic drag. These phenomena are explained in more detail in appendix chapter A.5.

2.8.2. Gas crossover through electrolyte mixing.
The largest contribution to the overall gas crossover is because of the electrolyte mixing [59]. It is important to study and track
the flow in the electrolyser, especially at the pressure equalizing pipe. By knowing the velocity profile of the electrolyte in the
piping system at different operating conditions, it is possible to predict mass transport of dissolved hydrogen and/or oxygen to
the opposite side [9].

2.9. Bubble influence on electrolysis performance.
During the electrolysis process, hydrogen and oxygen bubbles are formed on the surfaces of respectively the anode and the
cathode. When the bubbles have grown large enough, they detach from the surface. If the electrodes surface areas is covered
with bubbles, the electrical resistance of the whole system is increased. This is because of the reduced contact between the
electrode surface and the electrolyte solution, which blocks the electron transfer and increases the Ohmic losses [71]. When
bubbles move through the electrolyte, they also decrease the electrical conductivity of the electrolyte, which also leads to an
increase in Ohmic losses. The volume occupied by the gas bubbles in the electrolyte is often called the void fraction.

Understanding of the dynamics of bubble behaviour is an important element in order to determine the departure of bubbles
from the electrodes. The electrode surface can be treated, to make the surface rougher to increase activation sites for bubbles
to grown on [22], or to make the surface more hydrophillic to reduce surface coverage by gas bubbles [70]. Additives can also be
added to the electrolyte solution in order to reduce the surface tension of the bubbles, which results in easier detachment from
the electrode surface [71]. Mechanically influencing the circulation of the electrolyte is also a means to force bubbles departing
from the electrode surface. The detachment of bubbles, depending on the replacement of electrolyte at the electrode interface
is known as the wettability [15].

2.9.1. Current density effect.
Experiments were done by Zhang et al. [73] to check the influence on the critical diameter for bubble department on the cell
voltage and electrolyte concentration. The critical diameter stands for the average bubble diameter size necessary for a bubble
to release from the electrode surface. Experiments were done with a 20 wt% concentration of KOH, at standard conditions. The
anode and the cathode used for the experiments were both made from nickel plates. The electrolyte flow was vertical upwards
with a velocity between 0 and 1 m/s. The current density was varied to check the effect on the critical diameter of the gas bubbles.
The results of the experiments are shown in table 2.1.

Table 2.1: Influence of current density on critical diameter for hydrogen and oxygen bubbles. Data from research done by Zhang
et al. [73].

Current density [𝑚𝐴/𝑐𝑚2] Cell voltage [V] Crit diameter hydrogen [mm] Crit diameter oxygen [mm]
0.3 1.72 0.59 0.60
0.45 1.83 0.88 0.89
0.60 1.88 1.09 1.08
0.75 1.93 1.03 0.96

It was found that an increase in current density lead to an increase in bubble diameter. The increase of the critical diameter
for the gas bubbles resulted in a higher cell voltage, which is in line with an increase of the resistance inside the electrolyser
cell due to coverage of the electrode surface by the gas bubbles. A higher cell voltage also results in an increased interfacial
tension, which ensure gas bubble stick longer to the electrode surface and thus increase in size before detachment. The small
decrease in critical diameter of the gas bubbles at higher current density can occur due to the increase of ohmic losses. This
results is local heating which cause a temperature gradient on the electrode surface.

Confidential



2.10. Rate of electrolysis reaction. 15

2.9.2. KOH concentration effect.
Another set of experiments was done by Zhang et al. [73] to see the effect of different values of KOH concentration on the critical
diameter of hydrogen bubbles. The conditions at the experiments were a current density of 0.6 ma cm−2 and a temperature of
22 ∘C . The results from the experiments are shown in table 2.2.

Table 2.2: Influence of KOH concentration on critical diameter for hydrogen bubbles. Data from research done by Zhang et al.
[73].

KOH concn, [M] Cell voltage [V] Crit diameter hydrogen [mm]
0.5 1.88 1.08
1.0 1.80 0.50
2.0 1.78 0.36
4.0 1.77 0.24

From the table, it becomes clear that the critical diameter for hydrogen bubbles becomes smaller at higher KOH concentra
tions. The cell voltage also decreased with the increasing KOH concentration. It was suggested that the increase in viscosity of
the liquid electrolyte solution resulted in a smaller deviation of the contact angels. This leads to earlier bubble detachment.

2.9.3. Bubble departure from electrode surface.
The conditions for a bubble to depart from the electrode surface were studied by Zhang et al. [73]. The study resulted in the
prediction of the critical bubble diameter for departure from the electrode surface area. The formula necessary for the calculation
and the results from the study, are explained in further depth in appendix chapter A.4. The main findings where the specification
of the forces that act on a bubble while at the electrode surface, as shown in figure 2.7 , and a formula for the critical diameter
of gas bubbles. Both findings conclude that increasing electrolyte flow decreases the critical bubble diameter.

Figure 2.7: (a) Gas bubble on electrode electrode surface with vertical direction of electrolyte flow presented. (b) Forces acting
on gas bubble on electrode surface. Forces present are: buoyancy, drag, lift and surface tension force. Figure adapted from
Zhang et al. [71].

2.10. Rate of electrolysis reaction.
The amount of oxygen or hydrogen that is produced for a electrolyser cell can be calculated by using the law of Faraday [71].
The molar flow rate for oxygen and hydrogen can be determined with respectively equation 2.17 and equation 2.18.

�̇�𝑂2 =
𝜈𝑂2 ⋅ 𝑗 ⋅ 𝐴𝑐𝑒𝑙𝑙

𝐹 ⋅ 𝑧 = 𝑗 ⋅ 𝐴𝑐𝑒𝑙𝑙
𝐹 ⋅ 4 (2.17)

�̇�𝐻2 =
𝜈𝐻2 ⋅ 𝑗 ⋅ 𝐴𝑐𝑒𝑙𝑙

𝐹 ⋅ 𝑧 = 𝑗 ⋅ 𝐴𝑐𝑒𝑙𝑙
𝐹 ⋅ 2 (2.18)

Here 𝜈 stands for the Stoichiometric coefficient, which has the value 0.5 for the oxygen and 1 for the hydrogen reaction, and
Acell stand for the surface area of the respective electrode in the electrolyser cell. In order to determine the volume flow rate,
the molar flow rate needs to be multiplied with the molar volume based on the surrounding conditions. The molar volume can
be determined with the ideal gas law, as shown in equation 2.19 and used in equation 2.20 and equation 2.21 for respectively
oxygen and hydrogen.

𝑉
𝑛 = 𝑣 = 𝑅 ⋅ 𝑇

𝑝 (2.19)

�̇�𝑂2 = 𝑣𝑂2 ⋅ �̇�𝑂2 =
𝑅 ⋅ 𝑇
𝑝 ⋅ 𝑗 ⋅ 𝐴𝑐𝑒𝑙𝑙𝐹 ⋅ 4 (2.20)

�̇�𝐻2 = 𝑣𝐻2 ⋅ �̇�𝐻2 =
𝑅 ⋅ 𝑇
𝑝 ⋅ 𝑗 ⋅ 𝐴𝑐𝑒𝑙𝑙𝐹 ⋅ 2 (2.21)

In the equations, v stands for the molar volume, R stands for the gas constant and p stands for the pressure in pascal.
From the equations above, it becomes clear that the the produced volume of hydrogen and oxygen goes up with increasing
temperature and current density, and lowers with increasing pressure. The production rate of hydrogen shows to be twice as
high as oxygen under the same conditions, due to the Stoichiometric coefficient.
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16 2. Theoretical background study of alkaline water electrolysis.

2.11. Multiphase flow in a channel.

The evolved gasses in the electrolyser cells, under the buoyancy force, will travel to the flash tank. The hydrogen and oxygen
will travel in bubble form, and partly dissolved in the electrolyte bulk, through pipe together with the electrolyte in multiphase
flow. Multiphase flow through a pipe can be characterised into different types of flow regimes. The most common flow regimes
for vertical pipes or tubes are shown in figure 2.8 [68].

Figure 2.8: Most common multiphase flow regimes in a pipe, (a) bubbly flow, (b) slug flow, (c) churn flow, (d) annular flow, (e)
wispy annular flow. Figure adapted from R. Wetind. [68].

Each flow regime presented above and its characteristics is explained in more detail below:

• Bubbly flow: Flow with a low rate of coalescence.

• Slug flow: Flow with bubbles starting to coalesce and form large elongated bubbles. The bubbles can reach over the
width of the channel and are separated by liquid slugs.

• Churn flow: Flow with coalesced bubbles which are more elongated than slug flow. The width of the coalesced bubbles
is also smaller than the channel width.

• Annular flow: Flow with gas travelling in the middle of the channel. The channel wall contains a film of liquid.

• Wispy annular flow: Same a annular flow, but with elongated liquid slugs travelling in the middle of the gas flow.

A flow regime can be characterised based on two properties, namely the superficial liquid velocity and the superficial gas
velocity. If these two properties are plotted against each other, a flow regime map can be defined. An example of a flow regime
map for vertical flow and horizontal flow for a gas/liquid mixture is presented in figure 2.9. The possible flow regimes presented
in the flow regime map are visualized in the figure.
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Figure 2.9: The left figure shows a flow regime map for vertical flow of a gas/liquid mixture while the right figure shows a flow
regime map for horizontal flow for a gas/liquid mixture. On the xaxis the superficial gas velocity is shown where on the yaxis
the superficial liquid velocity is shown. The possible flow regimes occurring on the flow regime map are presented in the figure.
Figure adapted from I. Fetoui. [14]

2.12. Electrolysis at high pressure.
Some researchers have asserted that pressurized electrolysis degrades the system efficiency [10]. Research done by Roy et
al. [52] shows that electrolysis at elevated pressures leads to an decrease in system efficiency. The reversible cell potential
changes at higher pressure and temperature. If it is assumed that the operating pressure is the same in both half cells and there
is nog gas leakage across the diaphragm, the simplified Nernst equation can be used to calculate the reversible cell potential
[28], as seen in equation 2.22 .

Δ𝑈𝑟𝑒𝑣 = Δ𝑈0𝑟𝑒𝑣 −
𝑅 ⋅ 𝑇
𝑧 ⋅ 𝐹 𝑙𝑛

𝑝𝐻2 ⋅ 𝑝0.5𝑂2
𝑝𝐻2𝑂

(2.22)

Here Δ𝑈0𝑟𝑒𝑣 is the temperature dependent term for the reversible potential at a pressure of 1 bar, which can be evaluated
with equation 2.23 [19]. pH2, pO2 and pH2O represent the partial pressures of H2, O2 and H2O respectively.

Δ𝑈0𝑟𝑒𝑣(𝑇) = 1.50342 − 9.956 ⋅ 10−4𝑇 + 2.5 ⋅ 10−7𝑇−2 (2.23)

From the Nernst equation, it becomes clear that the reversible potential increases at increasing pressure, as can be seen in
figure 2.10 from research done by Roy et al. [52].

Figure 2.10: Reversible potential at various temperature and pressure. Figure adapted from Roy et al. [52].
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18 2. Theoretical background study of alkaline water electrolysis.

2.12.1. Bubble influence.
At higher pressures, their is a positive effect on the Ohmic overpotential due to improved bubble kinetics and electrical conduc
tivity. When produced, the generated bubbles cover the electrode surface, which decreases the active area of the electrode and
increases the activation overpotential. The active area of the electrode can be determined, based on the bubble coverage of the
electrode surface, as shown in equation 2.24, with 𝜃 being the bubble coverage. When the operation pressure increases, the
coverage of of the bubbles on the electrode decreases, based on the ideal gas law.

𝐴𝑎𝑐𝑡𝑖𝑣𝑒 = 𝐴𝑡𝑜𝑡𝑎𝑙 ⋅ (1 − 𝜃) (2.24)

At higher pressures the bubble size does decrease, based on the ideal gas law, resulting in smaller heavier bubbles on the
electrodes which leads to an increase in the electrical conductivity when the current density is kept constant. With the Bruggeman
correlation the increase in electrical conductivity, 𝜎 can be calculated [66], as shown in equation 2.25.

𝜎𝐾𝑂𝐻−𝑏𝑢𝑏𝑏𝑙𝑒
𝜎𝐾𝑂𝐻

= (1 − 𝜖)
3
2 (2.25)

Where 𝜖 stands for the void fraction. Smaller bubbles moving through the electrolyte result in a lower void fraction, which also
increases the conductivity of the electrolyte. The buoyancy force decreases with a smaller bubble diameter, which decreases
the rising velocity of the bubbles and so reducing the natural convection flow of the electrolyte.

The higher pressure does however also result in an increased residence time of the bubbles on the electrode, due to a
decrease in natural convection by the buoyancy force. The critical diameter of bubbles does increase and with more of the
gasses dissolved in the electrolyte at high pressure [59], which influences bubble size as they rise in the electrolyte, might lead
to larger bubbles observed in the electrolyte than expected.

2.12.2. High pressure effect on IV curve.
The effect of pressure on the operation of a zero gap alkaline water electrolyser was studied with a numerical model by Jang et
al. [23] with almost similar conditions for eventual operation of the ZEF electrolyser. The electrolyser was operated at a current
density of 0.6 A/cm2 for a varying current density range, of 1, 5, 10, 20, 50 and 100 bar, and at a temperature of 70 ∘C with 30
wt% KOH and Zirfon diaphragms. Figure 2.11 shows the variations in the cell voltage and anode activation, cathode activation
and Ohmic activation overpotentials plotted against the pressure.

Figure 2.11: Variations in cell voltage and anode activation, cathode activation, and ohmic overvoltages. Simulated for a pressure
increasing from 1 to 100 bar, a current density of 0.06 A/cm2 and a temperature of 70 ∘C. Figure adapted from Jang et al. [23].

It is visible that the pressure increase results in a decrease in the activation overpotentials and in the Ohmic overpotential.
Especially from 1 to 5 bar is the decrease more noticeable before decreasing gradually to a pressure of 100 bar. Although the
small bubbles have the disadvantage of to their low buoyancy force, their positive effects shows to be of a greater impact. In
the end the lower activation and Ohmic overpotentials seem to be counterbalanced by the increase in reversible cell voltage,
resulting in a small variation of cell potential compared to operation at 1 bar.

The effect of current density on the cell voltage was also studied for operating pressures from 1 bar to 100 bar. The results
are plotted in an IV curve in figure 2.12.
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Figure 2.12: (a) Simulated IV curve for various operating pressures, ranging from 1 to 100 bar, for a current density range to 1
A/cm2. (b) Zoom in of figure 2.12 onto the intersection points of the various pressures. Figures adapted from Jang et al. [23].

The figure shows that the effect of pressure on the increase of the reversible cell voltage is higher in the low current density
range. The positive influence of the pressure increase becomes visible at higher current densities, due to the increase of bubble
evolution.

2.13. State of the art on high pressure alkaline electrolysis.
2.13.1. Alkaline electrolysis development.
Alkaline electrolyser have a long tradition of being used, and are nowadays available in great number for commercial use. In
the recent decades, important development were made for alkaline electrolysis. The most important points of development are
presented below [10].

• Zerogap configuration, reducing the ohmic losses by minimizing the distance between electrodes.

• New diaphragm materials. Previously made of asbestos, the use of inorganic diaphragms were investigated, such as
antimony polyacid impregnated with polymers [61] or porous composites composed of a polysulfone matrix and ZrO2
[62].

• Increase in operating temperature, promoting electrolytic conductivity and improving reaction kinetics at the electrodes.

• Electrocatalytic materials, developed to reduce overpotentials at the electrodes.

There are also certain challenges for alkaline electrolysis [10], which are outlined below:

• Designing a porous electrode design that allows for effective evacuation of bubbles, decreasing Ohmic losses.

• Optimizing porous alloy catalyst with Ni, Fe and Co.

• Preventing hydride formation and hydrogen embrittlement in Ni cathode.

• Reducing the pore diameters of diaphragms for greater purity.

All the development done so far leads to the state of the art for alkaline electrolysis technology, which defines the operating
conditions of the AWE such as pressure, temperature and current density together witch specifications as voltage efficiency,
operating life and durability. The development and perspective on the technology for alkaline electrolysers, has been researched
by Ziems et al. [75]. In table 2.13 the results of the research are presented.

Figure 2.13: Development perspectives of alkaline electrolysis technology. Figure adapted from Ziems et al. [10].
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The state of the art electrolyser operate at a pressure of 30 bar with an operating current density around 34 kA/m2, resulting
in an operating temperature between 70 and 80 ∘C and a cell voltage of 1.9 to 2.3 V. The operating pressure desired by ZEF is
higher than the state of the art AWE at the moment, however shortterm development should lead to technology which allows
for operating at higher pressures. After a longer period of time, AWE are expected which operate a pressures above 100 bar.

2.13.2. Previous work done at ZEF.
Previous research has been done at ZEF for the alkaline water electrolyser. With the use of computation modelling a hydrody
namic force balance and an electrical current network model were developed by M. Geraedts [17]. With the models, the fluid
velocity at different points in the AWE and bypass currents could be determined.

K. Sriram [58] did a thermal and flow characterisation for the AWE. The focus of the research was to keep the flow and
leaking currents in the electrolyser in check, based on the electrical current network from M. Geraedts and the bubble production.
Experiments were conducted with a mock electrolyser setup at atmospheric conditions and altered to simulate high pressure
conditions. From the experimental research, recommendation were made to increase the top channel width to keep the leaking
currents in check.

The most recent research was done by I. Danill [9], who made a flow model based on a transient hydraulic network analysis.
The model can predict the electrolyte flow and pressure response in various elements and locations in the electrolyser. It can
predict the level of gas crossover under different operating conditions. The model is used during the experimental analysis of
this thesis to validate findings regarding the flow phenomena. Key findings from the model were the oscillatory flow behaviour
and a high differential pressure between the stack anodes and cathodes caused by the opening of the purge valves.

2.14. Theoretical background study summary.
Based on the thesis scope, the research questions and the literature study done on previous research, a small summary is made
of the most interesting findings that will contribute to characterising and optimizing the AWE design, and will help validating the
experimental findings.

• With increasing operating temperature:

– The efficiency increases, or the overpotential decreases, due to the decrease of Gibbs Free Energy.
– The gas solubility becomes lower, which has a positive effect on crossover.
– Increasing temperature has a strong influence on performance, but is limited by degradation issues and material

restrictions.

• For an increased current density:

– The efficiency decreases, due to an increase in overpotential with the ohmic losses as the main contributor due to
the increase in bubble generation.

– The crossover decreases due to less dissolved product gasses.
– The production rate for hydrogen and oxygen is increased.

• When operating at high pressures:

– The efficiency slightly decreases, due to an increase in reversible cell voltage.
– A reduction in bubble size, lowering the void fraction in the electrolyser cell and reducing the ohmic losses.
– Bubble kinetics improve.
– More dissolved product gasses in the electrolyte, enhancing crossover through diffusion and convection over the

diaphragm.

• Regarding bubble dynamics:

– Generated bubbles cover the electrode surface area, increasing electric resistance due to less contact between
electrode surface and electrolyte.

– Volume occupied by bubbles, void fraction, decreases the conductivity of the electrolyte.
– Critical bubble diameter increases with increasing current density.
– Increase in KOH concentration decreases the critical bubble diameter.
– The buoyancy force is the main driving force for the upward flow of bubbles for low electrolyte velocities.
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3
Experimental setup and equipment.

For the experimental phase, an electrolysis setup from ZEF is used to get to the characterisation and visualisation of the flow
and bubble phenomena in the electrolyser stack. The electrolysis setup consists of an alkaline water electrolyser stack and
its auxiliary equipment. In this chapter, all the components from the setup, the operation of the setup, the control scheme for
pressure regulation, and the methodology behind the experiments is discussed.

3.1. Electrolysis setup.
The electrolysis setup consists of the electrolyser stack and its auxiliary equipment, which are the flash tanks, a hand pump, the
system sensors and pressure purge valves. In figure 3.1 an overview of the electrolysis setup is presented. The electrolysis setup
is placed in a tank which is called the Bunker Twin. The electrolyser stack is the most important component of the experimental
electrolysis setup and is treated first in the section below.

Figure 3.1: Overview of the ZEF experimental electrolysis setup, with the electrolyser stack and auxiliary equipment shown. H2O
stands for the hand pump for supplying water to the system. Sensors in the system are represented by the circles, which are
discussed in more detail in chapter 3.2.1. Figure adapted from I. Daniil [9].

3.1.1. Electrolyser stack.
The stack used for the experiments consists of three electrolyser cells. The stack has a bipolar design, explained in more detail
in appendix chapter A.2.2, and uses a new design concept: the cookie roll. The cookie roll design consist of several circular
discs, comprising two half cells, stacked on top of each other, resembling a cookie roll. The discs have a hole in the middle
through which a bolt is inserted to connect all the cells. In appendix chapter B figure B.1(a) an external representation of the
electrolyser stack used in the eventual ZEF microplant and the cookie roll design are shown, while figure B.1(b) shows a cross
sectional view with the half cells visible.

The outer and inner disc material is made of a high performance thermoplastic named polysulfone (PSU), known for its
thermal stability at elevated temperatures. PSU can also be used in an alkaline environment due to its high resistance to
hydrolysis, combined with a high electric resistivity. The bipolar plate is made of 316 stainless steel and provides structural
strength. A visual representation of a single disc is shown in appendix chapter B figure B.2(a) with its important components
named and in figure B.2(b) where a cross sectional view of the stack is shown.

A stack bolt is inserted through the bolt holes of the discs. The discs are then compressed against each other, and the bolt
tightened with a nut, to form the electrolyser cells. Orings ensure that the cells remain leak tight during operation. When under
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22 3. Experimental setup and equipment.

operation, electrolyte enters the stack through channels called footers and eventually the half cells through a square bottom
channel. Evolved gas bubbles at the electrode leave the cell at a square top channel. The buoyancy force of the bubbles is the
driving force for the electrolyte recirculation in the electrolysis system by natural convection. The half cells are separated by a
Zirfon Perl UTP 500 diaphragm, ensuring one side is the hydrogen side and the other side is the oxygen side. The dimensions
of the electrolyser cell and its components are presented in appendix chapter A.6

3.1.2. Electrodes and Zerogap design.
The ZEF electrolyser cell consists of a zero gap design. Permascand electrodes are placed in each half cell and are connected
to the bipolar plate with a current collector made from a 316 stainless steel wave spring. When the discs are assembled, the
electrodes compress the Zirfon diaphragm between them. The Zirfon diaphragm has a thickness of 0.5 mm, resulting in a 0.5
mm distance between the electrodes. The gap between the electrodes and the bipolar plate on each side is 4 mm. A picture of
one disc inserted with a electrode and current collector is made visible in appendix chapter B in figure B.3. The disc is shown at
an angle of 45 degrees in picture B.4.

3.2. Electrolysis setup.
The electrolysis setup is a selfpressurizing system. The pressure is raised by the production of hydrogen and oxygen gas, which
also drives the electrolyte recirculation through the setup. The produced gasses travel under the effect of the buoyancy force
towards flash tanks, where they are separated from the liquid electrolyte. The tube leading to the flash tank is called the riser,
where the tube from the flash tank to the electrolyser stack is called the downcomer. All the 316 stainless steel tubes in the
system are made of Swagelok tubes, with an outer diameter of 6 mm and an inner diameter of 4 mm. On top of the flash tanks
are the storage tanks, where the combined volume of flash and storage tank has trice the volume that of the oxygen side. This
due to the gas production rate of hydrogen being two times larger than oxygen, as explained in chapter 2.10. A list of the flash
and storage tank dimensions is shown in table 3.1.

Table 3.1: Flash and storage tank dimensions of the electrolysis setup.

Component Diameter Height Volume
Oxygen flash tank 35 mm 105 mm 101 cm3

Hydrogen flash tank 35 mm 137 mm 132 cm3

Oxygen storage tank 35 mm 105 mm 101 cm3

Hydrogen storage tank 73 mm 105 mm 439 cm3

Two pressure purge valves above the storage tanks regulate the pressure inside the setup. The oxygen side and hydro
gen side are connected through a pressure equalization tube, which equalizes the pressure on each side of the system. The
replenishment of water comes from a manual hand pump on the oxygen side.

3.2.1. System sensors.
The electrolysis setup can regulate the operating pressure in the electrolyser stack with the use of purge valves. There are two
purge valves present in the setup: the oxygen purge valve on the oxygen storage tank and the hydrogen purge valve on the
hydrogen storage tank. The opening and closing of the valves is determined by the monitoring of the pressure, temperature and
electrolyte level in the setup. All the relevant sensors in the setup are presented below:

• PS1: Pressure sensor at the oxygen side.
• PS2: Pressure sensor at the hydrogen side.
• T1: Temperature sensor at the oxygen outflow channel.
• T2: Temperature sensor at the hydrogen outflow channel.
• LS1: Level sensor at the oxygen side.
• LS2: Level sensor at the hydrogen side.

The pressure sensors are placed in the storage tank of both the hydrogen and the oxygen side. The pressure difference
measured, is the pressure difference over the diaphragms inside the electrolyser stack. The temperature sensors are placed at
the beginning of the outgoing tub of the stack to the flash tanks. Since PSU is a good isolating material (Thermal conductivity
of 0.26 W/m K), the temperature in the stack was chosen to be measured by the temperature of the electrolyte flow through the
riser tube. The two level sensors measure the height of the electrolyte level in the flash tanks, which lowers when the pressure
increases and drops when pressure is relieved from the system.

3.2.2. Pressure control scheme.
With the values from the sensors, the pressure in the system can be regulated with the opening and closing of the purge valves.
There are three different stages in the control scheme, which happen when the purge valves are open or closed. The three
stages are treated below, with the addition of electrolyte concentration and water management.

1. Pressure purge valves closed:
This stage is active when both the pressure purge valves are closed and the system is under operation. Oxygen and hydrogen
are produced at both the electrodes and the pressure is rising. The hydrogen tank is made larger, due to the faster production rate
of hydrogen, but the gas pressure level on the oxygen side rises faster. The difference in pressures ensures that the electrolyte
is flowing from the oxygen side to the hydrogen side, through the pressure equalization tube. Continuous production of gasses
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ensures the electrolyte does not flow backwards to the stack. Because of this effect, the electrolyte level in the oxygen flash tank
will drop, and the level sensor becomes dry. This is made visible in figure 3.2.

Figure 3.2: Overview of the electrolysis system with the electrolyte flow direction presented when both purge valves are closed.
The pressure equalization tube is called the mixing pipe in the figure. Figure adapted from I. Daniil [9].

2. Oxygen purge valve opened:
This stage activates when the oxygen level sensor becomes dry for a fixed period of time. When active, the oxygen purge valve
opens for a short amount of time, 100 ms, and oxygen is purged from the oxygen storage tank. The purge of oxygen results
in a pressure drop, which leads to the rising of the liquid level in the oxygen flash tank. The electrolyte is transported from the
hydrogen side through the equalizing tube to the oxygen side, as shown in figure 3.3(a).

3. Hydrogen purge valve opened:
The third stage happens when the pressure in the hydrogen storage tank exceeds 50 bar. The hydrogen purge valve opens, for
50 ms, and the pressure is relieved from the system, increasing the liquid level in the hydrogen flash tanks. The electrolyte will
move to the hydrogen side as shown in figure 3.3(b). This will lower the liquid level in the oxygen flash tank, which will trigger
the oxygen purge valve, leveling the liquid levels in the flash tanks. This will results in oscillating behaviour of the electrolyte flow
inside the system.

Figure 3.3: (a) Overview of the electrolysis system with the electrolyte flow direction presented when the oxygen purge valve
opens. (b) Overview of the electrolysis system with the electrolyte flow direction presented when the hydrogen purge valve
opens. Figures adapted from I. Daniil [9].

Electrolyte concentration:
Water consumption at the cathodes will gradually reduce the total amount of water in the system. If the level sensor at the
hydrogen side becomes dry, it means water needs to be replenished in order to get the electrolyte concentration back to its
original level. This process is done manual at the electrolysis setup, but is automated in the eventual ZEF microplant. Since
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the electrolyte concentration will fluctuate, even more regarding the manual refilling process, steps were taken to ensure the
fluctuations are as little as possible.

When the system is filled with KOH electrolyte for the first time, it is made sure the electrolyte is filled up to the point that
both level sensors are wet. Based on the dimensions of the flash tanks, shown in table 3.1, it was chosen to fill the system with
electrolyte 3 cm above the level sensors, which relates to 58 cm3 KOH. When the electrolyte levels drops during operation, the
hand pump is used to refill the KOH up to the same level as before operation.

3.3. Visualization setup and equipment.
The characterisation of the bubble and flow phenomena is supported with visual images and video footage shot inside the
electrolyser stack. Modifications were made for the electrolyser stack designed by ZEF, in order to get a transparent stack design.
Different camera’s were used for the visualisation of the bubble and flow phenomena and a ultrasound Doppler velocimetry (UDV)
device was used to measure electrolyte velocity in the electrolysis setup. In this chapter, the newly designed transparent stack
is treated with the different visualisation equipment and the UDV device.

3.3.1. Transparent electrolyser stack.
The transparent electrolyser stack is a modification of the current electrolyser stack design, explained in detail in chapter 3.1.1.
The standard end plate has been removed and is replaced by a transparent add on. This add on consist of a new steel end plate
with windows, a polycarbonate (PC) plate, a polymethyl (PMMA) plate and a 136 stainless steel connector plate. Since the PC
and PMMA plate do not conduct electricity, the connector plate will serve as the connection to the power supply instead of the
new end plate. The new end plates serves to contain the pressure inside the stack, and the windows are used by the camera to
look through. The components of the transparent add on and their properties and dimension are presented in table 3.2.

Table 3.2: Components of the transparent add on with their dimensions and properties.

Component Diameter [mm] Thickness [mm] Material Melting temperature [∘C]
End plate 130 20 316 stainless steel 1648

Polycarbonate plate 130 15 Polycarbonate 110
PMMA plate 130 5 Polymethyl 160

Connector plate 130 1 316 stainless steel 1648

The new end plate has two square windows, from 40 cm by 40 cm, on the top and bottom half, which allow to see through
the end plate onto the electrode and channels in the electrolyser cell. The transparent PC plate is for structural purposes and
provides strength against compression and the pressure from within the stack. The transparent PMMA plate is in contact with
the electrolyte and serves as a barrier for the PC plate, because of its resistance against the KOH environment. Since the new
end plate has no electrical connection to the the rest of the electrolyser stack, a connector plate is placed between the PMMA
plate and the electrolyser cell. The connector plate is connected to the positive side of the power supply. An exploded view of
the transparent add on is presented in appendix chapter B figure B.5.

The footage shot with the visualisation equipment can only be done through the two windows in the end plate. The plate is
slightly tilted to the left to be able to film the entrance of the top channel and exit of the bottom channel. The view through the
two windows in the end plate onto the inside of the electrolyser cell is made visible in appendix chapter B figure B.6.

3.3.2. Camera equipment.
In order to characterise the bubble and flow phenomena inside the electrolyser stack, different camera equipment was used for
the visualization. Two types of camera were used: a GoPro Hero Black 8 camera and a digital USB microscope camera. The
Gopro camera was used for an overview shot through the top window of the end plate and the microscope camera was used for
the zoomed in shots at different interesting points through both the top and the bottom window. The positions that were filmed
are shown in chapter 3.5 in figure B.7. The specifications of both cameras and their respective filming positions are treated in
detail in the sections below.

Microscope camera:

In order to a better view at the evolution of gas bubbles at the electrodes, a microscope camera was used. The camera was also
used to zoom in on the top and bottom channels of the electrolyser cell, to film the bubble flow, slug flow and possible stagnation
of the flow or oscillatory flow. A picture of the microscope camera used for the experiments, is shown in figure 3.4.
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Figure 3.4: Image of the microscope camera used for experiments.

The main specifications of the camera, that are relevant for the experiments, are shown below in table 3.3. The table shows
that the microscope camera has a relative low frame rate. At high electrolyte velocities, it might be difficult to track bubbles with
the use of particle image velocimetry [2]. The camera length, combined with the limited space in the Bunker Twin, limits the
amount of electrolyser cells that the electrolyser stack can consist of.

Table 3.3: Main specifications of the microscope camera used for the experiments.

Specification Value
Resolution 640x360p
Frame rate 30 fps
Length 135 mm
Radius 30 mm
Weight 200 g

Video format AVI

Figure 3.5 shows the camera view on the electrode. The length and width of the holes in the Permascand electrodes were
measured by hand to be respectively 3 mm and 1 mm, and are represented by the red line for the length and blue line for the
width in figure 3.5. When using the lines as a reference, the window view onto which is zoomed in shows to be 8.5 mm in width
and 4 mm in height. With these values, bubble sizes seen in the footage can be determined.

Figure 3.5: Microscope camera view on the Permascand electrode. The red and blue arrow are used as a reference for deter
mining the bubble size in a later stadium. The red arrow has a length of 3 mm while the blue arrow has a length of 1 mm.

GoPro Hero Black 8:

The GoPro Hero black 8 was used during the experiments to get an overview through the windows in the end plate. While the
microscope camera is mainly used for the characterisation of the flow and bubble phenomena in the stack, the GoPro is used to
provide additional footage to support certain findings from the experimental data and microscope camera footage.

The GoPro footage was shot mainly through the top window, where the top half of the electrode, and the current collector,
and the top channel were visible. Possible coalescence of bubbles at the ceiling and stagnation at the entrance of the top channel
can be made visual with this view. In figure 3.6 the GoPro overview to the top window is presented with it’s main specifications
presented in table 3.4.
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Figure 3.6: GoPro Hero Black 8 overview through the top window in the end plate, onto the top of the electrode and the top
channel of the electrolyser cell. The reflection of the lighting in the Bunker Twin is visible in the figure as a the white semicircle.

Table 3.4: Main specifications of the GoPro Hero Black 8 camera, used for the experiments.

Specification Value
Resolution 1080x780p
Frame rate 120 fps
Length 28.4 mm
Height 48.6 mm
Width 66.3 mm
Weight 200 g

Video format MP4

3.4. Ultrasound Doppler velocimetry device.
In order to measure the velocity in certain components of the electrolysis system, an ultrasound Doppler velocimetry, (UDV),
device was used. This device uses the pulsed ultrasound Doppler method to measure the velocity of small particles or bubbles
within a moving fluid. With UDV, the velocities are derived from shifts in positions between pulses with the Doppler effect playing
a minor role [13]. The working principle of the UDV is explained in appendix chapter A.8 in more detail.

3.5. Methodology.
In this chapter, the methodology behind the experiments is treated. The goal of the experiments is to characterise the bubble
and flow phenomena inside the electrolyser stack in order to answer the research questions proposed in chapter 1.3.1. Data
is gathered during experiments with the camera equipment, explained in chapter 3.3.2, and from the sensors present in the
electrolysis system, as explained in chapter 3.2.1. The data is used to support the findings from the visualisation of the bubble
and flow phenomena. In the end, a flow characterisation map is defined based on the operating current density and pressure,
which will present different bubble and flow phenomena inside the electrolysis system. Relevant subjects are different flow
regimes in the electrolyser channel, possible stagnation of the flow, oscillating flow and back flow and determining of bubble
size and behaviour. For the experiments a 3 cell electrolyser stack is used, due to the length of the microscope camera and the
limited space in the Bunker Twin. Unfortunately only one side of the electrolyser cell can be filmed during the experiments. The
oxygen side, anode, of the farthest electrolyser cell is visualized during the experiments.

3.5.1. Characterisation of operation of the electrolyser stack.
The first set of experiments is conducted to characterise the operation of the electrolyser at different pressures and current
densities. The current density range is set at 0.017 to 0.4 A/cm2. This range is chosen based on the desired operating current
density of the ZEF electrolyser stack and on current density values used in current electrolyser setups. The first experiment is to
characterise the pressure build up of the system from 1 bar to 50 bar. Relevant data from the sensors and power supply, such a
voltage, temperature and electrolyte levels, is gathered to validate future findings. Experiments were conducted to characterise
the operation at low pressure, in a range of 13 bar, and at high pressure, in a range of 4750 bar. These operations will be
compared to see the effect of operating pressure.

3.5.2. Characterisation of bubble and flow phenomena.
The bubble and flow phenomena inside the electrolyser cell are characterised with the use of the visualisation equipment: the
microscope camera and the GoPro camera. Video footage is shot at different positions in the electrolyser cell. The different
filming positions are presented in appendix chapter B in figure B.7.

Each filming position is treated individually below :
1. Top half overview: This position is used to get an overview of the top half of the electrolyser cell, which consists of the

top side of the electrode and the top channel with its entrance. The position is filmed with the GoPro camera. Due to
the microscope zooming in on a specific position, an overview of the surroundings can give extra insight by linking the
microscope filming positions.
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2. Top channel: The top channel position allows to visualize the different flow regimes that occur when the generated
bubbles and electrolyte flow through the top channel to the riser and eventually to the flash tank. Possible back flow or
oscillating flow could also be observed.

3. Entrance top channel: The entrance effects that take place at the top channel are an important part to visualize. The
generated bubbles have to flow into the small channel and coalescence of bubbles could possibly lead to stagnation of the
flow through the top channel. The bubbles at the top of the electrolyser have the largest diameter in size, after coalescing
or growing when flowing upwards due to dissolved gasses in the electrolyte, and validating this assumption would be
interesting.

4. Top of electrode + ceiling: This positions allows for the opportunity to film the bubble diameter at the top at the electrode.
Possible bubble growth due to travelling upwards in the electrolyte, with dissolved gasses, could be seen. The effect of
the small incline of the ceiling on the transport of bubbles to the top channel can be inspected.

5. Bottom of electrode: This position allows to characterize the generated bubbles at the bottom of the bubble curtain,
where the electrode flow is the lowest. The bottom of the bubble curtain also contains the least amount of bubbles, which
results in easier characterisation of individual bubbles. The comparison with bubbles filmed at the top of the electrode is
especially interesting. The effect of electrolyte circulation on the critical diameter of the bubbles is taken out by filming at
the bottom furthest away from the bottom channel.

6. Bottom channel: The bottom channel should only recirculate electrolyte back into the electrolyser cell. Possible re
circulation of bubbles, which has a negative effect on gas crossover, could be seen. Back flow during operation could
also be observed.

During the experiments, each position is filmed for varying current densities and pressure levels. The focus is on the videos
shot at high pressure levels at 4750 bar, equal to the operating level of the ZEF electrolyser stack. The current density is varied
between 0.017 and 0.4 A/cm2. For scientific purposes, the experiments at high pressure are compared with experiments at
low pressures, 13 bar, for the same range of current densities. In order to be able to compare the data and videos from the
experiments, temperature management is of utmost importance. Temperature management at high current densities should be
difficult due to the lack of a temperature regulation system. By increasing or decreasing the current density, the temperature
value should be able to be regulated to some extend.

3.5.3. Characterisation of electrolyte flow in the electrolysis system.
The electrolyte flow in the electrolysis system is driven by natural convection due to the generation of gas bubbles at the elec
trodes. As explained in section 3.2 does opening the purge valves affect the flow direction and velocity. Validation of this effect
and the measurement of electrolyte velocity in the tubes of the electrolysis system can be done with the UDV device. Possible
stagnation or back flow of the electrolyte can also be monitored. The UDV transmitter is placed against a 316 stainless steel
tube in the electrolysis system. In order to get a fixed position for the transmitter at a small angle, it is placed in between two
plates. The plates also ensure the viscous gel will not flow of the tube if it becomes less viscous at higher temperatures. The
gathered data from the experiments is used to support the findings from the video footage of the microscope camera and the
GoPro camera and to validate the findings from the model from I. Daniil [9].
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4
Experimental results and analysis.

In this chapter, the findings and observations from the experimental research are presented and discussed. A first set of exper
iments was conducted to characterise the operation of the electrolyser stack. The build up of pressure to 50 bar was monitored
and operation at low pressure and at high pressure was researched. Visualisation of flow and bubble phenomena on the oxygen
side of an electrolyser cell was performed for varying current densities and pressure levels for various positions in the electrolyser
cell. The UDV device was used to measure the electrolyte velocity in the electrolysis system for the riser and the downcomer
tube. Based on the gathered data, calculations were made for occurrence of flow stagnation, gas crossover and flow directions
in the electrolysis system. A temperature regulation system is modelled and checked for implementation in the experimental
setup and in the eventual ZEF electrolysis system. At the end of the chapter a flow characterisation map is made, based on the
findings and observations during the experimental research and on the calculations made.

4.1. Characterisation of operation of the electrolyser stack.

The characterisation of operation of the electrolyser stack has been done with the main focus on operating at high pressures in
a range of 4750 bar. Experiments were also conducted at low pressures and during the build up of pressure up to 50 bar. First
a standard operating current density was determined, which was applied in future experiments when building up the pressure to
50 bar.

4.1.1. Determining standard operating current density.

The applied current density determines the amount of hydrogen and oxygen generated at respectively the cathode and the
anode, as explained in chapter 2.10. In order to conduct the experiments as efficient as possible a quick pressure build up to 50
bar is desired, while keeping the temperature inside the stack at a safe level. Based on the good insulation properties of PSU
and on the fact that the temperature is measured outside the stack, which gives a slightly less accurate reading than inside the
electrolyser stack, temperatures were determined to stay below a temperature reading of 60 ∘C during the experiments. Earlier
experiments with a previous design of the electrolyser stack resulted in material failure when the operating temperature reading
rose above 70 ∘C.
A first experiment was conducted to determine the desired current density for the pressure build up, while keeping the temperature
below the 60 ∘C. The operating current density was set at 0.3 A/cm2. During the experiment, the pressure in the electrolysis
system raised to 34 bar after 2300 seconds, visible in figure 4.1. The small pressure drops come from the opening of the oxygen
purge valve, made visible with the blue circles in the graph. The temperature level on the oxygen side in the stack rose to 57 ∘C
during the build up of pressure to 34 bar, presented in figure 4.2 Since the temperature kept rising, the experiment was halted
and a lower current density value chosen for the pressure build. Eventually 0.2 A/cm2 was chosen as the standard operating
current density for increasing the pressure to 50 bar, due to the temperature rising to a maximum of 49 ∘C. This can be seen in
temperature plot of future experiments in this chapter. The 0.2 A/cm2 allows for a safe operation by keeping the temperature in
check.
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Figure 4.1: Pressure increase over time when operating at
a current density of 0.3 A/cm2. The small pressure drops in
the graph come from the opening of the oxygen purge valve
in order to level the electrolyte level in the flash tanks, made
visible by the blue circles.

Figure 4.2: Temperature measurements for the oxygen and
hydrogen side during pressure build up of the electrolyser
stack. The temperature is measured at the riser tube of oxy
gen and hydrogen side. The temperature difference comes
due to worse insulation of the hydrogen temperature sensor.

From the temperature plot in figure 4.2 it is seen that the temperature measured for the hydrogen side is significantly lower
than on the oxygen side. It is expected that the temperatures on each side of the electrolyser cells are roughly equal. Due to
the earlier mentioned issue with insulation of the temperature sensors, on the outgoing Swagelok tubes of the electrolyser stack,
this difference in measured temperature is caused. From now on, the temperature measured on the oxygen outgoing Swagelok
tube is considered as the temperature in the electrolyser stack.

4.1.2. Pressure build up to 50 bar.
Multiple experiments have been conducted on the pressure build up to 50 bar for a current density of 0.2 A/cm2. The starting
conditions where a pressure slightly above 2 bar and a temperature around 23 ∘C. The varying starting pressure and starting
temperature for different experiments, come due to the necessity of wetting both level sensors before the startup. The plots
shown in this chapter, present the results from an experiment where the pressure is build up to 50 bar with starting conditions
of 5 bar and temperature of 30 ∘C. This specific experiment was chosen due to most representative data based on all the other
experiments. The values presented in the tables in this section show the average values taken over the multiple experiments.

Operating pressure.
The pressure plot of the electrolyser stack for operating at 0.2 A/cm2 is made visible in figure 4.3. The opening of the hydrogen
and oxygen purge valves is also represented in the figure. The blue circles stand for the opening of the oxygen purge valve and
the red circle for the hydrogen purge valve.

Figure 4.3: Pressure increase from 5 to 50 bar, during operation at 0.2 A/cm2. The opening of the oxygen and hydrogen purge
valve is visualized by respectively the blue and red circles. The cluster of opening of the oxygen purge valve after 2320 seconds,
at a pressure of 25 bar, comes from the manual supplying of water to the electrolysis system by the hand pump, increasing
the electrolyte level in the oxygen flash tank. The interval between the opening of the oxygen purge valve, due to measured
electrolyte level in the oxygen flash tank, increases with increasing pressure.

The plot shows a constant increase in pressure up to 50 bar. Based on all the experiments, the average time for the pressure
increase to 50 bar from a starting pressure of 2 bar showed to be 5501 s, roughly 1 hour and 31 minutes. The opening of the
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oxygen purge valve, to level the electrolyte level in the system, happens more frequently at the start of the pressure build up.
The time in between each purge increase for longer operation time and a higher pressure.
After 2320 seconds and reaching a pressure of 25 bar, the hydrogen level sensor became dry after an oxygen purge, and the
system had to be refilled. This lead to a pressure increase, followed by two consecutive oxygen purges.
For convenience, all the relevant data gathered from the experiments for the pressure build up, is presented in table 4.1 in the
chapter below.

Operating temperature.
The temperature increase for both the hydrogen and oxygen electrolyte flow goes at the same rate, except the hydrogen tem
perature remains lower according to the temperature sensors, due to better insulation of the oxygen temperature sensor. The
temperature increase during pressure build up is presented in figure 4.4.

Figure 4.4: Temperature increase for the oxygen and the hydrogen side during build up of pressure to 50 bar at a current density
of 0.2 A/cm2. Fluctuation in the temperature measurement of the oxygen side starts occurring frequently after 1500 seconds, at
a pressure of 18.5 bar. Fluctuations for the temperature measurement on the hydrogen side starts fluctuating after 2000 seconds
at a pressure of 23 bar, however these fluctuation remain small. As explained earlier comes the temperature difference from the
worse insulation of the hydrogen temperature sensor.

An important observation is the fluctuation in the temperature reading for the oxygen side, starting after the after the pressure
reaches 15 bar. For pressures above 20 bar the fluctuation of temperature occurs on a frequent base and the temperature
difference between peaks increases with increasing pressure. The hydrogen side temperature reading also shows signs of
fluctuation in temperature but these fluctuations are small and stay withing a 0.3 ∘C range. Since the temperature is measured
at the outgoing electrolyte flow of the electrolyser stack, the assumption is made that the fluctuations come from stagnation of
the electrolyte recirculation, or stagnation of the flow, on the oxygen side of the electrolyser stack. From now on,the moment
the recirculation of the electrolyte stops, or the flow through through the channels to the flash tank is halted, is referred to as
flow stagnation. The period in between the occurrence of flow stagnation will be referred to as a stagnation cycle. The finding of
possible flow stagnation is compared with video footage from the microscope camera and GoPro camera at the top channel in
the electrolyser cell. This is done later in chapter 4.3.1. An overview of the relevant data gathered from the temperature plots of
the pressure build up is presented in table 4.1.

Table 4.1: Relevant data gathered from the pressure and temperature sensors for the pressure build up to 50 bar.

Specification Value
Average time for reaching 50 bar 5501 s

Average temperature when reaching 50 bar 47 ∘C
Average starting pressure for flow stagnation oxygen side 18.5 bar
Average starting pressure for flow stagnation hydrogen side 23 bar

It must be noted that during the first set of experiments this behaviour of fluctuation did not occur, as can be seen in figure
4.2 in chapter 4.1.1. During the first set of experiments, a small leak occurred in a manual purge valve on top of the hydrogen
storage tank, which was not noticed until a few experiments later. All the experiments treated further in the thesis report were
done without leakage in the system, except when mentioned. The behaviour of the small leak on the hydrogen side is treated in
more detail in chapter 4.9.

Electrolyser cell voltage.
The voltage for one electrolyser cell during pressure build up is presented in figure 4.5. The cell voltage decreased during the
build up of pressure to 50 bar. As explained in chapter 2.5.2 does the cell voltage decrease for increasing temperature, which
results in an increasing efficiency. The measured cell voltage started at a value of 2.80 V and showed to be decreasing till a
value of 2.38 V when reaching 50 bar.
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Figure 4.5: Cell voltage during build up of pressure at 0.2 A/cm2. The voltage drops over time due to the increase in temperature.

4.1.3. Operation at 50 bar.
Operating pressure.
When a pressure of 50 bar is reached in the electrolyser stack, the hydrogen purge valve opens to relief the pressure from the
system. This results in a pressure drop, followed by the opening of the oxygen purge valve in order to equalize the electrolyte
level in both the flash tanks. Operating at 50 bar is a continuation of these events. Figure 4.6 presents the change in pressure
for operating up to 50 bar, for a current density of 0.2 A/cm2. The moment the purge valve are opened, are visible in the plot
with a red and blue circle for respectively hydrogen and oxygen.

Figure 4.6: Pressure increase during three hydrogen purge cycles at 0.2 A/cm2 and an average temperature of 47.5 ∘C. The
opening of the oxygen and hydrogen purge valves opening is visualized by the blue and red circles respectively. The pressure
drop when the hydrogen purge valve is opened shows to be 2.7 and the opening of the oxygen purge valve leads to an average
pressure drop of 0.4 bar.

Three hydrogen purge cycles are visible in the plot, which each take approximately 364 s. When the hydrogen purge valve
opens, for 50 ms, the pressure drops 2.7 bar. When the level sensor in the oxygen flash tank measures the decline in electrolyte
level the oxygen purge valve opens for 100 ms, three times in a row, to balance the electrolyte level in the system and leading to
a pressure reduction of 0.4 bar in the system. After the opening of the purge valves, the pressure builds up again to a pressure
of 50 bar. All the important data from the pressure plot is presented in table 4.2

Table 4.2: Relevant data gathered from the pressure sensors for operating at a pressure of 4750 bar and an average temperature
of 47.5 ∘C.

Specification Value
Pressure operating range 4750 bar

Average time between hydrogen purge cycle 364 s
Pressure drop hydrogen purge valve 2.7 bar
Pressure drop oxygen purge valve 0.4 bar

Average pressure build up time between hydrogen purge cycles 337 s

Confidential



4.1. Characterisation of operation of the electrolyser stack. 33

The effect of the opening of the purge valves when the system reaches 50 bar, has been modelled by I. Daniil [9]. The
models shows a difference in pressure drop for the oxygen flash tank and the hydrogen flash tank, which is shown in figure 4.7.

Figure 4.7: Simulated pressure drop and oscillatory behaviour of pressure caused by simultaneous opening of the pressure
purge valves for respectively the oxygen flash tank (a) and the hydrogen flash tank (b). Simulation done by I. Daniil. [9].

The pressure on the oxygen side drops to a pressure of 45.2 bar after opening of both valves, while the hydrogen side drops
to a pressure of 46 bar. Compared to the experimental data, are the pressure drops due to the opening of the valves higher
and differ for the oxygen and hydrogen side. There is also an oscillatory behaviour visible in the plot which is not seen in the
experimental data. It must be said that the model opens both of the purge valves simultaneously and that with the experiments
three oxygen purges were necessary to level the electrolyte level in the system. The pressure sensors were also not modelled
to measure the pressure at a high frequency so the oscillatory behaviour cannot be validated with the pressure sensor data.

Operating temperature.
The temperature readings for the hydrogen side and the oxygen side are presented in figure 4.8. As explained before, in chapter
4.1.2, does the hydrogen electrolyte temperature appear to be lower compared to the oxygen electrolyte due to worse insulation.

Figure 4.8: Temperature plot inside the electrolyser stack for oxygen and hydrogen while operating at 4750 bar and 0.2
A/cm2.The fluctuation for the oxygen side temperature sensor reading is clearly visible. Fluctuations in temperature reading
on the hydrogen side are a lot smaller.

The temperature plot shows that for operating at a pressure range of 4750 bar, temperature sensor readings result between
45 and 50 ∘C. The effect of operating at a high pressure on the temperature fluctuations is clearly visible for the oxygen side.
The temperature fluctuations on the hydrogen side stay relatively small at high pressures.

An assumption is made that the temperature fluctuation are caused by stagnation of the recirculation of the electrolyte flow.
The flow stagnation causes the Swagelok tube, to which the temperature sensor is connected, to cool down. This effect is studied
into further depth with the visualisation experiments done in chapter 4.3. Table 4.3 shows all the relevant information taken from
the temperature plot at high pressure.

Table 4.3: Relevant data gathered from the temperature sensors for operating at a pressure of 47 to 50 bar and a current density
of 0.2 A/cm2

Specification Value
Operating temperature range electrolyser stack 4550 ∘C

Average time between temperature peaks 70 s
Average temperature increase with electrolyte flow oxygen side 2 ∘C
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Cell voltage.
The voltage over the electrolyser stack depends on the resistances in the system. During operation at 4750 bar, and an average
temperature of 47 ∘C, the voltage over the electrolyser showed to be 2.26 V when operating at a current density of 0.2 A/cm2.

4.2. Comparison of low and high pressure operation.
After the experiments for the characterisation of operation of the electrolyser stack were done, a new set of experiments was
conducted at low pressure and at high pressure. The experiments were focused on the comparison for low and high operating
pressure for a varying current density. For a low operating pressure of 1.83 bar and a high operating pressure of 4750 bar, the
current density was varied between 0.017 and 0.4 A/cm2 for different temperatures.

4.2.1. High and low pressure IV curve.
During the experiments, the current density was varied while trying to keep the temperature level constant in the electrolyser
stack. Due to the lack of a temperature regulation system, the temperature was regulated by alternating the current density,
which proved to be a difficult task. Keeping the pressure constant also proved to be difficult, especially at high pressures, due
to the pressure drop occurring when opening the purge valves. A problem occurring at low pressure was the fast increase in
pressure at the higher side of the current density range.

After the experiments, the most reliable data was gathered at a high pressure of 49 bar for four different temperature values,
namely 41 ∘C, 47 ∘C, 50∘C and 55∘C. The reliable data gathered for low pressure operation was taken at a pressure range of 1.9
to 2.1 bar. Multiple data was gathered for each value of the current density range and averaged into 2 bar data for temperature
values of 22 ∘C, 35 ∘C and 41 ∘C.

The electrolyser cell voltage was plotted against the corresponding current density for the low pressure and high pressure
operation, and a curve fit was used to obtain the IV curves. Rahim et al. [45] proposed a curve fit for obtaining the electrolyser
cell voltage for an alkaline water electrolyser, as a function of the current density and the temperature in Kelvin. The function for
the curve fit is shown in equation 4.1.

𝑈 = 𝑈𝑟𝑒𝑣 + 𝑎 ⋅ 𝑙𝑜𝑔(
𝑏 + 𝑐

𝑇 +
𝑑
𝑇2 𝑗 + 1
𝑒 ) + (𝑓 + 𝑔 ⋅ 𝑇𝑒 ) 𝑗 (4.1)

A curve fitting application from Matlab was used to apply the curve to the data from the experiments, in order to determine
the constants for the function. Figure 4.9 shows a 3D plot from the curve fitting application based on the curve fit from equation
4.1 and the experimental data at a high pressure. The data point are all lying just above or below the surface area of the curve
fits. The constants used in the curve fit are presented in table 4.4.

Table 4.4: Curve fitting constants corresponding with the plot in figure 4.9

Curve fit constant Urev a b c d e f g
Value 1.23 0.0816 4.545 4.675 12.1 0.0018 0.02434 6.337e05

Figure 4.9: (curve fit

If the curve fit is applied in the plots for the electrolyser cell voltage and the corresponding current density and temperature
value, figure 4.10 en figure 4.11 can be consulted for respectively low pressure operation at 2 bar and high pressure operation
at 49 bar.
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4.2. Comparison of low and high pressure operation. 35

Figure 4.10: IV curve for operating a pressure of 49 bar for
varying current density at four different temperature lev
els of 41, 47, 50 and 55 degrees Celsius. Data points in
the graph are averages of multiple values gathered during
experiments. The IV curve comes from curve fit function:

𝑈 = 𝑈𝑟𝑒𝑣 + 𝑎 ⋅ 𝑙𝑜𝑔 (
𝑏+ 𝑐

𝑇+
𝑑
𝑇2 𝑗+1
𝑒 ) + ( 𝑓+𝑔⋅𝑇𝑒 ) 𝑗. Curve fit

becomes less representative for the highest temperature.

Figure 4.11: IV curve for operating a pressure of 2 bar
for varying current density at three different temperature
levels of 22, 35 and 41 degrees Celsius. Data points in
the graph are averages of multiple values gathered during
experiments. The IV curve comes from curve fit function:

𝑈 = 𝑈𝑟𝑒𝑣 + 𝑎 ⋅ 𝑙𝑜𝑔 (
𝑏+ 𝑐

𝑇+
𝑑
𝑇2 𝑗+1
𝑒 ) + ( 𝑓+𝑔⋅𝑇𝑒 ) 𝑗. Curve fit

becomes less representative for the lowest temperature.

The curve fit shows to reasonably represent the experimental data, except for the highest temperature and the lowest
temperature data points. In order to get a more representative curve fit for the experimental data, the curve fit function in
equation 4.2 is used, which simplifies the curve fit from Rahim et al. and takes out the temperature dependence.

𝑈 = 𝑈𝑟𝑒𝑣 + 𝑎 ⋅ 𝑙𝑜𝑔(𝑏 ⋅ 𝑗 + 1) + 𝑐 ⋅ 𝑗 (4.2)

Figure 4.12: IV curve for operating a pressure of 49 bar for
varying current density at four different temperature levels of
41, 47, 50 and 55 degrees Celsius. Data points in the graph
are averages of multiple values gathered during experiments.
The IV curve comes from curve fit function: 𝑈 = 𝑈𝑟𝑒𝑣 + 𝑎 ⋅
𝑙𝑜𝑔(𝑏 ⋅ 𝑗 + 1) + 𝑐 ⋅ 𝐽

Figure 4.13: IV curve for operating a pressure of 2 bar for
varying current density at three different temperature levels
of 22, 35 and 41 degrees Celsius. Data points in the graph
are averages of multiple values gathered during experiments.
The IV curve comes from curve fit function: 𝑈 = 𝑈𝑟𝑒𝑣 + 𝑎 ⋅
𝑙𝑜𝑔(𝑏 ⋅ 𝑗 + 1) + 𝑐 ⋅ 𝐽

From the graphs above, it becomes clear that operating at higher temperatures leads to a decrease in the cell voltage of
an electrolyser cell and a more efficient operation, as seen in chapter 2.5.2. However an increase in current density leads to
an increase in the cell voltage, decreasing the efficiency of operation. At a low pressure, the same effect of current density and
temperature is observed on the cell voltage compared with high pressure operation. The measured cell voltage values for the
current density range and different temperatures is presented in table 4.5 and table 4.6 for respectively operating at a 49 bar and
2 bar.
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Table 4.5: Effect of current density on cell voltage when operating at a pressure of 49 bar for temperature values of 41, 47, 50
and 55 degrees Celsius.

Current density [A/cm2] Voltage at 41 ∘C Voltage at 47 ∘C Voltage at 50 ∘C Voltage at 55 ∘C
0.008 1.53 1.50 1.52 1.50
0.017 1.60 1.57 1.57 1.53
0.05 1.73 1.76 1.70 1.67
0.1 1.93 1.93 1.9 1.80
0.2 2.30 2.26 2.17 2.07
0.3 2.53 2.50 2.43 2.40
0.4 2.70 2.67 2.63 2.60

Table 4.6: Effect of current density on cell voltage when operating at a pressure of 2 bar for temperature values of 22, 35 and 41
degrees Celsius.

Current density [A/cm2] Voltage at 22 ∘C Voltage at 35 ∘C Voltage at 41 ∘C
0.008 1.76 1.61 1.56
0.017 1.87 1.70 1.63
0.05 1.92 1.85 1.84
0.1 2.20 2.00 1,97
0.2 2.60 2.35 2.30
0.3 2.83 2.57 2.35
0.4 2.90 2.76 2.7

In order make a relevant comparison between operating at a low pressure and at a high pressure a similar operating tem
perature is required, due to the temperature effect of the measured voltage over a electrolyser cell. The lack of a temperature
regulation system resulted in only one voltage measurement for the same temperature for operating at 49 bar and 2 bar. The
IV curve for both values of operating pressure for a temperature of 41 ∘C is presented in figure 4.14. The curve fit function used
comes from equation 4.1, due to being representative for the low pressure operation and the high pressure operation for the
corresponding temperature.

Figure 4.14: Comparison of IV curve for operating at a low pressure, 2 bar, and a high pressure, 49 bar, for a constant temperature
of 41 ∘C. The data points for the voltage differ slightly at lower current densities but show to be equal for at the higher operating

current densities. The IV curve comes from curve fit function: 𝑈 = 𝑈𝑟𝑒𝑣 + 𝑎 ⋅ 𝑙𝑜𝑔 (
𝑏+ 𝑐

𝑇+
𝑑
𝑇2 𝑗+1
𝑒 ) + ( 𝑓+𝑔⋅𝑇𝑒 ) 𝑗

The effect of pressure on the overpotential is supposed to small, as explained in chapter 2.12.2. A small increase in overpo
tential is expected for operating at higher pressures according to Jang et al. [23]. From figure 4.14 it seems that at low current
density values, operating at a high pressure results in a slightly lower overpotential, which is in line with the findings from figure
2.12 in chapter 2.12.2.

The effect of operating between 2 bar and 49 bar seems negligible when operating at a current densities of 0.3 and 0.4
A/cm2. From figure 2.12 in chapter 2.12.2, overpotential for operating at 1 bar and 50 bar seem to cross at just above 0.8 A/cm2.
The difference can be explained in the differences between the experimental setup and the modelled setup by Jang et al. The
effect of bubbles and dissolved gasses at higher pressures also posses difficult to model, which results in models deviating from
experimental results.

4.3. Visualization of flow in the electrolyser cell.
Experiments were conducted to visualize the flow in the electrolyser cell, by zooming in with the microscope camera onto the
top channel of the cell, the entrance of the top channel and onto the ceiling of the electrolyser cell. The GoPro camera was used
to get an overview of all the filming positions from the microscope camera at the same time. The video footage shot at those
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4.3. Visualization of flow in the electrolyser cell. 37

positions will give an insight in the flow phenomena and will validate the suspicion of flow stagnation from the temperature sensor
readings. Observed flow regimes are based on the possible flow regimes presented in chapter 2.11 in figure 2.9.

4.3.1. Top channel microscope camera.
At first, the video footage shot at the top channel is analysed. The footage was shot at a pressure range of 47 to 50 bar and at
a temperature range of 40 to 45 ∘C. The current density was varied for 0.0170.3 A/cm2. The filming position of the microscope
camera in the electrolyser cell is shown in appendix chapter B in figure B.8(a), with the view of the camera shown in figure B.8(b).

A first observation made at the top channel, was that during certain periods of time the produced oxygen gas would stop
flowing through the channel. Shortly after, a slug would be observed that travelled through the channel before it stopped moving
in the camera view. This observation was made for the entire current density range and can be seen in figure 4.15. Before this
phenomena, the produced oxygen would flow through the channel either as slug flow, plug flow or bubbly flow until the oxygen
flow stagnates. During the time the oxygen flow is stagnant the oxygen production at the electrode continuous, which leads to
the assumption that the increasing volume of oxygen in the electrolyser cell results in a relatively large, compared to the width
of the top channel, oxygen bubble at the entrance of the top channel. Based on the temperature sensor data from chapter 4.1.2
and the observation made in figure 4.15 the assumption can be made that the electrolyte flow through the channel, and the
electrolyte recirculation in the electrolysis system, stagnates at certain points during operation.

Figure 4.15: Oxygen slug being stuck in the top channel for a pressure range of 4750 bar.

However another observation was made which counteracts the assumption that the electrolyte flow stagnates. Figure 4.16
shows the moment a slug is stuck in the channel with a channel filling bubble ahead. The buoyancy force is the driving force for
the oxygen bubbles and slugs to travel into the channel and through the riser towards the flash tank. This force is counteracted
by the surface tension of the build up oxygen bubble that grows during the stagnation of the oxygen flow through the channel,
which is explained in more detail in chapter 4.4. However the bubble in figure 4.16 can only be held in place by a downward
force generated by electrolyte flow, from the flash tank into the electrolyser cell. This generates friction which counteracts the
buoyancy force of the bubble. Figure 4.17 shows how liquid can flow past a body of gas in a square duct, which further supports
the theory.

Figure 4.16: Oxygen slug stuck in the top channel with a chan
nel filling bubble ahead which is also stuck. The bubble shows
the possibility of back flow past the bubble.

Figure 4.17: Schematic of a oxygen body traveling through
a square duct. The wetting fluid in the corners suggest that
back flow is possible past a slug or a bubble, as presented in
figure 4.16.

The phenomena of the electrolyte flow seeming to stagnate, according to the temperature sensor data, and the stagnation
of oxygen flow through the channel is discussed in more detail in chapter 4.4. First the effect of varying current density on the
video footage is treated in the section bellow, followed by video footage shot at the entrance of the top channel and at the ceiling.
This to get more insight in the flow through the channel before analysing the stagnation phenomena.
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Effect of varying current density.

When operating at 0.3 A/cm2, the time period without oxygen flowing through the channel showed to be the shortest compared
to the other current densities The time for these periods was recorded and compared to the data from the temperature sensor.
The time between peaks in the temperature data showed to be in line with the observed time between the moments the oxygen
flow starts to stagnate. The time period between stagnation of the oxygen flow is called a flow stagnation cycle. The average
time for a flow stagnation cycle, for operating at a high pressure and for varying current density, is presented in figure B.10 at
the bottom of this section.

For operating at 0.3 A/cm2, slug flow is immediately observed through the top channel after the build up oxygen, during a
flow stagnation cycle, travels as slug through the channel. Slug flow is the main observed flow regime, and just before the flow
stagnates again plug/bubbly flow is observed for a short period of time of 2 to 3 seconds. The slug flow observed is presented
in figure 4.18(a) and figure 4.18(b).

Figure 4.18: (a) Slug flow observed through the top channel at a current density of 0.3 A/cm2. Observed at 0.3 A/cm2. (b) Slug
flow observed through the top channel, immediately after the slug generated during a flow stagnation cycle travelled through the
channel. Due to the velocity of the slug, the image is blurred.

The slugs that were observed in the top channel differ in size, with an average length of 5.30 mm. The length of slugs was
determined based on the dimension of the channel, being 1.5 mm in width. In time, the interval between slugs decreases and
eventually the oxygen flow stagnates again. All the data gathered about the slugs is presented in table 4.7 at the end of this
section for all the operating current densities.

Operating at 0.2 and 0.1 A/cm2 resulted in the same behaviour regarded to the stagnation of the oxygen flow as with 0.3
A/cm2. The time period of a flow stagnation cycle showed to increase with the decreasing current density. The same method
for the determination was used as for 0.3 A/cm2 and the data gathered is also presented in figure B.10. The flow through the
channel observed, showed to be alternating between slug flow and plug flow, but mainly consisting of slug flow for operating at
0.2 A/cm2, while operating at 0.1 A/cm2 resulted in alternating slug flow and plug flow with less slug flow observed. From time to
time bubbly flow is observed. In figure 4.19(a) and figure 4.19(b), the respectively observed slug and plug flow for operating at 0.2
A/cm2 is presented. The slug flow and plug flow at 0.1 A/cm2 is presented respectively in figure 4.20(a) and figure 4.20(b).The
average slug length observed during the experiments showed to be 3.85 and 2.77 mm for respectively 0.2 and 0.1 A/cm2.

Figure 4.19: (a) Typical slug flow observed for operating at 0.2 A/cm2. (b) Plug flow seen when operating at 0.2 A/cm2
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4.3. Visualization of flow in the electrolyser cell. 39

Figure 4.20: (a) Typical slug flow observed for operating at 0.1 A/cm2. (b) Plug flow observed when operating at 0.1 A/cm2

When operating at a current density of 0.017 A/cm2, an interesting observation was made. The generated oxygen bubbles
were able to travel through the top channel without stagnation of the oxygen flow occurring. The flow through the channel consist
of bubbly flow, with most of the bubbles not clearly visible on a single frame from the video footage. Occasionally a slug, or a
bubble with almost the top channel width, travels through the channel. An example of such a bubble and slug is presented in
figure 4.21(a) and 4.21(b).

Figure 4.21: (a) Larger bubble observed through top channel when operating at a current density of 0.017 A/cm2. Smaller
bubbles travelling through the channel cannot be observed due their size and velocity. (B) Slug observed through top channel
when operating at a current density of 0.017 A/cm2.

Since the electrolyte velocity depends on velocity and volume of the produced oxygen bubbles, the stagnation cycles are
undesired when considering the implementation of a temperature regulation system. Continuous flow is required for an efficient
cooling. The operation at a current density of 0.017 A/cm2 shows to be promising based on the continuous flow observed through
the top channel. Operating at a lower current density also shows to be more efficient, based on the data from chapter 4.2, but
does lead to a lower production rate of oxygen and hydrogen, as explained in chapter 2.10.

4.3.2. Slug flow analysis.
The data gathered during the microscope experiments regarding the flow regimes and observed slugs is presented in table 4.7 for
the varying current density range. The slugs through the channel have been counted and their length recorded. Representative
video footage was chosen and for each current density value 2.5 minutes of video footage were observed. When the oxygen
flow stagnation was solved, slugs where observed for all current densities which had length longer the top channel part visible
on the microscope camera footage. These slugs are not presented in the data in the table.

Table 4.7: Relevant data gathered about the observed slugs through the top channel for a pressure of 4750 bar and a temperature
range of 4045 ∘C. Data represents 2.5 minutes of observed video footage.

Current density [A/cm2] Main flow regimes through channel Average slug length [mm] Number of slugs counted Volume of slugs [mm3]
0.017 Bubbly flow 2.04 11 29
0.1 Alternating slug flow and plug flow 2.77 16 64
0.2 Alternating slug flow and plug flow 3.85 27 160
0.3 Slug flow 5.3 30 255

The flow regime observed through the top channel for 0.3 A/cm2 showed to be mainly slug flow and 30 slugs were counted
during a period of 2.5 minutes. During operation, slugs were observed with lengths longer than the observed channel length.
These slugs appeared the most at the 0.3 A/cm2. For 0.2 and 0.1 A/cm2 the flow showed to be alternating between slug flow and
plug flow. At 0.2 A/cm2 slugs were observed more regular where 27 slugs where counted compared to the 16 seen at 0.1 A/cm2.
In between slugs, plug flow was observed for which the duration increased for operating at 0.1 A/cm2. Operating at 0.017 A/cm2

showed a flow regime mainly consisting of bubble flow with 11 periodic, almost circular, slugs observed. All the slugs counted
and their distribution of length, is presented in the histograms visible in figure 4.22.
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Figure 4.22: Length distribution for slugs observed through the top channel at a pressure of 4750 bar and a temperature range
of 4045 ∘C for current density values of 0.3 (a), 0.2 (b), 0.1 (c) and 0.017 (d) A/cm2.

From the histograms, it is observed that the slug length does increase with increasing current density, as would be expected
according to the increase in oxygen production as explained in chapter 2.10. The maximum observed slug length shows to
increase from a maximum of 2.6 mm for 0.017 A/cm2 up to a maximum length of 7.5 mm for 0.3 A/cm2. From the flow regime
map presented in figure 2.9 in chapter 2.11, it is seen that an increase in superficial gas velocity and electrolyte velocity does
lead to slug flow occurring. The increase in oxygen production, which comes from operating at a higher current density, relates to
the increase in oxygen gas velocity through the top channel. The increase in buoyancy driving force also leads to an increase in
electrolyte velocity through the top channel. This validates the observed increase in slugs when increasing the operating current
density. In the section below, the volume of the total amount of slugs observed during a flow stagnation cycle is compared with
the theoretical produced volume of oxygen gas during the period the flow through the top channel is not stagnant.

4.3.3. Preliminary oxygen flow stagnation analysis.

The video footage and data from the temperature sensor both show that the oxygen flow through the top channel stagnates
during certain periods in time when operating at a high pressure range of 4750 bar. It was shown that electrolyte is able to
flow past bodies of gas in the channel as back flow, see figure 4.17, but the volume of electrolyte flow is assumed to be really
small for convenience. This enables the use of the words: flow stagnation and flow stagnation cycle. Both the video footage and
temperature data showed to be in line with each other, which gives the assumption that the data should be representative.

The first relevant set of data gathered, provides insight in the average time period of a flow stagnation cycle, which is
presented in figure 4.23. The data was gathered for operating at a pressure of 4750 bar, for a temperature range of 4045 ∘C
and for varying current density between 0.0170.4 A/cm2. For operating at 0.4 A/cm2 mostly sensor data was gathered during
experiments and at the end of the experimental phase video footage was shot for this current density. Because the data seems
representative, it is added to the analysis is this section. The period of a flow stagnation cycle, tcycle, can be divided into a period
where there is flow through the top channel and a period where there is stagnation of the flow, as presented in equation 4.3.

𝑡𝑐𝑦𝑐𝑙𝑒 = 𝑡𝑓𝑙𝑜𝑤 + 𝑡𝑠𝑡𝑎𝑔𝑛𝑎𝑡𝑖𝑜𝑛 (4.3)

Where tflow stands for the time for which flow is observed in a flow stagnation cycles, which was monitored and the average
is presented in figure 4.24. The time the flow is stagnant during a flow stagnation cycle, tstagnation, is presented in figure 4.23.
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Figure 4.23: Time between occurrence of flow stagnation for
a varying current density while operating at a pressure range
of 4750 bar. Line fit through the data points is made with
𝑡 = 𝑎 ⋅ 𝑙𝑜𝑔(𝑗)−𝑏, with a = 30.48, b = 16.671 for the average
time period flow stagnation cycle and a = 33.8, b = 8.7189
for the average stagnation time.

Figure 4.24: Electrolyte flow duration time after flow stagna
tion for a varying current density while operating at a pressure
range of 4750 bar. Line fit through the data points is made
with 𝑡 = 𝑎 ⋅ 𝑒𝑏⋅𝑗, with a = 12.918, b = 1.6829.

In order to do a clear analysis, the data of the plots, visible in figure 4.23 and 4.24 is presented in table 4.8. From the
table 4.8 and the graphs presented above, it becomes clear that the period of a flow stagnation cycle decreases with increasing
current density. The time period of flow during a stagnation cycle increase with increasing current density, leading to a shorter
period of flow being stagnant which lowers from 90 % of flow being stagnant for 0.017 A/cm2 to 41 % for 0.4 A/cm2. The current
density increases the production rate of oxygen at the electrode, mainly ensuring more volume of oxygen is generated in the
electrolyser cell. This seems to have a positive effect on the period of a flow stagnation cycle. The increased buoyancy force is
expected to be the main contributor to the shorter period of a flow stagnation cycle, allowing the oxygen to be pushed through
the channel against the surface tension, and friction force from eventual back flow. During some quick experiments, the current
density was increased to 0.5 A/cm2. During these experiments, no stagnation at the top channel occurred due to the to large
amount of bubbles, and bubble volume, produced.

Table 4.8: Flow stagnation cycle data gathered at 4750 bar and 4045 ∘C for a varying current density of 0.0170.4 A/cm2.

Current density
[A/cm2]

Average time pe
riod flow stagna
tion cycle [s]

Average flow pe
riod during flow
stagnation cycle
[s]

Average stag
nant flow period
[s]

Fraction stag
nant flow of flow
stagnation cycle.
[%]

0.017 140 13.5 126.5 90
0.1 88 15.0 73.0 83
0.2 70 18.0 52.0 74
0.3 50 21.5 28.5 57
0.4 43 25.4 17.6 41

The data from table 4.8 can be used together with the data from table 4.7 to compare the volume of the total amount counted
slugs, during a flow stagnation cycle, with the theoretically produced oxygen gas during the period the flow through the top
channel is observed. Since the slugs where observed and counted for a period of 2.5 minutes, the average flow duration had to
be adapted based on the video footage which was used for the determination of the amount of slugs and their length. The result
is shown in figure 4.25.

It must also be noted that observed slugs which where longer than the channel length in the video were not implemented
in the data in table 4.7. Bubbles with a diameter which were smaller than the channel width were not counted as slugs. An
estimation has been made for the length of the uncounted long slugs, which is assumed to be 13 mm based on top channel
length, and the volume calculated, which alters figure 4.25 into figure 4.26.
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Figure 4.25: Time between occurrence of flow stagnation for
a varying current density while operating at a pressure range
of 4750 bar.

Figure 4.26: Electrolyte flow duration time after flow stagna
tion for a varying current density while operating at a pressure
range of 4750 bar.

From both figures, it is seen that the observed slugs have less volume than the theoretically produced oxygen during the
period flow is observed through the top channel, except for operating at a current density of 0.017 A/cm2 where the observed
volume of slugs is higher. This comes due to the opening of the hydrogen purge valve during operation, recirculating oxygen
gas from the oxygen flash tank, through the downcomer, into the electrolyser cells. This phenomena is explained in more detail
in chapter 4.5. The observed volume of slugs being lower than the theoretically produced oxygen is due to bubbles traveling
through the top channel not being counted with the slugs. Especially during operation at 0.3 A/cm2 bubbles were observed which
had a diameter smaller than the channel width. It must also be considered that all of the applied current over the electrolyser
stack is assumed to go into producing oxygen, which is lower due to leaking currents and due to bubble coverage of the electrode.
A slight curve is also observed in the theoretically produced oxygen data ,due to average values for flow duration being used,
which can be assumed linear based on equation 2.20 in chapter 2.10 when constant pressure and temperature are assumed.
This should bring the observed and theoretical produced oxygen closer together.

4.3.4. Entrance top channel.
Experiments were conducted, for the same conditions as with the top channel experiments, with the microscope camera posi
tioned at the entrance of the top channel. The conditions were a current density range of 0.0170.3 A/cm2 at a pressure range
between 47 and 50 bar for temperatures between 40 and 45 ∘C The position and camera view are made visible in figure 4.27.

Figure 4.27: (a) Filming position of microscope camera for the entrance top channel, visible in the red rectangle. (b) Microscope
camera view on the entrance of the top channel.

As observed during the previous experiments at the top channel does stagnation of the oxygen flow occur during operation
at high pressures. During all the experiments this flow stagnation is preceded by bubbles coalescing before the entrance of the
channel. The bubbles coalescing are bubbles flowing to the entrance of the channel or trapped bubbles around the entrance.
If bubbles big enough get stuck before the entrance, flow stagnation occurs due to the blocking of the channel. This effect is
presented in appendix chapter B figure B.9

If bubbles get stuck before the entrance, bubbles with a smaller size ,compared to bubbles being stuck, are able to slip past
into the channel. Eventually the oxygen flow through the channel stagnates, gradually lowering the void fraction in the channel
up to this moment. Because of the blocking of the channel, the recirculation of the electrolyte decreases in velocity, due to the
flow of the electrolyte being halted by the coalescence of bubbles. The assumption that the electrolyte velocity, and volumetric
flow, through the channel decreases come from the data temperature sensors, which shows the fluctuating pattern as seen in
figure 4.8.
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If the coalesced bubbles before the channel reach a critical size, around 2.5 mm, it can be seen that the bubble wants to
enter the channel, due to the buoyancy force, but the surface tension pulls it out. Figure 4.28(a) shows the moment the bubbles
before at entrance of the top channel have coalesced into a volume body of oxygen, which tries to enter the channel but is denied
from the entering the channel by the surface tension. Figure 4.28(b) shows at later moment in time when the gas liquid interface
in the electrolyser cell started to drop due to the build up of oxygen gas.

Figure 4.28: (a) Volume body of oxygen stuck before the entrance of the top channel. Oxygen is partially entering the channel
but not completely, due to the surface tension counteracting the buoyancy force. (b) Volume body of oxygen increases in volume.
More electrode surface starts to become covered with oxygen gas. From the reflections, it seems that there is a thin electrolyte
film present.

During the flow stagnation, the gas liquid interface in the electrolyser cell drops steadily until a large enough volume of oxygen
gas is reached, with enough buoyancy driving force, to push the build up oxygen volume into the channel to the flash tank. Due
to the lowering of the gas liquid interface, the electrode could become dry, only being in contact with the oxygen gas. However
during the video footage a thin film of electrolyte seems to be present on the electrode surface. During the experiments with the
microscope camera at the ceiling, the video footage provides a better view during this particularly moment so this phenomena
is treated in chapter 4.3.5.

Effect of varying current density.

With the top channel experiments at 0.3 A/cm2, the flow in the channel showed to be slug flow. The video footage from the
entrance of the top channel confirms this observation. Just after flow stagnation, bubbles are observed to travel to the entrance,
most of them coming from the right against the ceiling. These bubbles enter the channel resulting in slug flow, which can be
seen in figure 4.29(a). Only a few seconds later more bubbles appear from the right of the figure, which coalescence before the
entrance of the channel into larger bubbles with a diameter around 2.5 mm. After this moment, slug flow through the channel is
observed as can be seen in figure 4.29(b). The slug flow remains to be observed until flow stagnation occurs.

Figure 4.29: (a) Oxygen bubbles entering the entrance of the top channel at 0.3 A/cm2. Slug flow seems to be visible in the
channel due to the velocity of the bubbles blurring the image.(b) Slug flow observed through the entrance of the channel due to
coalescing of bubbles. The larger bubble visible before the entrance eventually grows in size and blocks the channel completely.

At an operating current density of 0.2 A/cm2 or 0.1 A/cm2, the same effect is observed as with 0.3 A/cm2. Bubbles coalesce
before the entrance of the top channel, leading to slug flow due to the large bubbles being pushed through the channel and
eventually causing flow stagnation. However, it is observed that smaller bubbles can slip past the partly blocked channel from time
to time. This results in alternating plug and slug flow through the channel, which was also observed with the earlier experiments
at the top channel. In figure 4.30 the partially blocking of the channel by bubbles is shown, with smaller bubbles being able to
pass through into the channel, resulting in alternating plug and slug flow.
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Figure 4.30: Coalescent oxygen bubbles blocking the entrance of the channel, with small bubbles being able to pass through
into the channel, resulting in mixed plug and slug flow.

Entrance top channel 0.017 A/cm2

When operating at a current density of 0.017 A/cm2, two different observations were made for two sets of experiments. As stated
in chapter 4.3.1, did operating at a current density of 0.017 A/cm2 result in continuous flow through the top channel, without flow
stagnation occurring. The same behaviour of flow was seen with the experiments at the entrance of the top channel. The video
footage shows that due to the low current density value, the generated bubbles move at a lower velocity compared to operating
at a higher current density. This due to the production rate of oxygen being lower, as explained in chapter 2.10. The result is that
the lower gas fraction reduces the buoyancy driven recirculation, leading to a decrease in bubble velocity. The lower oxygen
production rate, combined with a decrease in velocity of the oxygen bubbles, leads to a constant flow through the top channel.
Bubbles get stuck before the entrance occasionally, as can be seen in figure 4.31. Other bubbles are able to slip past into the
channel when this occurs.

Figure 4.31: Top entrance of the channel when operating at a low current density of 0.017 A/cm2. Smaller bubbles can be seen
entering the channel, encircled in red, even though larger bubbles partially block the channel.

The observations done at the entrance of the top channel,when operating at a low current density of 0.017 A/cm2, imply
that the combination of a low velocity buoyancy driven electrolyte recirculation and smaller bubble size lead to a continuous
operation without flow stagnation occurring. As mentioned in the top channel experiments, are occasionally slugs observed
through the top channel.

Bubbles can get stuck in the left corner of the ceiling or at the entrance. These bubbles take longer to grow, due to the lower
current density, but can eventually block the entrance of the channel. Figure 4.32(a) shows bubbles stuck before the entrance,
with an at the ceiling coalescent bubble moving from the right. When the moving bubble connects to the most right of the bubbles
being stuck, they coalescence into a larger bubble which slowly enters the channel due to the buoyancy force, as shown in figure
4.32(b). The assumption is the fluidic shear stress is counteracting the buoyancy force, which results in the slow movement
of the bubble trough the channel. At higher current densities it is assumed that the surface tension is dominant in keeping the
bubble from entering the channel.
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Figure 4.32: (a) Three oxygen bubbles partially blocking the channel with a bubble coming in from the right. The red arrow shows
the path the rightmost bubble takes before coalescing with the bubbles before the entrance. (b) All the bubbles coalescent into
one large bubble, which is slowly driven into the top channel.

After the experiments conducted above, a new set of experiments was conducted with the same operating conditions and
microscope camera present at the entrance of the top channel. Before this set of experiments, a small leak was found in a
manual purge valve at the hydrogen storage tank. The faulty leak valve was replaced and the experiments treated in the section
above repeated. It must be noted that all the experiments presented in this chapter were done with a leak tight setup, except
the first set of experiments done at the entrance of the top channel for a current density of 0.017 A/cm2 in chapter 4.3.4 . For
the current density range of 0.10.3 A/cm2 the video footage showed to be the same as with the earlier experiments. However
when operating at a current density of 0.017 A/cm2 or below, flow stagnation did occur. This due to coalescent bubbles not being
able to enter the channel anymore. Figure 4.33 shows a coalescent bubble that would have gone into the channel, as previously
observed, but immediately gets stuck.

Figure 4.33: Coalescent bubble seen stuck at the entrance of the top channel when operating at a current density of 0.017 A/cm2.

When comparing the sensor data from both the experiments, the only difference found was that the pressure slowly dropped
with the first set of experiments, due to the leaking needle valve. Data from the pressure sensors for both experiments are shown
in figure 4.34 and figure 4.35 for respectively an experiment with pressure leakage and without the leaking needle valve. The
operating current density for pressure leak plot is at 0.017 A/cm2 while the other plot shows the pressure during standby when
no oxygen or hydrogen is produced.

The different observation between the two experiments shows that the steady decline in pressure, due to gas being purged
at the hydrogen side of the electrolysis system, has a positive influence on the occurrence of flow stagnation through the top
channel at the oxygen side at lower current densities. This phenomena is treated in more detail in chapter 4.9.
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Figure 4.34: Pressure plot during operation at 0.017 A/cm2

with leaking needle valve. The pressure drops steadily during
operation.

Figure 4.35: Pressure plot during standby at a pressure of
49.5 bar without pressure leakage. The pressure shows to be
constant.

4.3.5. Ceiling electrolyser cell.
Experiments were conducted with the microscope camera positioned at the ceiling of the electrolyser cell. The position of the
camera is presented in appendix chapter B in figure B.10(a), where the camera view is presented in figure B.10(b).

From the video footage, the effects of flow stagnation were clearly visible. When the oxygen flow stagnates, increase in
volume of oxygen can be observed at the top of the electrolyser cell. On the video footage a gas liquid interface can be seen
moving to the right, as can be seen in figure 4.36. Eventually the entire electrode visible in the video footage is covered by
oxygen gas. This was observed for all operating current densities and temperatures and can be seen in figure 4.37.

Figure 4.36: Gas liquid interface shifting to the right, due to the
increase of volume of oxygen gas in the electrolyser cell due
to flow stagnation occurring at the entrance of the top channel.

Figure 4.37: Volume of oxygen gas completely covering the
view of the microscope camera. A thin liquid film seems to be
present on the electrode surface, based on the reflection of
light on the surface.

The electrode becoming dry, the moment when the electrolyte is directly in contact with the oxygen gas instead on the
electrolyte, poses a threat to the degradation of the electrode material. However a small liquid film was observed on the electrode
surface and on the Zirfon diaphragm in the electrode holes. When the video footage was inspected closely, oxygen could be
seen generated at the electrode surface in the thin liquid film. It must be noted that the assumption that the electrode has a thin
film of electrolyte on the surface comes only from the video footage. Reflections of light on the surface suggest that a liquid film
must be presented.

An interesting observation made was the coalescence and movement of bubbles at the ceiling. It was seen that bubbles flow
upwards to the ceiling and tend to get stuck at the ceiling, visible in figure 4.38(a). These bubbles grow in size due to coalescing
with other bubbles, until a size is reached where bubbles will start moving to the entrance of the top channel due to the small
incline of the ceiling. If these moving bubble come from the right corner of the electrolyser cell, they push bubbles in motion or
coalescence with bubbles stuck at the ceiling while moving to the entrance of the top channel, increasing in size as can be seen
in figure 4.38(b). Eventually, the train of coalesced bubbles reaches the entrance of the top channel and blocks it, due to the
large volume of bubbles suddenly appearing, leading to a new flow stagnation cycle.
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Figure 4.38: (a) Bubbles can be seen stuck at the ceiling, varying in diameter size from 0.19 to 0.42 mm. The blurry bubbles
which are larger in size, with an average diameter of 0.85 mm, are moving to the left towards the entrance of the top channel.
(b) Larger bubble with a diameter of 3.84 mm, seen moving to the left towards the entrance of the top channel. The large bubble
is a coalescence of bubbles stuck a the ceiling of the electrolyser cell.

4.4. GoPro overview.

The GoPro camera was used to get an overview footage of the top half of the electrolyser cell. Experiments were conducted
for the same operating pressure and temperature range as with the microscope experiments treated above. Unfortunately no
GoPro footage is made for a current density of 0.017 A/cm2. The overview with the GoPro allows for the possibility to observe the
conditions leading to stagnation of the oxygen flow and the increase of volume of oxygen gas at the top of the electrolyser cell.
The volume of produced oxygen gas can be quantified based on the observation and used to determine the buoyancy driving
force to push the quantity of oxygen gas through the channel. The filming position of the GoPro camera and the video view are
presented in figure in appendix chapter B B.11.

The video footage from the GoPro gave more insight on the occurrence of flow stagnation in the stack. The same observation
was made as with the microscope camera at the ceiling of the electrode. Bubbles tend to get stuck at the ceiling and grow in
size by coalescence. Eventually the grown bubbles start moving to the left, pushing bubbles towards the entrance while also
coalescing with other bubbles, which is presented in figure 4.39.

Figure 4.39: Three larges bubbles moving from the right corner of the electrolyser cell towards the entrance of the channel. The
bubbles have grown in size due to coalescing with other bubbles stuck a the ceiling of flow upwards to the ceiling. The bubbles
are encircled with the red oval.

When these bubbles reach the entrance of the channel, they coalesce and block the channel starting a new flow stagnation
cycle, presented in figure 4.40. The oxygen volume in front the channel increases during the flow stagnation cycle, seen in figure
4.41, until the buoyancy force of the oxygen volume is large enough the allow it to enter the channel. The build up oxygen volume
will from now on be referred to as a large oxygen bubble. This phenomena is analysed in more depth in the section below.
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Figure 4.40: Coalesced bubbles stuck before the entrance
of the top channel, after moving from the right corner of the
electrolyser cell to the left, as presented in figure 4.39. The
bubbles are encircled with the red oval.

Figure 4.41: Increase of oxygen volume in the elec
trolyser cell due to oxygen flow stagnation through
the channel. The increase in oxygen volume is en
circled with the red oval.

4.4.1. Flow stagnation calculations.
The assumption is made that the during a flow stagnation cycle, the surface tension of the large oxygen bubble prevents the
large oxygen bubble from entering the channel. The buoyancy force increases during the increase in volume of the large oxygen
bubble and eventually overcomes the surface tension force. In order to verify this assumption, calculations are made regarding
the buoyancy force and the surface tension that is needed to be overcome. Data will used from the gathered data about the
stagnation of the flow, from chapter 4.3.3. For convenience, the data is presented below in table 4.9.

Table 4.9: Flow stagnation data gathered from experimental phase.

Current density [A/cm2] Average time for flow
stagnation cycle [s]

Average electrolyte flow
duration after stagnation
[s]

Average stagnant flow du
ration [s]

0.017 140 13.5 126.5
0.1 88 15.0 73.0
0.2 70 18.0 52.0
0.3 50 21.5 28.5
0.4 43 25.5 17.5

Table 4.9 shows that the period for a flow stagnation cycle reduces for an increasing current density. This due to the increase
in oxygen production at the electrodes, as can be seen in equation 2.20. The duration of the electrolyte flow shows to increase
with increasing current density. Both findings result in that an increase in operating current density allows for a shorter period
of time in which there is no electrolyte recirculation. In order to validate the findings about flow stagnation, a comparison was
made between the observed volume production of oxygen, as the large oxygen bubble, and the calculation of produced oxygen
during a flow stagnation cycle. The theoretical production volume of oxygen for a three cell electrolyser stack can be determined
based with equation 2.20 from chapter 2.10. When multiplied with average time the flow is stagnant during a flow stagnation
cycle,taken from table 4.9, an estimation can be made for the produced volume of oxygen during a flow stagnation cycle. The
results are presented in figure 4.43

The observed production volume of oxygen during the period of stagnant oxygen flow through the top channel, is based
on the video footage from the GoPro at the top half of the electrode. The build up of volume of oxygen in the electrolyser half
cell was determined based on the size of the large oxygen bubble that increases in size during the flow stagnation cycle, as
can be seen in figure 4.42. The channel width was used a reference to calculate the volume of oxygen based on the gap size
and the circumference of the large bubble. Various large oxygen bubbles have been measured with this method, for the current
density range of 0.1 and 0.4 A/cm2, and their volume calculated. The volume for the observed and theoretical produced oxygen
is presented in figure 4.43 for comparison.
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Figure 4.42: GoPro view of the in volume increasing large
oxygen bubble. The bubble is traced with the red line. The
volume is calculated based on the gapwidth between the elec
trode and the PMMA plate, and on the circumference of the
bubble, which is used to determine the area of the bubble.
The circumference is related to the circumference of a circu
lar area and the surface area calculated and multiplied with
the gap width to determine the volume of the large oxygen
bubble.

Figure 4.43: Observed and calculated oxygen volume produc
tion for the large oxygen bubble during the period the flow is
stagnant during a flow stagnation cycle. The calculated pro
duction is done with average values and the observed produc
tion done by referencing the size to large bubble the width of
the channel. Both are crude methods and based on the ob
served an calculated oxygen being roughly similar it can be
assumed that the observed volume of oxygen is determined
correctly.

From observing the graph, the observed volume of oxygen shows to be roughly similar for the varying current density range
with the exception of 0.1 A/cm2 being slightly higher. One large oxygen bubble measured at 0.1 A/cm2 showed to have a volume
of 1067 mm, which increased the average of the 0.1 A/cm2 measurement. It is assumed that when more data is gathered, the
average of the varying current density range will lead to the same observed volume of oxygen during a flow stagnation cycle.
The graph also shows that the calculated produced oxygen volume does differ from the observed oxygen volume. However
an average value was used for the time the flow was stagnant and with more data points gathered might flatten the curve of
the produced oxygen volume. Since the lines are relatively close to each other, and both volumes are determined with crude
methods, the assumption is made that the observed volume of oxygen is determined correctly.

The driving force for the large oxygen bubble to go into the channel is expected to come from the buoyancy force, but can
be translated to the height of the large oxygen bubble above the entrance of the channel, and to a pressure by multiplying by the
density and the gravity constant, as shown in equation 4.4.

Δ𝑝 = ℎ𝑏𝑢𝑏𝑏𝑙𝑒 ⋅ 𝜌𝑒𝑙𝑒𝑐 ⋅ 𝑔 (4.4)

The large bubble is prevented from completely entering the channel due to the surface tension, that wants to minimize the
surface area of the bubble. The top channel has the shape of a rectangular duct with a height of 1.5 mm and a width of 1.5 mm,
as shown in figure 4.44. When the bubble is partially in the channel, the pressure difference over the liquid gas interface can
be calculated with the Laplace pressure difference. Equation 4.5 can be used to determine the Laplace pressure difference for
a slug in a duct according to R. Lenormand et al. [30]. In the equation, 0.94 comes from a constant calculated based on the
dimension of the duct.

Δ𝑝 = 2 ⋅ 𝜎𝑒𝑙𝑒𝑐 ⋅ 𝑐𝑜𝑠(𝛼𝑠𝑙𝑢𝑔) ⋅ 0.94 ⋅ (
1
𝑥 + 1

𝑦) = 2 ⋅ 0.096 ⋅ 𝑐𝑜𝑠(58) ⋅ 0.94 ( 1
0.0015 +

1
0.0015) = 120𝑝𝑎 (4.5)

The equation uses the surface tension 𝜎, the dimensions of the channel, width x and height y, and the contact angle of the
slug against the wall for the calculation. The value for the surface tension is taken from research by P.M Dunlap et al. [11]. The
contact angle of the slug was determined based on the video footage at the top channel at the moment the slug would start
flowing further into the channel, and the average was taken for the calculation of the Laplace pressure. The contact angle of the
slugs showed to be roughly the same for all the operating current densities, with an average contact angle of 58 degrees. The
method for obtaining the contact angle is visible in figure 4.45.

Confidential



50 4. Experimental results and analysis.

Figure 4.44: Zoom in of the entrance of the top channel. The
channel has a square duct geometry with a height of 1.5 mm
and a width of 1.5 mm. The large oxygen bubble needs to
pushed into the channel while the surface tension wants to
minimize the surface area of the large oxygen bubble. Image
obtained from ZEF.

Figure 4.45: Calculation of the contact angle of the slug
against the wall the moment the slug starts flowing into the
channel completely. The microscope camera is placed at a
small angle during these experiments, due to the size of the
look through windows, which affects the determining of the
contact angle of the slug with the wall.

The Laplace pressure can also be translated into a height by dividing by the density of the KOH and the gravity constant.
The height taken from this calculation can be plotted against the height determined for the large oxygen bubbles, to verify the
assumption that the surface tension prevents the large oxygen bubble from completely entering the top channel. In figure 4.44,
the height of the large oxygen bubble and height taken from the Laplace pressure are plotted against the current density range.
The same is done in figure 4.47 for the pressure corresponding with the height. The heights show to be of roughly the same
magnitude, which validates the assumption that the surface tension is keeping the bubble from entirely entering the channel.
From 4.43 it becomes clear that there is no difference in necessary volume for the large oxygen bubble to travel through the
channel. This further verifies the assumption that surface tension is the main counter force to the buoyancy force.

Figure 4.46: Height of the large oxygen bubble compared
against the translation of the Laplace pressure in the top chan
nel to a height. The height and Laplace pressure are deter
mined at the moment the large oxygen bubbles starts flowing
into the top channel.

Figure 4.47: The eight of the large oxygen bubble translated
to a pressure difference against the Laplace pressure in the
top channel. Both pressures are determined at the moment
the large oxygen bubbles starts flowing into the top channel.

The stagnation of the flow has a main disadvantage in that the electrolyte circulation is stopped for a period of time, which
becomes longer with decreasing operating current density. The electrolyte circulation allows for better regulation of the tempera
ture inside the electrolyser stack, even more with an eventual heat exchanger implemented in the downcomer. The temperature
increase during a flow stagnation cycle leads to an increase of oxygen dissolved in the electrolyte bulk, which has a negative
impact on gas crossover and the UEL, as explained in chapter 2.8. Another downside for the flow stagnation is that less oxygen
is produced at the electrode surface due to less contact with the electrolyte. During the experiments a thin film of electrolyte was
seen present at the electrode during a flow stagnation cycle, but this could not be verified by other means. Based on the flow
stagnation occurring in all the electrolyser cells and due to coalescence of bubbles before the entrance, it can be assumed that
even with a larger electrolyser stack, consisting of more electrolyser cells, stagnation of flow in the top channels will occur. It
must be noted that the eventual electrolyser stack should be able to operate at higher temperatures, which increases the volume
of produced oxygen according to the ideal gas law, and should lead to a shorter period for flow stagnation cycles.
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One interesting observation was made during experiments with a previous electrolyser stack design, which consisted of
electrolyser discs with a thicker bipolar plate. These experiments were done to get a feel for the setup and how to operate it.
During these experiments current densities were reached, at a pressure range of 4750 bar, of 0.7 A/cm2. When disassembling
the stack, black residue was found on the oxygen side of the Zirfon diaphragm, only for the middle electrolyser cell, as can be
seen in appendix chapter B in figure B.12. The black residue came from the electrodes, which where slightly degraded, and
from the PSU material, which was melted and burned. This was seen on both the hydrogen side and the oxygen side, where
the Zirfon diaphragm had black residue on the same position as where the large oxygen bubble would be expected during a flow
stagnation cycle. This phenomena requires further investigation but hints that the build up of oxygen gas can lead to an sudden
increase in temperature for higher current densities.

4.5. Influence of pressure control valves

During operation of the electrolyser stack, the pressure control system activates at certain moments, as explained in chapter
3.2, resulting in the opening of the oxygen or hydrogen purge valve for respectively 100 and 50 ms. The opening of the valves
influences the pressure level and the electrolyte level in the electrolysis system, resulting in flow of electrolyte to certain parts of
the system. This chapter will give an insight in the influence of the opening and closing of the purge valves on the electrolyser
cell, based on the video footage shot by the microscope camera when operating at a high pressure range of 4750 bar. Three
different filming positions are checked in this chapter: the top channel, the entrance of the top channel and the bottom channel.

4.5.1. Top channel.

The opening of one of the two purge valves resulted in the same observation for the video footage at the top channel. Directly
after opening one of the valves, a drastic increase in electrolyte recirculation velocity would be observed. The bubbles through
the channel become blurry on the video footage due to the increase of velocity. Electrolyte and bubbles are sucked into the
channel, trough the entrance, for a few seconds before the electrolyte recirculation velocity seems to lower in velocity. In case
of flow stagnation, when the oxygen gas is observed motionless in the channel, the opening of both of the valves resulted in
an immediate increase of electrolyte and bubble velocity through the channel, solving the flow stagnation. The slug made up of
the build op oxygen during a flow stagnation cycle can be seen in figure 4.48. The only difference between the opening of the
oxygen purge valve and the hydrogen purge valve is the duration of the increased electrolyte recirculation velocity, which takes
one or two seconds longer after opening of the oxygen purge valve. The difference comes from the oxygen flash tank being
directly connected to the oxygen side of the electrolyser cell through the top channel, header and riser tube. The pressure drop
in the flash tank creates a pressure difference compared to the electrolyser cell, which triggers the flow of electrolyte. Besides,
the model from I. Danniil [9] showed that it takes longer for the pressure in the oxygen flash tank to stabilize.

Figure 4.48: Large slug observed after opening of the oxygen or hydrogen pruge valve in the top channel.

4.5.2. Entrance top channel.

The effect of opening the oxygen and hydrogen purge valve on the electrolyte flow through the channel was also observed for
the entrance of the top channel. The same effect was observed as with the top channel experiments, namely the increase in
electrolyte recirculation velocity after the opening of one of the valves. In case of flow stagnation or bubbles being stuck around
the entrance, the opening of one of the purge valves resulted an immediate solving of the flow stagnation. The video footage
corresponding with this observation is shown in figure 4.49.
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Figure 4.49: (a) Flow of the large oxygen bubble through the entrance of the top channel, one second after opening of the oxygen
purge valve. The oxygen flow through the channel was stagnant before the opening of the purge valve. The image is blurry due
to the immediate increase of velocity of oxygen gas through the channel. (b) Surge of bubbles through the entrance of the top
channel after the large oxygen bubble left the electrolyser cell. Bubbles show to move at a higher velocity through the channel,
compared to the flow velocity without opening of the oxygen purge valve. The bubbles clearly visible are bubbles that are stuck
at the ceiling.

Here figure 4.49(a) shows the flow of the large oxygen bubble through the entrance of the top channel. A increase in velocity
of electrolyte and bubbles was observed, due to the blurry images. Figure 4.49(b) shows the flow through the channel four
seconds after figure 4.49 (a). The flow velocity through the channel seem to be higher compared to the flow without opening of
the purge valve. The increased flow velocity relates to a higher electrolyte recirculation velocity, which shortens the residence
time of bubbles on the electrode surface. This results in smaller bubbles leaving the electrode surface and a lower chance for
bubbles to coalescence. The electrolyte velocity slowly decreases until a level comparable to flow through the channel, without
the opening of the oxygen purge valve, and eventually flow stagnation will occur.

4.5.3. Bottom channel.
Video footage was shot with the microscope camera at the bottom channel of the electrolyser cell. Since this filming position
and view of the microscope camera were not yet treated, they are presented in appendix chapter B in figure B.13. The bottom
channel video footage resulted in different observations for the opening of respectively the oxygen and hydrogen purge valves.
The opening of each valve is treated individually below.

Opening of oxygen purge valve.
As explained above in this chapter does the opening of the purge valves show to have an effect on the recirculation of the
electrolyte flow. When the oxygen purge valve was opened, an immediate increase in electrolyte velocity through the bottom
channel was observed followed by a slug through the channel. The effect showed to be the same for various operating conditions
and is made visible in figure 4.50.

Figure 4.50: A slug observed through the bottom channel just after opening of the oxygen purge valve. The high velocity of the
slug only allows for blurry images due to the low frame rate of the microscope camera.

The recirculation of oxygen in the form of bubbles or slugs poses no threat to the electrolysis process. However when the
bubbles recirculating are made up of hydrogen gas, they pose a risk due to the increase in gas crossover. The slug observed
in figure 4.50 did travel through the oxygen footer to the anode side of the electrolyser cell, where oxygen is produced. It seems
unlikely that the slug comes from the oxygen flash tank, based on the direction of the flow in the electrolysis system after opening
of oxygen purge valve, as explained in chapter 3.2.2. It also seem unlikely that the slug travelled from the hydrogen side, either
the flash tank or one of the electrolyser halfcells, through the pressure equalization tube to the oxygen halfcell, due to the
length of the Swagelok tubing on the hydrogen side and the length of the pressure equalization tube. This is explained in more
detail in chapter 4.6. An explanation may be the formation of hydrogen at the top plate of the electrolyser stack. The top plate
serves as a cathode and will produce hydrogen inside the half cell it is connected to. However it will also produce hydrogen
at the channels in the top plate and the connecting Swagelok tubes. Due to the flow stagnating for considerable periods of
time, hydrogen bubbles are allowed to grow and coalescence in the stagnant electrolyte in those parts. When the electrolyte
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recirculation starts flowing again due to the opening of the oxygen valve, the accumulated hydrogen bubbles travel through the
footer channels to the hydrogen side of the electrolyser cells but also to the oxygen side of the electrolyser cells, resulting in an
increase in gas crossover of hydrogen to the oxygen side. This theory is examined in more depth in chapter 4.7.

Opening of hydrogen purge valve.
The opening of the hydrogen purge valve has a similar effect on the recirculation of the electrolyte as the opening of the oxygen
purge valve. There is an increase in electrolyte velocity through the bottom channel immediately after opening the valve. However
there is a secondary effect observed that differs from the opening of the oxygen purge valve. Instead of a small slug or bubbles
travelling through the bottom channel, large slugs are observed, presented in figure 4.51(a). The length of the first slug is longer
than the width of the camera view, visible in figure 4.51(b), followed by shorter slugs which range between 1.5 mm and 0.3 mm

Figure 4.51: (a)(b) Slugs observed through the bottom channel after opening of the hydrogen purge valve. The flat looking
bubbles are pockets of gas stuck between the PSU covering the bottom channel and the PMMA plate.

Based on the flow of electrolyte in the electrolysis system, as explained in chapter 3.2.2, it is assumed that the slugs consist
of oxygen gas that is recirculated through the downcomer into the electrolyser cell. In chapter 4.6, this observation is analysed
into further depth.

4.6. Electrolyte flow direction electrolysis system.
The direction of the electrolyte flow in the electrolysis system can have a negative impact on the safety during operation. Gas
crossover can occur through electrolyte mixing, as mentioned in chapter 2.8, which can lead to reaching the explosion limits for
either oxygen or hydrogen. There is a small constant flow of electrolyte through the pressure equalization tube from the oxygen
side to the hydrogen side, due to the small pressure difference in both of the flash tanks. However the opening of the oxygen
or hydrogen purge valve results in larger pressure drops in the flash tanks, 0.4 bar and 2.7 bar for respectively the oxygen and
hydrogen purge valves when operating at 50 bar. This is verified by the experimental data, in chapter 4.1.3 and predicted in
the model of I. Daniil. These larger pressure drops result in a higher velocity of electrolyte in the system, which enhance the
possibility of electrolyte mixing through the pressure equalization tube. This chapter will focus on validating the electrolyte flow
direction as predicted by the model of I. Daniil by comparing it with the observations during the experiments and with calculations
made for the resistance coefficients in the system.

4.6.1. Resistance coefficient calculations.
In order to determine the direction of the electrolyte flow after the opening of one or both of the purge valves, the pressure control
scheme in chapter 3.2.2 can be consulted. The control scheme is based on the electrolyser model from I. Daniil. In order to
validate the electrolyte flow direction, resistance coefficients were calculated for the components through which the electrolyte is
transported in the electrolysis system. Based on the pressure drop and the resistance coefficients, the direction of the electrolyte
flow and the volume flow rate can be determined. Flow follows the path of the least resistance, corresponding with the lowest
resistance coefficient. The pressure difference over certain parts in the system relates to equation 4.6.

Δ𝑝 = �̇�𝑒𝑙𝑒𝑐 ⋅ 𝐾 (4.6)
where �̇�𝑒𝑙𝑒𝑐 stands for the volume flow of electrolyte and K is the resistance coefficient. The resistance coefficients dependent

on the geometry of the components in the electrolysis system. There are three different geometries present in the system,
namely: circular tubes, square ducts and planar cells. For each different geometry, the resistance coefficient is calculated. For
the calculations the assumption is made the flow in the system is laminar. For simplicity, entrance and corner effect are not taken
into consideration.

For circular tubes, such as the downcomer, the riser and the pressure equalization tube, the resistance coefficient can be
determined based on the Hagen Poiseuille equation, shown in equation 4.8. The Darcy friction factor can be determined with
equation 4.7, where D stands for the channel diameter.

𝑓𝐷 = 64
𝑅𝑒 = 64 ⋅ 𝜇𝑒𝑙𝑒𝑐

𝜌𝑒𝑙𝑒𝑐 ⋅ 𝑢 ⋅ 𝐷
(4.7)

Δ𝑝 = 𝑓𝐷 ⋅ 𝐿 ⋅
𝜌𝑒𝑙𝑒𝑐
2 ⋅ 𝑢

2

𝐷 = 8
𝜋 ⋅ 𝐿 ⋅ 𝜇𝑒𝑙𝑒𝑐𝑟4 ⋅ �̇�𝑒𝑙𝑒𝑐 = 𝐾𝑐𝑖𝑟𝑐 ⋅ �̇�𝑒𝑙𝑒𝑐 . (4.8)

The top and bottom channels in the electrolyser cells have a square duct geometry. For square ducts, a hydraulic diameter
needs to be calculated before the resistance coefficient can be determined. The hydraulic diameter can be calculated with
equation 4.9, from which the resistance coefficient calculation follows as presented in equation 4.10.
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𝐷ℎ =
4 ⋅ 𝐴𝑑𝑢𝑐𝑡
𝑃𝑑𝑢𝑐𝑡

(4.9)

Δ𝑝 = 𝑓𝐷 ⋅ 𝐿 ⋅
𝜌𝑒𝑙𝑒𝑐
2 ⋅ 𝑢

2

𝐷ℎ
= 32 ⋅ 𝐿 ⋅ 𝜇𝑒𝑙𝑒𝑐

𝐴2 �̇�𝑒𝑙𝑒𝑐 = 𝐾𝑑𝑢𝑐𝑡 ⋅ �̇�𝑒𝑙𝑒𝑐 . (4.10)

where P stands for the wetted perimeter of the cross section of the duct. The resistance coefficient for the electrolyser cell
is determined based on a flow between two plates. The pressure drop from which the resistance coefficient is determined can
be calculated with the HagenPoiseuille equation for flow between two plates, as shown in equation 4.11, with w being the gap
width between the plates.

Δ𝑝 = 12 ⋅ 𝜇𝑒𝑙𝑒𝑐 ⋅ 𝐻𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
𝑤3 ⋅ �̇�𝑒𝑙𝑒𝑐 = 𝐾𝑝𝑙𝑎𝑛 ⋅ �̇�𝑒𝑙𝑒𝑐 (4.11)

4.6.2. Electrolyte flow direction.
Based on the dimensions of the electrolysis system, the resistance coefficients can be calculated for the entire system. Figure
4.52 shows a schematic of the electrolysis system with all the points for which the resistance coefficients have been calculated.
The calculated resistance coefficients are presented in appendix chapter B table B.2 from highest to lowest.

Figure 4.52: Schematic of the electrolysis system with the points presented for which the resistance coefficients were calculated.
The points correspond to the numbers and the dimensions for each point can be found in table B.2.

The table gives a clear overview which components in the system have the highest resistance coefficient, which provides
insight in which the electrolyte flow direction will go after the opening of the purge valves. If the hydrogen purge valve opens,
the pressure will drop in the hydrogen flash tank, resulting in an electrolyte flow. The highest pressure after the opening of the
valve is in the oxygen flash tank, so the electrolyte will flow from the oxygen flash tank to the hydrogen flash tank. The resistance
coefficient in the oxygen downcomer is lower compared to the summation of resistance coefficients of the riser, and the channels
in the electrolyser cell. This means most of the electrolyte will flow through the downcomer to the pressure equalization tube
and towards the hydrogen downcomer. However there will also be electrolyte flowing through the electrolyser half cells to the
pressure equalization tube, only less due to the higher resistance coefficient. This is contradicting with the visual observation
made in chapter 4.5, where a flow was observed from the electrolyser half cell toward the oxygen flash tank when either one of
the purge valves opened. This can be seen in figure 4.49, where bubbles and electrolyte can be seen flowing into the entrance
of the top channel.

It is assumed that the absence of back flow arises due to the buoyancy force of the generated oxygen bubbles, combined
with an unintended design error where the connection of the riser to the oxygen flash tank is made above the electrolyte level
in the oxygen flash tank. This ensures that the electrolyte cannot flow through the riser back into the electrolyser half cell. The
slugs in the channels and the production of oxygen bubbles avoid back flow. In the model of I. Daniil [9], during the opening of
the hydrogen purge valve, electrolyte back flow is expected at the oxygen side, presented in figure 4.53 which shows the flow
direction in the electrolysis system during the opening of the hydrogen purge valve. The effect of the bubbles was not taken into
account in the model, which explains the prediction of back flow and the absence of back flow seen in the experimental setup.
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Figure 4.53: Electrolyte flow in a network representing the electrolysis system during main operation, as modelled by I. Daniil.
T1 stands for the oxygen flash tank and T2 stands for the hydrogen flash tank. The red arrows indicate the direction of the
electrolyte flow, showing back flow at the oxygen side at node 4b. Figure obtained from I. Daniil [9].

From the pressure equalization tube, the hydrogen downcomer has a three times lower resistance coefficient, than the path
through the electrolyser half cells to the hydrogen flash tank. Which means three time the amount of electrolyte will flow through
the downcomer to the hydrogen flash tank.

For the oxygen side the same principle hold regarding the created pressure difference due to the opening of the hydrogen
purge valve. Electrolyte will start flowing from the hydrogen flash tank to the oxygen flash tank through the pressure equalization
tube. Due to the oxygen downcomer having a lower resistance coefficient, most of the electrolyte will flow through the downcomer
to the oxygen flash tank.

4.6.3. Adaptation pressure equalization tube.
In order to estimate the risk of mixing of electrolyte, that can lead to gas crossover, the volume flow through the pressure
equalization tube for the opening of the purge valves needs to be estimated. The volume of oxygen and hydrogen present in the
respective flash tanks when the level sensor becomes dry, can be calculated based on the height of the level sensor in the flash
tank and the tank dimensions from table 3.1 in chapter 3.2. The gas volume in a flash and storage tanks during operation when
the level sensor becomes dry, is presented in table 4.10.

Table 4.10: Gas volume for the oxygen and hydrogen tanks during the moment the level sensors are dry.

Component Gas volume
Oxygen tanks 196.2 cm3

Hydrogen tanks 565.5 cm3

During the opening of the purge valves, the oxygen purge valve opens for 100 ms and the hydrogen purge valve for 50 ms.
This leads to a pressure drop of respectively 0.4 bar and 2.7 bar. If isothermal conditions are considered, the change in volume
of a gas can be taken from equation 4.12, with 𝜅 being the heat capacity ratio shown in equation 4.13. For isothermal conditions,
𝜅 equals 1.

𝑝 ⋅ 𝑉𝜅 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. (4.12)

𝜅 =
𝐶𝑝
𝐶𝑉

(4.13)

With both equations and the volume of gas estimated in the flash tanks, the increase of gas volume in the flash tank op
posite to the opened purge valve can be determined. This is equal to the volume of electrolyte that flows through the pressure
equalization tube. The pressure drop of 0.4 bar for the opening of the oxygen purge valve, leads to a hydrogen volume increase
of 3.13 cm3 in the hydrogen flash tank. Similar for the opening of the hydrogen purge valve, does the pressure drop of 2.7 bar
lead to an oxygen volume increase in the oxygen flash tank of 10.99 cm3.

The volume of the pressure equalization tube can be taken from table B.2 and shows to be 2.51 cm3, which is more than
4 times lower than the volume of electrolyte that flows through the pressure equalization tube when the hydrogen purge valve
opens. The 2.51 cm3 is also lower compared to the 3.13 cm3 electrolyte that flows to the oxygen side. This shows gas crossover
can occur through electrolyte mixing, if the assumption is made that all the electrolyte goes through the pressure equalization tube
and the flow is incompressible. If gas is present in the Swagelok tubes, as seen in chapter 4.5 when opening the hydrogen purge
valve, impressibility cannot be assumed, since the gas can be compressed. Based on the 4 times large expected electrolyte
flow through the pressure equalization tube when opening the hydrogen purge valve, it can be assumed that electrolyte from the
oxygen side will reach the hydrogen side.
A solution proposed to solve the gas crossover through electrolyte mixing is the elongation and increase in diameter of the
pressure equalization tube. This increases the volume of the tube and cancels the effect of the electrolyte mixing when the
purge valves opens. If one looks at equation 4.8, increasing the length of the tube increases the resistance coefficient linear and
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increasing the radius decreases the resistance coefficient by the fourth root. For example a using a tube with a length of 40 cm
and an inside diameter of 5 cm, present at ZEF, has a volume of 3141 cm3, which is approximately 285 times the volume that
is displaced when the hydrogen purge valve is opened. The resistance coefficient also decreases by a factor of 480, ensuring
almost all flow of electrolyte will go through the pressure equalization tube during the opening and closing of the purge valves. It
must be said that over time, the electrolyte from the oxygen side will reach the hydrogen side, due to the continuous opening of
the hydrogen purge valve during operation and the constant flow of electrolyte toward the hydrogen side through the pressure
equalization tube.

4.7. Gas crossover through bottom channels.
During the experiments with the microscope camera at the bottom channel, treated in chapter 4.5.3, bubbles and slugs were
observed to enter the electrolyser half cell through the bottom channel after the opening of one of the purge valves. The opening
of the hydrogen purge valve resulted in large slugs traveling through the channel, suspected to be oxygen gas that was re
circulated from the oxygen flash tank through the downcomer. The opening of the oxygen purge valve resulted in a smaller
slug travelling through the channel, which was suspected to consist of hydrogen gas generated in the 316 stainless steel top
plate. Further research was conducted on this phenomena which resulted in two possible cases of induced gas crossover: by
production of oxygen at the connector plate and by production of hydrogen at the channels in the top plate. The position where
enhanced gas crossover can occur are presented in figure in appendix chapter B in B.14. The red rectangles stand for the
production of oxygen at end plate, or the connector plate in the experimental setup, leading to gas crossover of oxygen and the
red circles stand for the production of hydrogen in the channels at the top plate, and possibly at the connecting Swagelok tubing,
leading to hydrogen gas crossover.

4.7.1. Gas crossover generated at top plate.
In the ZEF electrolyser stack design, does the 316 stainless steel top plate serve as a cathode due to the negative connection
to the power supply. This means hydrogen is generated at the surface of the top plate in contact with the electrolyte. Since the
channels in the top plate are in connection with the electrolyte, hydrogen is generated at the surface of the hydrogen footer and
header but also at the oxygen footer and header, which poses an increase in gas crossover. This has only significance when
the leaking currents through the footer and header are significant enough to generate enough hydrogen to pose a risk for gas
crossover. Research done by M. Geraedts [17], showed that leaking currents are present in the header and footer channels, and
that the voltage over the header and footer was approximately half the total stack voltage. Based on the observed slugs in the
bottom channel of the oxygen side of the electrolyser cell, this shows the possibility of gas crossover by production of hydrogen
at the channels in the top plate. This phenomena will not be treated in more detail in this thesis report and further research in
this phenomena is recommended.

4.7.2. Gas crossover generated at connector plate.
The 316 stainless steel connector plate serves as the connection point for the power supply. A picture of the used connector
plate for the experiments, after disassembly of the electrolyser stack, is shown in figure B.16. For a non transparent stack does
a stainless steel end plate function as the connection to the power supply. The connector plate does generated oxygen, due its
connection to the positive side of the power supply. Since the connector plate is only in contact with electrolyte on the oxygen
side of the electrolyser cell, this should not pose a risk of gas crossover. However if one looks closely at the design of the
electrolyser discs, the connection to the hydrogen footer and header becomes visible. This is presented in appendix chapter B
in figure B.15.

The assumption that oxygen is generated at the contact of electrolyte with the connector plate in the footer and header
channel is supported by the circular discoloration on the connector plate, visible in figure B.16. This discoloration takes place
when hydrogen or oxygen is generated at the metal surface, and is also observed on the bipolar plate after disassembly, made
visible in figure B.17 in appendix chapter B. Discoloration did not occur on the area where oxygen is build up during a flow
stagnation cycle.

Based on the above, it can be assumed that oxygen is generated on the hydrogen side, resulting in an increase in oxygen
gas crossover. A simplistic model has been made, to estimate the amount of oxygen generated at the surface area of the
connector plate in contact with the electrolyte in the footer or header. The model serves only to estimate the possible effect on
gas crossover and provide insight in the phenomena. A scenario of the experimental experiments will used to showcase the
results of the model. The operating conditions are set at a pressure of 50 bar, a temperature of 41 ∘C and a current density of
0.2 A/cm2, which leads to a total voltage of 6.9 V over the electrolyser stack.

First an estimation is made for the voltage over the footer of 3.2 V. Based on the voltage and the dimensions of the footer,
such a cross sectional area and length, the current over the channel can be determined with the electrical conductivity. This is
done in equation 4.14.

𝐼 =
𝜎𝑒𝑙𝑒𝑐 ⋅ 𝐴𝑐,𝑓𝑜𝑜𝑡𝑒𝑟 ⋅ 𝑈𝑒𝑠𝑡

𝐿𝑓𝑜𝑜𝑡𝑒𝑟
= 87 ⋅ 1.25 ⋅ 10−5 ⋅ 3.2

0.036 = 0.1 𝐴 (4.14)

here 𝜎 stands for the electrical conductivity. Since the footer is in series with connector plate, the current that runs through
the connection area of the connector plate and the electrolyte in the footer is the same. The current density over the small area
can be calculated and results in 0.77 A/cm2. The voltage over the area is estimated based on the line fit taken from the IV curve
at a high operating pressure and a temperature of 41 ∘C in chapter 4.2. With the use of the line fit, the voltage over the area can
be crudely estimated, as shown in equation 4.15. The constant values can be taken from table 4.4 in chapter 4.2.

𝑈𝑐𝑖𝑟𝑐 = 𝑈𝑟𝑒𝑣 + 𝑎 ⋅ 𝑙𝑜𝑔(
𝑏 + 𝑐

𝑇 +
𝑑
𝑇2 ⋅ 0.77 + 1
𝑒 ) + (𝑓 + 𝑔 ⋅ 𝑇𝑒 ) ⋅ 0.77 = 3.7 𝑉 (4.15)
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Finally the total stack voltage should equal the voltage over the channel plus the voltage over the small connection area, as
presented in equation 4.16. If this is not the case, by iteration the model will guess the correct voltage over the footer and get
tot the correct total stack voltage value.

𝑈𝑠𝑡𝑎𝑐𝑘 = 𝑈𝑐𝑖𝑟𝑐 + 𝑈𝑒𝑠𝑡 = 3.7 + 3.2 = 6.9 (4.16)

If the equation above gives the correct value for the total stack voltage, the current density over the small circular area can
be used to determine the produced oxygen with the use of equation 2.20 from chapter 2.10. The estimated voltage over the
footer shows to be slightly lower than half of the stack voltage. This is in line with the research from M. Geraedts, predicting half
of the total stack voltage over footer and header due to leaking currents. If the produced oxygen is compared with the produced
hydrogen, the gas crossover can be determined. The gas crossover in percentage based on the operating current density is
plotted in figure 4.54.

Figure 4.54: Oxygen gas crossover due to the connector plate being in contact with the electrolyte in the footer. Line fit: 𝑔 = 𝑎⋅𝑥𝑏,
with a = 0.07567, b = 0.7854.

At first glance, the graph in figure 4.54 shows that the gas crossover induced by the small circular area does not pose
a significant threat for reaching the upper explosion limit when operating at a current density above 0.1 A/cm2. The highest
calculated oxygen gas crossover is 1.88 %, which does pose a threat, for a current density of 0.017 A/cm2, and decreases
significantly with increasing current density, reaching 0.16 % for a current density of 0.4 A/cm2. However since gas crossover is
induced by other mechanics as well, as explained in chapter 2.8, the extra percentage could raise the gas crossover above the
UEL. This issue can be solved by simply closing up the hole in the electrolyser disc in the future design, so the end plate is not in
contact with the footer and header. A coating of the surface area of the connector plate, or end plate in the microplant design,
in the footer and header can also solve the problem.

4.8. Velocity measurements of the flow.

The flow in the electrolysis system consist of electrolyte, oxygen and hydrogen flow. The electrolyte flow is in the liquid phase,
while the oxygen and hydrogen flow in the gas phase, and partially dissolved in the liquid electrolyte. In order to get more insight
in the flow inside the electrolysis system, a UDV device was used to measure the velocity of the electrolyte in different positions
in the system. Two positions were chosen for the measurement: the riser tube to the oxygen flash tank and downcomer tube
from the oxygen flash tank to the electrolyser stack. The Swagelok tubes where the measurements were taken have an inside
diameter of 4 mm and a cross sectional area of 12.57 mm2. Due to the limited space in the setup, the flow in the pressure
equalization tube was not measured. The positions where the UDV transmitter was placed are shown in figure 4.55.
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Figure 4.55: Schematic of the electrolysis setup. Placement of the UDV transmitter is visualized by the yellow circles at the riser
and downcomer tube on the oxygen side.

4.8.1. UDV measurements.
Measurements were done during the pressure build up to 50 bar at a current density of 0.2 A/cm2, and at the high pressure
operating range for varying current densities. Due to the difficulty in applying the UDV device in the electrolysis system, com
bined with the viscous gel dripping from the Swagelok tubes, only a few experiments with the UDV succeeded. The successful
experiments were conducted at the riser and downcomer for the pressure build at 0.2 A/cm2. Unfortunately the experiments at
the riser and downcomer at a high operating pressure, for various current densities, did result in non representative data.

Riser electrolyte velocity during pressure build up.
The electrolyte velocity was measured a the riser for a pressure build up from 2 to 48 bar at a current density of 0.2 A/cm2. The
UDV device is able to measure the velocity for a certain depth, which allows the see the velocity profile in the circular downcomer
tube. The velocity profile in the downcomer tube showed to be parabolic, as can been seen in figure 4.56. The measurement
was done after sufficient pipe length, with a length of 10 cm after a corner bend of 90 degrees. In order to determine the average
velocity in the downcomer, equation 4.17 can be used.

𝑢𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
1
𝜋𝑟2 ∫

𝑟

0
𝑢(𝑟)2𝜋𝑟 𝑑𝑟 (4.17)

Fluctuations in the velocity measurements were observed in the data, especially during the operation at a lower pressure.
Eventually the velocity would reach zero and only have positive peaks in measured velocity, with a few negative peaks at higher
pressures. Figure 4.57 shows the velocity measurement at one point in the downcommer during the pressure build up. It only
serves to present the fluctuations that are observed in the flow during pressure build up, and the velocity measurement is treated
in more detail later in this section.

Figure 4.56: Velocity profile in the downcomer tube,
measured by the UDV device for 2 seconds. The
diameter of the tube, 4 mm, seems to differ from
the UDV reading, which shows to be 3.4 mm. The
profile shows to be parabolic with the exception of
three velocitymeasurements being a slightly curved
line. The average velocity in the channel can be
determined with equation 4.17

Figure 4.57: Velocity measurement for one point
in the downcomer tube during the pressure build
up from 2 bar to 48 bar at a current density of 0.2
A/cm2. Fluctuations in the velocity are clearly vis
ible. The assumption is that the fluctuations come
from the large volume of oxygen traveling through
the riser, based on the ideal gas law.
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In order to minimize the amplitude, to get a clear picture of the electrolyte velocity behaviour over the entire pressure build
up, the moving average is plotted for the electrolyte velocity in the downcomer. The moving average was determined with the
average of 100 data points for a data set which consisted of 60322 data points. The moving average curve for the electrolyte
velocity is presented against the pressure in figure 4.58.

Figure 4.58: Electrolyte velocity measurement at the riser tube on the oxygen side. A moving average curve was made based
on the average of 100 data points. A curve fit was made for the average electrolyte velocity, which is represented by the red line,
made by using the function 𝑣 = 𝑎 ⋅ 𝑥𝑏 with a = 37.87 and b = 0.8524. The average velocity in the riser starts at 22 mm/s at 2
bar and decreases to 1.4 mm/s at 48 bar.

A first glance at the data shows that the electrolyte velocity through the riser is the highest at low pressures, starting at 22
mm/s at 2 bar and 20 ∘C, and decreases over time to a velocity of 1.4 mm/s when reaching 48 bar and a temperature of 43 ∘C.
After reaching a pressure of 5 bar, the amplitude of the electrolyte velocity fluctuations starts to increase. It must be noted that
these fluctuations are partially damped compared to the raw data of the UDV due to the moving average curve fit. Based on
figure 4.58, there are two different time periods in the graph. The first one is before the occurrence of flow stagnation and the
second one is during the period in the pressure build up where flow stagnation occurs. Both periods are examined in more detail
and are shown respectively in figure 4.59 and 4.60.
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Figure 4.59: Measurement of electrolyte velocity by the UDV device at the riser to the oxygen flash tank from 1 to 20 bar. Flow
stagnation occurs for the first time at 18.5 bar, made visible by the red circle in the graph. The electrolyte velocity becomes 0
during flow stagnation.

Figure 4.60: Measurement of electrolyte velocity by the UDV device at the riser to the oxygen flash tank from 18 to 48 bar. Flow
stagnation starts to occur frequently and back flow is observed with distinct negative velocity peaks, from which three are marked
with a red circle.

Figure 4.59 shows that when reaching a pressure of 18.5 bar, visible in the plot by the red circle, the electrolyte flow through
the riser starts to stagnate by reaching a velocity of 0 mm/s from time to time. This is in line with the microscope camera
experiments in chapter 4.3.1 and chapter 4.3.4. An interesting observation is that at certain points in the graph the velocity
shows to be negative, meaning the electrolyte flows in the opposite direction from the flash tank to the electrolyser cells. This
can be seen in figure 4.60 and is highlighted for three negative velocity peaks by three red circles. These negative peaks occur
for the first time around 22 bar and appear more frequently after reaching 35 bar while also increasing in velocity. The peaks
are not connected to the opening or closing of either one of the purge valves. Figure 4.61 shows a zoom onto the electrolyte
velocity for a pressure around 32 bar. Multiple flow stagnation cycle can be clearly seen and identified by the periods where
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the electrolyte flow is stagnant and shows to have a velocity of 0 mm/s. In figure 4.62, two peaks with a negative electrolyte
velocity are shown, implying back flow of electrolyte into the electrolyser cell. This is not observed on the corresponding video
footage made at the top channel during the experiments. The assumption is made that the occurring back flow of electrolyte
goes through the first electrolyser cell in the electrolyser stack, being the closed to the top plate. This due to being the shortest
path to the pressure equalization tube through the stack. Since this cell was not filmed, back flow was not observed during the
visualization experiments.

Figure 4.61: Zoom in on the electrolyte velocity dur
ing the periodic occurrence of flow stagnation. Flow
stagnation occurs when the electrolyte velocity be
comes zero.

Figure 4.62: Observed back flow during operation
at higher pressures in the electrolyte velocity mea
surement. It is assumed that back flow can occur
through the first electrolyser cell, which cannot be
observed with the visualization equipment.

UDV at downcomer during pressure build up.
The velocity in the downcomer was measured during pressure build from 13 bar to 50 bar, at a current density of 0.2 A/cm2.
Unfortunately, the software from the UDV device crashed during operation and had to rebooted and the velocity measurement
started at 13 bar. Due to a limited time frame and a lot of unrepresentative data before, the experiment was continued when
the data looked representative. The electrolyte velocity data also showed to fluctuate, as seen with the data at the riser, and a
moving average curve fit was applied to the data, based on the average of 100 data points. The moving average of the electrolyte
velocity in the downcomer is shown in the graph in figure 4.63 with a power curve fit through the data to represent the average
electrolyte velocity.

Figure 4.63: Measurement of electrolyte velocity by the UDV device at the downcomer from the oxygen flash tank to the T
junction of the pressure equalization tube and the electrolyser stack. Positive direction electrolyte velocity means the electrolyte
flows from the oxygen flash tank to the pressure equalization tube and the electrolyser stack. Negative electrolyte velocity is
observed, which occurs during flow stagnation in the top channel. On average, the electrolyte flows from the oxygen flash tank
to the pressure equalization tube and the electrolyser stack. This can be seen with the curve fit through the data, represented
with the red line. The curve fit is made by using the function 𝑣 = 𝑎 ⋅ 𝑥𝑏 with a = 37.49 and b = 0.9179.
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According to the temperature sensor data, visualization video footage and the UDV data at the riser, flow stagnation starts
occurring for the first time between 18 and 20 bar. The UDV data at the downcomer shows a decrease in electrolyte velocity
amplitude at 20 bar, which increases afterwards reaching a steady amplitude at 27 bar. The amplitude decreases again at a
pressure of 47 bar. The link to flow stagnation occurring can be made based on the negative peaks of electrolyte velocity seen
after reaching 20 bar, which are comparable to the flow stagnation occurring at the top channel. A zoom onto some of the peaks
are shown in figure 4.65. The negative peaks in electrolyte velocity relate to an electrolyte flow towards the oxygen flash tank
from the T junction connected to the pressure equalization tube and the electrolyser stack. This contradicts with the expected
electrolyte flow direction, as explained in chapter 3.2, which is assumed to flow from the oxygen flash tank to the T junction during
operation when both purge valves are closed.

Before the occurrence of flow stagnation, the electrolyte velocity fluctuates with shorter periods and lower negative peaks.
It is assumed that this behaviour comes from the higher volume of oxygen bubbles being produced at lower pressures.

Figure 4.64: Negative peaks in electrolyte velocity observed
before stagnation of the flow occurring.

Figure 4.65: Negative peaks of electrolyte velocity observed
during flow stagnation in the riser tube.

It is assumed that the negative electrolyte peaks occur due to flow stagnation occurring at the top channels on the oxygen
side. Under normal operation, it is expected that pressure in the oxygen flash tank increases at a higher rate that the pressure
in the hydrogen flash tank, as explained in chapter 3.2. This leads to a decrease in electrolyte level at the oxygen flash tanks,
and an increase in gas pressure. Due to oxygen gas being held in the electrolyser cells and no flow stagnation occurring at the
hydrogen side, the gas pressure in the hydrogen flash tank increases at a higher rate, inciting a flow from the hydrogen side to
the oxygen side. This can be seen in figure 4.66. When the flow stagnation at the top channels on the oxygen side is solved,
a peak in positive electrolyte velocity is observed in the UDV data, comparable to the expected flow behaviour during operation
with both purge valves closed, represented in figure 4.67.
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Figure 4.66: Schematic of the electrolysis setup. The figure
shows the behaviour of the electrolyte flow during operation
when flow stagnation occurs, based on the pressure differ
ence in the flash tanks.

Figure 4.67: Schematic of the electrolysis setup. The figure
shows the expected behaviour of the electrolyte flow during
normal operation based on the pressure difference in the flash
tanks.

The observed electrolyte velocity direction in the downcomer, and in the riser, has a negative impact on the cooling of the
electrolyte stack. Continuous recirculation of the electrolyte is required for an efficient cooling, especially with a temperature
regulation system using for example a heat exchanger implemented in the downcomer. Since it is assumed that flow stagnation
will also occur in a stack consisting of more electrolyser cells, a problem Since, according to the UDV data at the riser, no
electrolyte flow is observed towards the oxygen flash tank during a flow stagnation cycle, electrolyte is expected to flow through
the bottom channels in the electrolyser cells towards the T junction with the pressure equalization tube. I. Daniil suggested
possible back flow in his research, however this was not observed during the visualization experiments. Based on the findings
in this chapter, the assumption is made that back flow occurs through the bottom channels during a flow stagnation cycle, even
though it is not observed in the visualization data probably due to poor resolution and frame rate of the video footage. However
the electrolyte velocity is low and oxygen bubbles are not flowing out of the electrolyser cell through the bottom channels, which
can be observed and was not seen in the video footage at the bottom channels.

4.8.2. Production rate and oxygen gas velocity.
The production of oxygen, and hydrogen, at the electrodes can be calculated with the use of the equations in chapter 2.10. This
is under the assumption that all of the applied current goes into producing the two gasses at the electrodes. The production of
oxygen a the connector plate surface is also neglected. For operating under the conditions for the electrolysis, at a pressure of
50 bar and a temperature of 43 ∘C, the production of oxygen and hydrogen can visualized in figure 4.68 for a varying current
density. The effect of temperature on the production rate of oxygen is shown in figure 4.69. Both equations are based on the
ideal gas law as explained in chapter 2.10.

Figure 4.68: Production of oxygen and hydrogen at the elec
trodes for a temperature of 43 ∘C

Figure 4.69: Production of oxygen and hydrogen at the elec
trodes for a pressure of 50 for varying temperatures.
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The velocity of oxygen gas in the electrolysis system can be estimated on the amount of oxygen produced at the electrode
surfaces, and the cross sectional surface area of the channels and the tubes in the system. The calculation of the velocity
through a channel can be expressed with equation 4.18 where the cross sectional area of the channels can be taken from table
B.2 in chapter 4.7.

𝑢𝑐ℎ𝑎𝑛𝑛𝑒𝑙 =
�̇�𝑂2

𝐴𝑐ℎ𝑎𝑛𝑛𝑒𝑙
(4.18)

With equation 4.18, the velocity can be calculated for the produced oxygen gas through one top channel and through the
riser, for an operating pressure of 4750 bar and a temperature of 43 ∘C. The oxygen gas travelling through the riser is composed
of the entire produced oxygen quantity in the electrolyser stack. The calculation for the velocity is based on the average duration
of flow through the top channels, which has been determined in chapter 4.3.3, and the produced oxygen during that time period.
The time it takes for the large oxygen bubble to leave the electrolyser cell and its effect on the velocity has been taken out of
the calculation. The plots for the velocity in one top channel and in the riser are shown in figure 4.70. The velocity for the large
oxygen bubble can be determined based on the time it takes for the volume of the large oxygen bubble to leave the electrolyser
cell through the channel, and the channel dimensions. The calculation is shown in equation 4.19. The velocity is plotted in figure
4.71 for the top channel and for the riser. In the equation, 𝑡𝐿𝑏𝑢𝑏𝑏𝑙𝑒 stands for the time it takes for the large oxygen bubble to
completely travel through the channel.

𝑢𝐿𝑏𝑢𝑏𝑏𝑙𝑒 =
𝑉𝑂2

𝐴𝑐ℎ𝑎𝑛𝑛𝑒𝑙 ⋅ 𝑡𝐿𝑏𝑢𝑏𝑏𝑙𝑒
(4.19)

Figure 4.70: Average velocity of oxygen through the top chan
nel en through the riser.

Figure 4.71: Average velocity of the large oxygen bubble
through the top channel en through the riser.

4.8.3. Flow regime map.
Based on the electrolyte velocity measured by the UDV device in the riser, in the section above, and the calculated velocity of
oxygen through the top channel, a flow regime map can be devised for the flow through the top channels of the electrolyser
cells. The observed flow regimes through the top channel from chapter 4.3.1 can be linked to the velocity for the liquid electrolyte
and the oxygen gas based on the current density. Electrolyte velocity measured by the UDV device for a current density of 0.2
A/cm2 in the riser channel needs to be translated to the velocity in one of the three top channels. The velocity can be used to
calculate the mass flow with equation 4.20, where the cross sectional area for the riser comes from table B.2 in chapter 4.6. If
dived by three, the mass flow of electrolyte through the top channel is determined and the velocity through one top channel can
be calculated, as shown in equation 4.21.

�̇�𝑟𝑖𝑠𝑒𝑟 = 𝑢𝑟𝑖𝑠𝑒𝑟 ⋅ 𝜌𝑒𝑙𝑒𝑐 ⋅ 𝐴𝑟𝑖𝑠𝑒𝑟 = 0.005 ⋅ 1300 ⋅ 1.25 ⋅ 10−5 = 8.17 ⋅ 10−5 𝑘𝑔/𝑠 (4.20)

𝑢𝑡𝑜𝑝𝑐ℎ𝑎𝑛𝑛𝑒𝑙 =
�̇�𝑟𝑖𝑠𝑒𝑟

3 ⋅ 𝜌𝑒𝑙𝑒𝑐 ⋅ 𝐴𝑡𝑜𝑝𝑐ℎ𝑎𝑛𝑛𝑒𝑙
= 8.17 ⋅ 10−5

3 ⋅ 1300⋅ = 9.30 𝑚𝑚/𝑠 (4.21)

Since the electrolyte velocity is only measured by the UDV device for a 0.2 A/cm2 operation, the velocity for the current
density range used during the experiments is linked to the velocity of the oxygen gas at the corresponding current density. This
means that for a current density of 0.1 A/cm2, the electrolyte velocity is assumed to be half of the velocity when operating at a
current density of 0.2 A/cm2. It must be noted that this a crude method, which is used only to provide insight in a flow regime map
for KOH electrolyte and oxygen gas flow through a square duct. In table 4.11, the electrolyte velocity and oxygen gas velocity
with the corresponding flow regime through the top channel, based on the corresponding current density, are shown.
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Table 4.11: Electrolyte liquid velocity and oxygen gas velocity with corresponding current density and flow regime for flow through
a top channel.

Current density [A/cm2] Gas velocity [mm/s] Electrolyte velocity [mm/s] Flow regime
0.017 10.90 13.95 Bubbly flow
0.1 7.26 9.30 Plug flow, slug flow
0.2 3.63 4.65 Slug flow, plug flow
0.3 0.60 0.78 Slug flow

Based on the data presented in table 4.11, a flow regime line can be devised for the flow through the top channel of the
electrolyser cells. In order to make a flow regime map, an estimated guess is made based on the information and flow regime
map in chapter 4.3.1, and the video footage. The flow regime map is presented in figure 4.72

Figure 4.72: Flow regime map for flow through the top channel of the electrolyser cell. Due to the superficial liquid and superficial
gas velocity being results from a set current density value, only a flow regime line could be obtained at first. Based on the
information and flow regime map in chapter 4.3.1, and the video footage, an estimated guess is made to make a flow regime
map. The gray areas in the flow regime map present the transition area between the specific flow regimes on the left and the
right of the area.

4.9. Leakage of pressure at the hydrogen side.
The visualization experiments done at the entrance of the top channel, discussed in chapter 4.3.4, showed that a small pressure
leak at the hydrogen side had a positive effect on the occurrence of flow stagnation when operating at a current density of 0.017
A/cm2. The small pressure leak on the hydrogen side can be compared with the opening of the hydrogen purge valve, with the
difference being the gradual reduction of pressure. Opening of the hydrogen purge valve showed to have a positive effect by
solving flow stagnation occurring at that specific moments. Due to the pressure drop being significantly larger compared to a
small pressure leak, only when operating at 0.017 A/cm2 a positive effect is seen regarding the solving of flow stagnation. Based
on the observations from the UDV data in chapter 4.8.1, the stagnation of the flow has a negative impact on the electrolyte re
circulation and the electrolyte flow direction on the oxygen side. In future designs, this effect has to be taken out and the positive
effect from the opening of the purge valves implemented at a gradual level. The use of capillary tubes at the purge valves on the
flash tanks should results in a gradual reduction of pressure, which should have a positive effect on the flow and flow stagnation
when regarding the UDV data from chapter 4.8.1 and the data for opening of the purge valves in chapter 4.5.

4.10. Visualization of oxygen bubbles.
The generation of oxygen bubbles at the electrode surface in the electrolyser cell was observed for a varying current density
range and for low and high pressure operation. The same operating current densities were used as with the experiments for
comparing the effect of low and high pressure operation on the overpotential at the electrolyser cells. Operation at low pressure
was done for a pressure range between 1.8 and 3 bar, and operation at high pressure was done at 4750 bar. The goal of the
experiments was to observe the bubble size visible on the video footage at the bottom of the electrode and at the top of the
electrode and visualize the effect of operating at a higher pressure compared to operating at a lower pressure, and compare
the findings with literature. Unfortunately, due to the poor resolution and frame rate of the microscope camera, bubble tracking
programs used were not able to track the individual bubbles and determine their size. The perpendicular camera view on the
electrode, and the bubble curtain, also increased the difficulty of characterising the bubbles. The only option left was to determine
the bubble characteristics by hand, which was not done due to the time consuming process and the time left for the thesis. In
the end, only interesting phenomena occurring at the electrodes are analysed in this thesis. The analysis is done in appendix
chapter A.10.

4.11. Heat exchanger implementation.
Asmentioned in chapter 1.3, is it desired to implement a temperature regulation system in the electrolysis system. At themoment,
the temperature is an uncontrolled variable, that needs to be kept in check in order to remain the structural integrity and to
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prolong the life time of certain components of the electrolyser stack with the transparent add on. In future designs, a temperature
regulation system allows for the possibility of conducting precise experiments. A solution proposed is the implementation of a
heat exchanger in the downcomer on both the oxygen side and the hydrogen side, to cool down the electrolyte that is recirculated
into the electrolyser stack. The cooled down electrolyte serves to lower the temperature in the electrolyser stack back to a desired
level when the temperature increases above a certain level. An air cooled finned tube heat exchanger has been chosen to be
implemented, based on several finned tubes being present at ZEF. An example of one of the finned tubes is shown in figure 4.73.
Fans are suggested to be used in addition with the finned tube heat exchanger to enhance the cooling capacity. A numerical
model has been made, to represent a finned tube heat exchanger implemented on of the downcomers of the electrolysis system.
The model is presented in appendix chapter A.7.1.

Figure 4.73: Representation of a finned tube present at ZEF, which will be used in the modelled heat exchanger.

The model is based on operation at a set pressure of 50 bar, a variable current density that results in certain temperatures in
the electrolyse stack and an electrolyte of 30 wt% KOH. Thermophysical properties for the electrolyte were taken from research
done be D. Le Bideau et al. [29], presented in appendix chapter A.1. The equations used in the model were taken from VDI
Gesellschaft Verfahrenstechnik und Chemieingenieurwessen (2010) [4] and Mills, A.F (2013) [35].

4.11.1. Model results.
The model has been run, and the results are presented in this chapter. The model was first used to check the heat exchanger
length necessary for the experimental setup, which uses the three cell electrolyser stack with the transparent add on. Assump
tions made for the model are that there is no flow stagnation occurring, as in I. Daniil’s model, and no bubbles or oxygen gas is
recirculated during the operation of the electrolyser stack. The increase in diameter of the downcommer due to the finned tube
parameters, resulting in a lower mass flow rate which allows for better cooling, is not implemented in the model. The operating
conditions for the model were a pressure of 50 bar, a current density of 0.3 A/cm2 and an ingoing temperature and constant
mass flow through the heat exchanger of respectively 90 ∘C and 0.21 ⋅ 104 kg/s. The high temperature is chosen to check the
performance of the heat exchanger on a sudden increase in temperature. The mass flow velocity is taken from the model of
I. Daniil. Since the temperature is desired to stay below 60 ∘C due to the transparent add on, the model was used to cool the
electrolyte stream to 40 ∘C. The heat transfer coefficient between the air and the finned tube, enhanced by the fans, was set at
40 W/m2 K.

The model shows that a heat exchanger length is required of 11 cm for the oxygen side, which means in order to implement
a heat exchanger in the electrolysis system the height of the flash tanks needs to be raised. If the fans are modeled to be less
efficient, with a heat transfer coefficient of 20 W/m2 K, the heat exchanger length needs to be 15 cm. In the case of no fans
being present, the heat transfer coefficient shows to be 2.8 for the stagnant air surrounding the heat exchanger. This leads to a
necessary heat exchanger length of 40 cm.

The mass flow of the electrolyte in the downcomer increases when the stack consist of more electrolyser cells, due to the
increased buoyancy driving force by the higher production rate of hydrogen and oxygen. For the eventual electrolyser stack in
the ZEF microplant, 18 electrolyser cells are present. This will result in more heat being produced and a corresponding increase
in mass flow in the downcomer. If the assumption is made that from 3 to 18 cells results in a 6 times as high mass flow, the
mass flow in the downcomer is 1.27 ⋅ 104 kg/s. The outgoing temperature is estimated at 90 ∘C, based on operation of a 18 cell
electrodeless stack by B. Mulder [36]. If a heat transfer coefficient of 40 W/m2 K is assumed, a heat exchanger length of 0.29
cm is required. Less efficient fans with heat transfer coefficient of 20 W/m2 K, will require a heat exchanger length of 38 cm.
This results in the necessity of longer downcommer tubes if the heat exchanger is planned to be implemented in the electrolysis
system. The flash tanks in the system need to be raised in order to lengthen the downcommer tubes. When implemented, the
heat exchanger can cool down the flow of electrode to any desired temperature level, even with a sudden outgoing temperature
of 90 ∘C.
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4.12. ZEF electrolysis system flow characterisation map.
Based on the analysis of the experimental data and calculations made in this chapter, a flow characterisation map can be devised
for the electrolysis system. The map shows the occurrence of flow stagnation and the different observed flow regimes through
the top channel for an operating current density. The implementation of a temperature regulation system is not considered in the
ZEF electrolysis system flow characterisation map. In figure 4.74 the flow characterisation map is shown.

Figure 4.74: ZEF electrolysis system flow characterisation map. The map shows for which current densities flow stagnation
occurs,
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5
Conclusions & Recommendations.

The final chapter of this report summarizes the findings from the experimental research, described in the experimental results
and analysis chapter, and tries to answer the research questions proposed at the start of the thesis. The thesis questions are
itemized below for convenience.

• Does the characterisation of the flow and bubble phenomena, by a flow characterisation map, in the electrolysis
system impose operational restrictions for the electrolyser stack, regarding efficient and safe operation?

• Does the influence of the pressure control system lead to unexpected or undesired flow behaviour inside the
electrolysis system?

• Can an effective temperature regulation system be modeled and eventually installed for the electrolyser stack,
based on the observation and characterisation of the flow inside the electrolysis system?

• Does operating at a low pressure and a low current density lead to the same bubble behaviour as operating at a
high pressure and a high current density?

Subsequently recommendations are provided to improve the operation of current ZEF electrolysis system. The recom
mendations are based on the new insights about the ZEF electrolysis system, obtained during the experimental phase and the
analysis of the experimental data, and on the drawn conclusions.

5.1. Conclusions
When regarding the research question proposed in the first chapter, the last question could not be answered in this thesis
due to the bubble behaviour not being characterised. Since this research question was added as a more scientific question,
recommendations are provided in order to answer this question in future research. The main conclusions of this research project
are itemized below.

• Operating at low pressures, 23 bar, was compared with operating at high pressure, 4750 bar, for a varying current density
range and the same temperature level. The results showed that the difference in overpotential is almost negligible, when
operating at the same current density and temperature, and operating at higher pressures does not lead to a more efficient
operation regarding the applied voltage to the electrolyser stack for a same current density range. A curve fit was made to
estimate the overpotential as a function of temperature and current density, which shows to provide representative curve
fits for operating at a high pressure.

• Different flow regimes were observed at the top channel of the electrolyser stack for a varying current density range. The
main flow regimes were determined and the observed slugs through the channel counted and the observed length and
volume compared with the theoretical produced volume of oxygen, which showed to be in line.

• Experiments with the microscope camera and the GoPro camera showed that the flow through the top channel of the
electrolyser cells on the oxygen side stagnates, during a flow stagnation cycle, when operating at the desired pressure
range of 4750 bar. The stagnation of the flow occurs due to the coalescence of oxygen bubbles before the entrance of
the top channels in the electrolyser cells. The driving force of the coalescent bubble, the buoyancy force, is overruled
by the surface tension force which needs to be overcome before the bubble can enter the channel. Calculation were
made to validate this assumption and the outcome shows that the surface tension of the large coalescent bubbles in
the main reason flow stagnation occurs. Increasing the operating current density showed to decrease the duration of a
flow stagnation cycle, by increasing the production of oxygen at the electrode surface, resulting in a faster increase of
buoyancy force. If operating at or above a current density of 0.5 A/cm2 flow stagnation was not observed. This means
that the continuous presence of oxygen gas in the riser channel has positive effect on the occurrence of flow stagnation.
The higher current density however results in an increase in the overpotential for an electrolyser cell, which lowers the
efficiency and does lead to an increase in operating temperature.

• When operating at higher current densities, above 0.5 A/cm2, the combination with flow stagnation occurring resulted
in the degradation and burning of a Zirfon diaphragm in the middle electrolyser cell. This phenomena requires further
research but shows the possible risks of operating with flow stagnation occuring on the oxygen side.
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• The model made by I. Daniil predicted electrolyte back flow on the oxygen side of the electrolyser stack. Visualization of
the flow in the electrolyser cells showed that back flow does not occur during operation in the visualized cell, assumed
due to the generation of gas bubbles and slugs being present in the channels. The UDV data showed a few negative
electrolyte velocity peaks, suggesting back flow does occur but probably only on the first electrolyser cell

• The effect of the pressure control system was investigated with the use of the microscope camera and the UDV device.
The microscope camera showed the positive effect of the opening of the purge valves on occurring flow stagnation, which
positive effect showed to be comparable to a small pressure leak at the hydrogen side leading to a better flow through
the top channel at lower current densities. Gas crossover does occur through the pressure equalization tube when both
of the purge vales are opened during operation at high pressure.

• The heat exchanger model showed that, with simple heat exchanger made out of a finned tube and installed in the
downcomer tube, a temperature regulation system can be implemented in the electrolysis system. The necessary length
for the heat exchanger results in that the flash tanks need to be raised compared to the electrolyser stack. It is assumed
that is this will have a positive impact on the occurrence of flow stagnation due to oxygen gas being in the channel for a
longer period of time.

• Enhanced gas crossover was noticed, based on observations made at the bottom channel of the electrolyser cell during
the opening of the purge valves. The gas crossover occurs due to the design of the electrolyser stack and the connection
of the header and footer channels to the positive anode and negative cathode for respectively the hydrogen side and the
oxygen side.

• The velocity in the riser and downcomer tube was measured with a UDV device during pressure build up to 50 bar at
a current density of 0.2 A/cm2. Flow stagnation was observed in the riser and hints were seen of possible back flow.
The downcomer electrolyte flow direction showed to be counter intuitive compared to expected operation when a flow
stagnation cycle occurred. The build up of oxygen gas in the electrolyser cells blocks the top channel during operation,
leading to a electrolyte flow the hydrogen side to the oxygen side when the flow is expected to go the other way.

5.2. Recommendations.
In this section, recommendations are proposed to help improve the future design of the ZEF electrolysis system and the elec
trolyser stack.

• Based on the observation of large slugs entering the electrolyser cell through the bottom channel, after the opening of the
hydrogen purge valve, it is desired that the electrolyte flow velocity in the system does not increase drastically during the
opening of the hydrogen purge valve. This leads to an increase in gas crossover due to electrolyte mixing of electrolyte
flowing through the pressure equalisation tube. Since the increase in velocity is caused by the immediate pressure drop,
a slower extended pressure drop is preferred. The implementation of capillary tubes on both the flash tanks, should solve
this problem. This also limits the sudden pressure difference over the diaphragms in the electrolyser cells and the gradual
pressure drop has a positive effect on the occurrence of flow stagnation.

• In order to solve the occurrence of a flow stagnation cycle, the channel width of the top channel could be increased. This
lowers the surface tension force necessary to be overcome by the buoyancy force. The leaking currents should be kept
and calculations are necessary.

• The height between the flash tanks and the electrolyser stack should be increased, to allow for implementation of a heat
exchanger. This also ensures the residence time of the oxygen in the riser increases which has a positive effect on
the occurrence of flow stagnation, due to a constant driving force of the buoyancy force increasing the electrolyte re
circulation. The increase in downcomer diameter due to implementing a finned tube heat exchanger does also result in
a lower resistance coefficient, allowing the electrolyte to more easily flow towards and through the pressure equalization
tube from both of the flash tanks, instead as back flow through the electrolyser cells.

• Gas crossover can occur through the pressure equalization tube in the form of electrolyte mixing. The opening of the
purge valves enhances this effect, especially the hydrogen purge valve. In order to solve this problem, the implementation
of a longer and wider pressure equalization tube is proposed. This increases the volume of the tube, which counters the
amount of volume displaced by the opening of the purge valves. The lower resistance of the pressure equalization
tube also ensures that during the opening of either one of the purge valves, most of the electrolyte will flow through the
pressure equalization tube and due to the generation of gas in the electrolyser cells almost no back flow will be seen in
the electrolyser cells.

• In order to prevent the enhanced gas crossover of oxygen due to the connector plate or end plate being in contact with
the electrolyte in the footer and header, the hole in the electrolyser disc should be closed for the disc against the end plate
in the future designs. A coating can also be applied on the metal surface area in the header or footer.

• The enhanced gas crossover of hydrogen, occurring at the top plate footer and possibly some length of Swagelok tubing
connected to the top plate, due to leaking currents should also be addressed. A possible solution is applying a high
resistance coating in the Swagelok tubing and in the channels of the top plate. This increase in resistance should ensure
the leaking current does flow through the first electrolyser cell before the top plate, not posing a risk to gas crossover.

• Ensure the diaphragm is pressed tight between both of the electrodes, to prevent bubbles being generated in between
the electrodes and the diaphragm.

• In order to have more insight in the height of the electrolyte level, multiple level sensors should be installed in both flash
tanks. If for example three level sensors are installed, the bottom one could be the trigger point for the opening of a purge
valve while the top level sensor can indicate how much electrolyte in is the system when operation starts. It ensures the
electrolyte concentration in the system can be determined more correctly and shows how much water needs to be added
after the bottom level sensor becomes dry. The middle level sensor allows to determine the time left before water needs
to be added to the system.
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Appendix

A.1. Thermophysical properties of 30 wt% KOH electrolyte.
In this section, the thermophysical properties with respect to different temperatures for alkaline water electrolysis are presented,
for an electrolyte with 30 wt% KOH. The thermophysical properties are the the electrical conductivity, density, viscosity and
specific heat capacity. The graphs for thermophysical properties shown in this chapter come from the work of D. Bideau et al.
[29]. The effect of pressure on each of the properties with respect to the operating pressure on the electrolysis system is treated.

A.1.1. Electrical conductivity.
The influence of temperature on the electrical conductivity of 30 wt% KOH at atmospheric pressure is presented in figure A.1.
The influence of pressure was studied by Hamann et al. [18], who observed an increases in electrical conductivity of KOH
with increasing pressure. The research concluded that there was a 29% increase in electrical conductivity of KOH regarding
a pressure increase from 1 bar to 75000 bar. Other research conducted by Gancy et al. [16] concluded that the electrical
conductivity of aqueous potassium chloride electrolytes increased only 15% between 1 bar and 2000 bar, when operating at a
temperature of 5 ∘C, and approximately 1% when operating at 80 ∘C. Based on these two studies, it can be assumed that a
pressure increase to 50 bar for the operating temperatures of the electrolyser stack does not lead to a difference in electrical
conductivity.

Figure A.1: Electrical conductivity of 30 wt% KOH dependence of temperature at atmospheric pressure. [29].

A.1.2. Density.
The influence of temperature on the density of 30 wt% KOH at atmospheric pressure is presented in figure A.2. The general
assumption is that water is incompressible and pressure does not influence the density. However according to D. Bideau et
al. [29] does the density of water increase with 2% when increasing pressure from 1 to 200 bar. Nevertheless will the effect of
pressure on the density be neglected due the small effect when operating at a pressure of 50 bar.
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Figure A.2: Density of 30 wt% KOH dependence of temperature at atmospheric pressure. [29].

A.1.3. Viscosity.
The influence of temperature on the viscosity of 30 wt% KOH at atmospheric pressure is presented in figure A.3. Since water
is not incompressible, the viscosity increases with increasing pressure. For convenience, the assumption is made in this report
that water is incompressible and the effect of pressure on viscosity in negligible.

Figure A.3: Viscosity of 30 wt% KOH dependence of temperature at atmospheric pressure. [29].

A.1.4. Specific heat.
The influence of temperature on the specific heat of 30 wt% KOH at atmospheric pressure is presented in figure A.4. The
assumption made above, that water is compressible, results in that the specific heat is constant with increasing pressure.

Figure A.4: Specific heat of 30 wt% KOH dependence of temperature at atmospheric pressure. [29].

A.1.5. Thermal conductivity.
The influence of temperature on the thermal conductivity of 30 wt% KOH at atmospheric pressure is presented in figure A.5. D.
Le Bideau [29] shows that for aqueous electrolytes the thermal conductivity increases with increasing pressure. The thermal
conductivity of water increases with 3% for all temperatures when increasing pressure from 1 bar to 1100 bar. Since this effect
is small compared to the operating conditions of the electrolysis system, the effect is assumed to be negligible.
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Figure A.5: Thermal conductivity of 30 wt% KOH dependence of temperature at atmospheric pressure. [29].

A.2. Electrolyser cell geometry.
In this section, the main configurations of an alkaline water electrolyser cell are treated. The cell configuration of an alkaline water
electrolyser consist usually of cells that are assembled in a stack. There are two main stack designs, namely the monopolar and
the bipolar stack design [53]. A geometrical aspect of alkaline water electrolysers is the gap distance between the electrodes
and the diaphragm.

A.2.1. Monopolar design.
A monopolar electrolyser consists of alternating positive and negative electrodes, which are separated by porous diaphragms.
The positive electrodes are connected in parallel, as are the negative electrodes, and all electrodes are immersed in a single
electrolyte bath [71]. A schematic of the monopolar design is represented in figure A.6.

Figure A.6: Schematic of monopolar electrolyser design [53].

This is a called a unit cell, and plant scale size electrolysers are build up by connecting different units in series. In amonopolar
design, each cell has the same voltage as the whole stack, while the sum of the current through each cell is the total current
applied to the stack. The main advantage of a monopolar electrolyser is a simple configuration which is easy to fabricate and
maintain [6]. The downside is that the design suffers from high electrical currents at low voltages. This leads to large ohmic
losses. Ohmic losses and other resistance losses are discussed later in chapter 2.4.

A.2.2. Bipolar design.
With the bipolar design, the electrodes in the electrolyser cells are connected in series. This means that every electrode expe
riences the same current and the sum of the voltages of the cells is the total voltage that is applied to the stack. Metal bipolar
plates separate each electrolyser cell, which contains two electrodes, and pass through all electronic current but do allow for
(almost) no ionic current to pass through [71]. The electrical connection is only to the two outer electrodes, while all electrodes
are connected in series trough the bipolar plates. Figure A.7 shows a schematic of a bipolar design.
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Figure A.7: Schematic of bipolar electrolyser design [53].

The advantages of a bipolar configuration are reduced ohmic losses with increase the efficiency of the design. This however,
results in a precision demanding design and complex manufacturing process, to prevent electrolyte and gas leakage between
cells [6].

A.2.3. Finite gap and Zero gap design.
A geometrical aspect of alkaline water electrolysers is the gap distance between the electrodes and the diaphragm. In general,
most commercial AWE have a layout consisting of two solid electrodes that have a fixed distance between them an the diaphragm
and The gap is filled with electrolyte. This design is called the finite gap design.

Finite gap alkaline electrolysers operate at lower current densities at low efficiencies (< 60%) [44]. This effect comes from
high internal resistance losses. As mentioned earlier, in chapter 2.4, does the electrolyte contributes to the ohmic losses in the
electrolyser cell [71]. Earlier studies [37] showed that decreasing the electrode gap results in a lower cell voltage at lower current
densities. At high current densities, the evolution of gas bubbles increases and so does the void fraction in the electrolyte. This
increases the electrical resistance so a small gap is desired.

An alternative design is the zero gap design. The zero gap design consists of two porous electrodes that are compressed
against each other, with in the middle a hydroxide ion conduction diaphragm. This results is a gap between the electrodes that
is equal to the thickness of the diaphragm. The thickness of the diaphragm can with the zero gap design be decrease to 0.5mm
or smaller. In figure A.8(a) a schematic is shown of the traditional finite gap design and the zero gap design is shown in figure
A.8(b).

Figure A.8: Schematic of traditional finite gap design and zero gap design. [44]

A.3. Electrode kinetics
With the relation between the current and the reaction rate, the dependence of the current density on the surface potential and
the composition of the electrolytic solution adjacent to the electrode surface, is given by the ButlerVolmer equation [5]. The
ButlerVolmer equation can be simplified into equation A.1.

𝑗 = 𝑗𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝑗𝑎𝑛𝑜𝑑𝑒 = 𝑗0 (𝑒−𝛼
𝐹⋅𝜂
𝑅⋅𝑇 − 𝑒(1−𝛼)

𝐹⋅𝜂
𝑅⋅𝑇 ) (A.1)

where 𝑖0 represents the exchange current density, which is the current of the reversible water splitting reaction [71], and 𝛼
refers to the electron transfer coefficient, with a value between 0 and 1 and 𝜂 stands for the activation overpotential. With the
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ButlerVolmer equation, the overpotential at each electrode can be derived. For relatively large overpotentials, the ButlerVolmer
can be further simplified into the Tafel equation A.2[1].

𝜂 = 𝑎 + 𝑏 ⋅ 𝑙𝑜𝑔(𝑗) (A.2)

Here 𝑎 and 𝑏 are both Tafel constants, where 𝑏 represents the Tafel slope. The Tafel equation uses the Tafel slope and the
exchange current density to to determine the linear relationship between the overpotential and the logarithm of current density.
It also enables prediction of the rate of electrode surface reactions [57].

Figure A.9 shows a typical Tafel plot for water electrolysis. In order to compare the electrode kinetics, the Tafel slope and
the exchange current density are used. If the exchange current density becomes high and the slope is lower, a higher electrode
activity is achieved.

Figure A.9: Typical tafel plot for oxygen and hydrogen overpotential [71].

A.3.1. Hydrogen evolution reaction.
The reaction for the evolution of hydrogen at the cathode can be described in three steps: the Volmer, the Tafel and the Heyrovsky
step [57]. The steps are shown below in respectively equation A.3, A.4 and A.5.

𝐻2𝑂 + 𝑒− +𝑀 ⇌ 𝑀 −𝐻 + 𝑂𝐻− (A.3)

2𝑀 − 𝐻 ⇌ 𝐻2 + 2𝑀 (A.4)

𝑀 −𝐻 +𝐻2𝑂 + 𝑒− ⇌ 𝐻2 + 𝑂𝐻− +𝑀 (A.5)

where M denotes the electrode surface empty site. The overpotential at the cathode side can be determined with the Tafel
equation, as shown in equation A.6.

𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒 = 2.3𝑅𝑇𝛼𝐹 𝑙𝑜𝑔
𝑗
𝑗0

(A.6)

The overpotential is directly linked to the evolution of hydrogen at the cathode electrode.

A.3.2. Oxygen evolution reaction.
The oxygen evolution reaction, also known as a 2 or 4 electron step, can be describes in 5 steps [57]. The steps are shown
below in respectively equation A.7, A.8, A.9, A.10 and A.11 where M denotes a site on the surface.

𝑀 +𝑂𝐻 ⇌ 𝑀𝑂𝐻 + 𝑒 (A.7)

𝑀𝑂𝐻 + 𝑂𝐻− ⇌ 𝑀𝑂 +𝐻2𝑂 + 𝑒− (A.8)

𝑀𝑂 + 𝑂𝐻− ⇌ 𝑀𝑂𝑂𝐻 + 𝑒− (A.9)

𝑀𝑂𝑂𝐻 + 𝑂𝐻− ⇌ 𝑀𝑂𝑂− + 𝐻2𝑂 (A.10)

𝑀𝑂𝑂− ⇌ 𝑀 +𝑂2 + 𝑒− (A.11)

The overpotential at the anode electrode can be determined with the Tafel equation, shown in equation A.12.

𝜂𝑎𝑛𝑜𝑑𝑒 = 2.3 𝑅𝑇
(1 − 𝛼)𝐹 𝑙𝑜𝑔

𝑗
𝑗0

(A.12)
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A.4. Critical bubble diameter.
The behaviour of electrolytic gas bubbles and their effect on the cell voltage in alkaline water electrolysis was studied by [73].
The study tried to predict the critical diameter for the departure of gas bubbles in the electrolyte for a vertical electrode. Two
models were developed to study the behaviour of the gas bubbles. Figure A.10a shows a schematic of a gas bubble against the
electrode surface. The flow of the electrode is shown as an upward flow in the x direction. Figure A.10b shows the forces that
act on gas bubble. There are four main forces that act on the gas bubble. These are the buoyancy force, the surface tension
force, the drag force and the lift force.

Figure A.10: (a) Gas bubble on electrode with flow direction (b) Forces acting on gas bubble. Figure adapted from Zhang et al.
[71].

A.4.1. Buoyancy force.
The buoyancy force, noted as 𝐹𝐵, comes from the pressure and gravity acting on the mass of the gas bubble and can be
expressed with equation A.13.

𝐹𝐵 = ∫
𝐴𝐵

𝑝𝐿(𝑥)𝑑𝐴 + ∫
𝐴𝐶
𝑝𝐵𝑑𝐴 −∫

𝑉𝐵
𝜌𝐵𝑔𝑑𝑉 (A.13)

In the equation, 𝐴𝐵 and 𝐴𝐶 stand for respectively the contact surface area of the gas bubble and the electrolyte and the
contact area of the gas bubble and the electrolyte. 𝑝𝐿 and 𝑝𝐵 are the pressures of respectively the liquid and the gas bubble. 𝑉𝐵
stands for the volume of the gas bubble and 𝜌𝐵 is the density of the gas bubble. The buoyancy force equation can be simplified
into equation A.14 [60].

𝐹𝐵 = (𝜌𝐿 − 𝜌𝐵)𝑔 ⋅ 𝑉𝐵 ⋅ 𝑒𝑥 + [(𝜌𝐵 − 𝜌𝐿)𝑔 ⋅ 𝑅 +
2 ⋅ 𝜎
𝑅 ]𝜋 ⋅ 𝑟2 ⋅ 𝑒𝑦 (A.14)

The volume of the gas bubble can be defined with equation A.15.

𝑉𝐵 =
1

3𝜋 ⋅ 𝑅3 (1 + 𝑐𝑜𝑠(𝜃))
2 ⋅ (2 − 𝑐𝑜𝑠(𝜃)) (A.15)

In the equations, 𝜌𝐿 stands for the density of the liquid, 𝜃 stands for the contact angle between the liquidsolid and liquidgas
interfaces, 𝜎 is surface tension between the gas bubble and the electrolyte, 𝑅 is the radius of the gas bubble and 𝑟 is the circular
contact area of the gas bubble with electrode surface area. 𝑒𝑥 and 𝑒𝑦 represent the vectors in the force is directed.

A.4.2. Interfacial tension force.
The interfacial tension force is exerted on the gas bubble at the circular contact area between the bubble and the electrode
surface. It can be expressed in a x and a y direction component. Both are represented respectively by equation A.16 [60], where
𝜙 is the circumferential angle as shown in figure A.10b .

𝐹𝑠 = 𝑟 ⋅ 𝜎∫
2𝜋

0
𝑐𝑜𝑠(𝜃)𝑐𝑜𝑠(𝜙)𝑑𝜙 ⋅ 𝑒𝑥 − 𝑟 ⋅ 𝜎∫2𝜋0𝑠𝑖𝑛 ⋅ 𝑔(𝜃)𝑑𝜙 ⋅ 𝑒𝑦 (A.16)

A.4.3. Lift and drag forces.
The lift and drag forces acting on the gas bubble, depend on the flow velocity distribution in the electrolyser cell. They can be
derived with equation A.17 and equation A.18 respectively.

𝐹𝐿 =
1
2𝐶𝐿 ⋅ 𝜌𝐿 ⋅ 𝑢

2
𝑒𝑙 ⋅ 𝐴𝑐 ⋅ 𝑒𝑦 (A.17)

𝐹𝐷 = 1
2𝐶𝐷 ⋅ 𝜌𝐿 ⋅ 𝑢

2
𝑒𝑙 ⋅ 𝐴𝑐 ⋅ 𝑒𝑥 (A.18)

In the equations, 𝐶𝐿 and 𝐶𝐷 respectively stand for the lift and drag coefficients and 𝛼 stands for the bottom contact angle of
bubble with the electrode. The electrolyte velocity is represented by 𝑢 and the cross sectional area of the bubble perpendicular
to the flow is represented by 𝐴𝑐 [12]. 𝐴𝑐 can be calculated with equation A.19.

𝐴𝑐 = 𝜋 ⋅ 𝑅2 (1 − 𝜃 − 𝑐𝑜𝑠(𝛼)𝑠𝑖𝑛(𝛼)
𝜋 )

1.5
(A.19)
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A.4.4. Prediction of bubble departure.
In order for the gas bubble to detach from the electrode surface, all the sum of the forces in the x direction and in the y direction
should be zero. If this condition is not met, the gas bubble will lift or detach from the electrode surface. For a stagnant electrolyte,
the critical diameter depends on the force in the x direction. If the gas bubbles attaches on the electrode surface, it means that
the sum of the forces in the x direction is equal to the buoyancy force and both are greater than zero [73]. This is shown in
equation A.20

∑𝐹𝑥 =∑𝐹𝐵 > 0 (A.20)

The buoyancy force is not balanced with the sum of the other forces that are applied on the gas bubble. Because of the
unbalance, the bubble is forced to tilt upwards where it will reach a new force balance. When the bubble cannot tilt further after
it has reach a certain size, it will detach. Figure A.11 shows an upward tilting gas bubble. The contact angles are denoted as 𝛼
and 𝛽.

Figure A.11: Changing of gas bubble angles because of tilting.

When the bubble is moving upwards, without detaching from the electrode surface, the interfacial force in the x direction is
balanced by the buoyancy force in the x direction. The relationship between the contact angles 𝛼 and 𝛽 and the circumferential
angle can be represented by equation A.21, explained by [27].

𝜃 = 𝛽 + (𝛼 − 𝛽) ⋅ (𝜙𝜋 ) (A.21)

When the substituted into equation A.16 and separated for the x and y components, the interfacial tension force equation
results into respectively equation A.22 and equation A.23 for the x and y direction.

𝐹𝑆,𝑥 = −2𝑟𝜎 𝜋(𝛼 − 𝛽)
𝜋2 − (𝛼 − 𝛽)2 (𝑠𝑖𝑛(𝛼) + 𝑠𝑖𝑛(𝛽)) (A.22)

𝐹𝑆,𝑦 = −2𝑟𝜎 𝜋
𝛼 − 𝛽 (𝑐𝑜𝑠(𝛽) − 𝑐𝑜𝑠(𝛼)) (A.23)

With the force balance that needs to hold in order for the bubble to stay detached to the electrode surface, 𝐹𝐵,𝑥 + 𝐹𝑆,𝑥 = 0,
and equations A.14 and A.16 the force balance can be simplified into equation A.24.

1
3 (𝜌𝐿 − 𝜌𝐵)𝑔 ⋅ 𝜋 ⋅ 𝑅

3 ⋅ (1 + 𝑐𝑜𝑠(𝜃))2(2 − 𝑐𝑜𝑠(𝜃)) − 2 ⋅ 𝑟𝜎 𝜋(𝛼 − 𝛽)
𝜋2 − (𝛼 − 𝛽)2 (𝑠𝑖𝑛(𝛼) + 𝑠𝑖𝑛(𝛽)) (A.24)

The critical diameter for the gas bubble, for which bubble detachment occurs, can be taken from equation A.24. The radius
𝑅 is taken to the left side of the equation and multiplied by two. The calculation for the critical gas bubble diameter is shown in
equation A.25

𝑑𝑐𝑟𝑖𝑡 = 2 ⋅ √ 6𝑠𝑖𝑛(𝜃)𝜎(𝛼 − 𝛽)(𝑠𝑖𝑛(𝛼) + 𝑠𝑖𝑛(𝛽))
(𝜌𝐿 − 𝜌𝐵)[𝜋2 − (𝛼 − 𝛽)2]𝑔(1 + 𝑐𝑜𝑠(𝜃)2(2 − 𝑐𝑜𝑠(𝜃)

(A.25)

In order to calculate the critical diameter of the gas bubbles at the electrode surface, a few parameters need to be obtained.
The average values for the contact angle were found by [34], and showed to be 43 and 50 ∘C for respectively hydrogen and
oxygen bubbles.

If the drag force is added to the force balance, the balance can be represented by equation A.26.

1
3 (𝜌𝐿 − 𝜌𝐵)𝑔 ⋅ 𝜋 ⋅ 𝑅

3 ⋅ (1 + 𝑐𝑜𝑠(𝜃))2(2 − 𝑐𝑜𝑠(𝜃)) − 2 ⋅ 𝑟𝜎 𝜋(𝛼 − 𝛽)
𝜋2 − (𝛼 − 𝛽)2 (𝑠𝑖𝑛(𝛼) + 𝑠𝑖𝑛(𝛽)) +

1
2𝐶𝐷 ⋅ 𝜌𝐿 ⋅ 𝑣

2 ⋅ 𝐴𝑐 (A.26)

This shows that when there is an electrolyte flow, the critical diameter for the bubble will decrease.

A.5. Gas crossover mechanisms.
In this chapter, the three of the contributing gas crossover mechanisms are treated, namely concentration driven mass diffusion,
differential pressure driven mass convection and electroosmotic mass drag convection.
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A.5.1. Concentration driven mass diffusion.
The concentration driven gas crossover comes from mass diffusion through the diaphragm. The mass diffusion can be estimated
using Fick’s law [54]. When steady state is assumed, the concentration gradient of the dissolved gasses is constant across the
diaphragm. This means that there is no pressure difference between the hydrogen side and the oxygen side of the electrolyser
cell and that there is no flow. The molar flux can then by calculated using Fick’s first law of diffusion A.27

�̇�𝑑𝑖𝑓𝑓𝑖 = −𝐷𝑒𝑓𝑓𝑖 ⋅ 𝜕𝑐𝑖𝜕𝑥 = −𝐷𝑒𝑓𝑓𝑖 ⋅ 𝑐𝑖,𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝑐𝑖,𝑎𝑛𝑜𝑑𝑒𝐿𝑑𝑖𝑎
(A.27)

where 𝑖 stands for the specific component, �̇�𝑑𝑖𝑓𝑓 is the molar flux by diffusion, −𝐷𝑒𝑓𝑓𝑖 is the effective diffusivity, 𝑐𝑖 is the
concentration at the cathode or the anode and 𝐿𝑑𝑖𝑎 is the thickness of the diaphragm.

From a time perspective, the rate of concentration accumulation inside the diaphragm proportional to the curvature of the
concentration gradient, can be estimated with Fick’s second law, as shown in equation A.28

𝜕𝑐𝑖
𝜕𝑡 = −𝐷𝑒𝑓𝑓𝑖 ⋅ 𝜕

2𝑐𝑖
𝜕𝑥2 (A.28)

The effective diffusivity can be determined based on the diffusion coefficient of the specific component in the electrolyte
combined with the geometrical design of the diaphragm [20].

− 𝐷𝑒𝑓𝑓𝑖 = 𝐷𝑖 ⋅
𝜖
𝜏 (A.29)

Here 𝐷𝑖 stands for the diffusion coefficient, 𝜖 the porosity of the diaphragm and 𝜏 for the tortuosity.

A.5.2. Differential pressure driven mass convection.
Besides mass diffusion is mass convection another mechanism that is responsible for gas crossover through the separator. The
molar flux by convection can be determined with equation A.30.

�̇�𝑐𝑜𝑛𝑣𝑖 = 𝑢 ⋅ 𝑐𝑖 (A.30)
where 𝑢 is the electrolyte velocity perpendicular through the diaphragm. The concentration difference as a function of time

can be evaluated with equation A.31.

𝜕𝑐𝑖
𝜕𝑡 = −𝑢𝑒𝑙 ⋅

𝜕𝑐𝑖
𝜕𝑥 (A.31)

The differential pressure difference between the hydrogen side and the oxygen side comes from the opening of the purge
valves in ZEF AWE system, which cause a pressure gradient to occur over the diaphragm. The pressure difference can be used
to determine the volumetric flow rate through the diaphragm with a modification of Darcy’s equation [9], shown in equation A.32.

�̇� = 𝐾𝑑𝑖𝑎 ⋅ 𝐴𝑑𝑖𝑎
𝜇 ⋅ 𝐿𝑑𝑖𝑎

⋅ Δ𝑃 (A.32)

Here �̇� stands for the volumetric flow rate, 𝐾𝑑𝑖𝑎 is for the permeability of the diaphragm, 𝐴𝑑𝑖𝑎 is the cross section of the
diaphragm and 𝜇 stands for the dynamic viscosity of the electrolyte. From the volumetric flow rate, the electrolyte velocity can
be calculated with equation

𝑢𝑒𝑙 =
�̇�

𝐴𝑑𝑖𝑎
(A.33)

The permeability of the diaphragm can be determined with Kozeny’s equation A.34[41].

𝐾𝑑𝑖𝑎 =
𝜖 ⋅ 𝑑2𝑝𝑜𝑟𝑒
32 ⋅ 𝜏 (A.34)

where 𝑑𝑝𝑜𝑟𝑒 stands for the pore diameter of the diaphragm.

A.5.3. Electroosmotic drag driven mass convection.
Mass transfer by convection is also influenced by the phenomena electroosmotic drag. When an AWE is under operation, the
applied electric field causes hydroxide ions, OH, to move through the diaphragm from the cathode to anode. This can lead
to dissolved gasses being dragged, with the OH ions ,through the diaphragm [69]. It may enhance the crossover of H2 and
reduce the crossover of O2 [59]. Recent research was conducted by W. Haverkort [21], who reported a behaviour opposing the
transport of OH to the anodes. The research saw that an enhanced O2 crossover to the cathode side is possible, due to the
electroosmotic flow from the anode to the cathode dominating over the drag force.

A.5.4. Supersaturation at the electrode.
The crossover for mass transfer by convection and diffusion is influenced by the formation of supersaturated zones of dissolved
gas near the electrodes, especially for zerogap designs where the electrodes are in close contact with the diaphragm [20].
It is assumed that the evolved gasses at the electrodes are formed in dissolved state before formation of gas bubbles on the
nucleation sites on the electrode surface [12]. These nucleation sites are surface irregularities which become active when a
certain supersaturation level is achieved locally in the electrolyte [59]. Research was done on the mass transfer mechanics
close to the electrode, to estimate the supersaturation concentration [63]. The research resulted in two relevant mass transfer
mechanics, namely the mass convection from the electrode to the electrolyte bulk and mass transfer of dissolved gases from
the supersaturated boundary layer at the electrode to formation of bubbles at the electrode surface area. Figure A.12 shows the
mass transfer mechanics of dissolved gas at the electrode where a part of the formed gas forms a gas bubble and the other part
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stays dissolved in the electrolyte bulk. In the figure 𝑁𝐷 stands for the amount of gas produced at the electrode, 𝑁𝐺 is the amount
of gas that is evolved at the electrode surface in gas form and 𝑁𝐸 stands for the amount of gas that is dissolved in the electrolyte
bulk.

Figure A.12: Mass transfer mechanics at the electrode, with amount of gas production at the electrode, evolved gas on electrode
and dissolved gas in the electrolyte bulk [64].

A.6. Electrolyser cell dimensions.
For convenience, an overview of the dimensions of the electrolyser cells is represented in table A.1. These values are used in
the evaluation and modeling later in this report.

Table A.1: Dimensions of the components of an electrolyser disc.

Component Description Value
Disc Diameter 130 mm
Disc Thickness 9 mm

Bipolar plate Thickness 0.5 mm
Top channel Length 13.5 mm
Top channel Width/Height 1.5 mm

Bottom channel Length 13.5 mm
Bottom channel Width/Height 1.5 mm

Electrode height 85 mm
Electrode Thickness 0.5 mm
Electrode Surface area 60 cm2

Diaphragm Thickness 0.5 mm

A.7. Heat exchanger calculation.
In this chapter, the model for the calculation for a finned tube heat exchanger in the AEC system is treated. The heat exchanger
is modeled to be installed in the downcomer tube to cool down the electrolyte flow to the electrolyser stack. The cooling of
the electrolyte flow is done with the use of fans. Fin parameters were taken for the finned tube heat exchanger were taken
from equipment present at ZEF, see table A.2 below, and can later be altered. The fan is not yet implemented in the report. The
operating conditions were set a pressure of 50 bar, a current density of 0.3𝐴/𝑐𝑚2 and a temperature of 75 ∘Cwith an electrolyte of
30wt% KOH. The thermophysical properties for the electrolyte were taken from Le Bideau et al. [29], discussed earlier in chapter
A.1. The euqations used in the model were taken from VDIGesellschaft Verfahrenstechnik und Chemieingenieurwessen (2010)
[4] and Mills, A.F (2013) [35].

Table A.2: Circular fin heat exchanger dimensions.

Symbol Value Description
𝑑𝑜 1.90 ⋅ 10−2 Outside diameter heat exchanger tube [m]
𝑑𝑖 1.60 ⋅ 10−2 Inside diameter heat exchanger tube [m]
ℎ𝑓 8.50 ⋅ 10−3 Fin height [m]
𝑑𝑓 3.60 ⋅ 10−2 Fin diameter [m]
s 2.31 ⋅ 10−3 fin spacing [m]
𝑡𝑓 3.00 ⋅ 10−4 Fin thickness [m]

A.7.1. Matlab model.
First the heat that needs to be released from the electrolyte flow is determined based on the electrolyte mass flow the enthalpy
difference over the heat exchanger, as shown in equation A.35. The electrolyte flow mass flow is taken from previous research
by I. Daniil [9] with a value of 1.27 ⋅ 10−4𝑘𝑔/𝑠.
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𝑄𝑒𝑙 = �̇� ⋅ (ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡) (A.35)
The log mean temperature difference can be determined with the inlet and outlet temperature of the electrolyte flow in the

heat exchanger tube together with the temperature of the still air. The calculation is shown in equation A.36.

𝐿𝑀𝑇𝐷 = (𝑇𝑒𝑙,𝑖𝑛 − 𝑇𝑎𝑖𝑟) − (𝑇𝑒𝑙,𝑜𝑢𝑡 − 𝑇𝑎𝑖𝑟)
𝑙𝑜𝑔( (𝑇𝑒𝑙,𝑖𝑛−𝑇𝑎𝑖𝑟)

(𝑇𝑒𝑙,𝑜𝑢𝑡−𝑇𝑎𝑖𝑟)
)

(A.36)

The number of fins per meter for the finned heat exchanger can be determined with the fin thickness and fin spacing as
shown in equation A.37.

𝑁𝑓𝑚𝑒𝑡𝑒𝑟 =
1

𝑡𝑓 + 𝑠
(A.37)

With the number of fins per meter, the number of fins for the heat exchanger can be determined with A.38. The length of the
heat exchanger is based on an estimation and will later be iterated.

𝑁𝑓 = 𝐿 ⋅ 𝑁𝑓𝑚𝑒𝑡𝑒𝑟 (A.38)
The important surface areas for the heat exchanger can be determined based on the dimensions from the actual finned heat

exchanger tube. The outside surface area of the tube without fins can be calculated with the outside diameter of the tube and
the length of the tube. This is shown in equation A.39

𝐴𝑜,𝑡𝑢𝑏𝑒 = 𝐿 ⋅ 𝜋 ⋅ 𝑑𝑜 (A.39)
The inside surface area of the tube can be determined with equation A.40.

𝐴𝑖,𝑡𝑢𝑏𝑒 = 𝐿 ⋅ 𝜋 ⋅ 𝑑𝑖 (A.40)
With the fin thickness, the base surface area of a fin can be determined with equation A.41.

𝐴𝑏,𝑓 = 𝑡𝑓 ⋅ 𝜋 ⋅ 𝑑𝑜 (A.41)
With the base surface area of the fins and the outside surface area of the tube, the outside surface area of the tube that is

in contact with air can be calculated as seen in equation A.42.

𝐴𝑎𝑖𝑟,𝑡𝑢𝑏𝑒 = 𝐴𝑜,𝑡𝑢𝑏𝑒 − (𝑁𝑓 ⋅ 𝐴𝑏,𝑓) (A.42)

The fin surface area in contact with the outside air can be determined with equation A.43. The fin dimensions from table A.2
are used for the calculation.

𝐴𝑓 = (0.25 ⋅ 𝜋 ⋅ (𝑑2𝑓 − 𝑑2𝑜) ⋅ 2) + (𝑡𝑓 ⋅ 𝜋 ⋅ 𝑑𝑓) (A.43)
Now the total outer surface area, that is in contact with the outside air, can be calculated with equation A.44. This is done

with the fin surface area in contact with the outside air and the outside surface area of the tube that is in contact with the air.

𝐴𝑜,𝑡 = 𝐴𝑓 + 𝐴𝑎𝑖𝑟,𝑡𝑢𝑏𝑒 (A.44)
The flow area of the electrolyte through the tube can be determined with A.45.

𝐴𝑡𝑢𝑏𝑒 = 0.25 ⋅ 𝜋 ⋅ 𝑑2𝑖 (A.45)
With the important surface and flow areas known, the velocity of the electrolyte through the heat exchanger tube can be

determined. First the inlet velocity and outlet velocity are determined with respectively equation A.46 and A.47. Then the average
velocity is calculated and used for further calculations with equation A.48.

𝑢𝑒𝑙,𝑖𝑛 =
�̇�

𝜌𝑖𝑛 ⋅ 𝐴𝑡𝑢𝑏𝑒
(A.46)

𝑢𝑒𝑙,𝑜𝑢𝑡 =
�̇�

𝜌𝑜𝑢𝑡 ⋅ 𝐴𝑡𝑢𝑏𝑒
(A.47)

𝑢𝑒𝑙,𝑎𝑣𝑔 =
𝑢𝑒𝑙,𝑖𝑛 + 𝑢𝑒𝑙,𝑜𝑢𝑡

2 (A.48)

With the average velocity known, the Reynolds number can be determined for the electrolyte flow through the heat exchanger
tube. This is done in equation A.49 with the use of the inside diameter of the tube and the average velocity, density and dynamic
viscosity.

𝑅𝑒𝑒𝑙 =
𝜌𝑎,𝑎𝑣𝑔 ⋅ 𝑢𝑎,𝑎𝑣𝑔 ⋅ 𝑑𝑖

𝜇𝑎,𝑎𝑣𝑔
(A.49)

The Reynolds number relates to a laminar flow. For a laminar flow in smooth pipes the Nusselt number can be calculated
with equation A.51, using the Prandtl number. Equation A.50 needs to be solved first in order to get the DarcyWeisbach constant.

𝑓 = 64
𝑅𝑒𝑒𝑙

(A.50)

𝑁𝑢𝑒𝑙 = 3.66 +
0.065 ⋅ 𝑑𝑖𝐿 ⋅ 𝑅𝑒𝑒𝑙 ⋅ 𝑃𝑟𝑎𝑣𝑔

1 + 0.04(⋅𝑑𝑖𝐿 ⋅ 𝑅𝑒𝑎 ⋅ 𝑃𝑟𝑎𝑣𝑔)
2
3

(A.51)
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With the Nusselt number known for the electrolyte flow through the tube, the heat transfer coefficient can be calculated as
show in equation A.52. For the calculation, the Nusselt number, Thermal conductivity.

ℎ𝑐,𝑒𝑙 =
𝑁𝑢𝑒𝑙 ⋅ 𝑘𝑒𝑙

𝑑𝑖
(A.52)

The natural convection from the heat exchanger to the environment can be determined based on the Rayleigh number and
a Prandtl number function. In order to calculate the Rayleigh number, first the mean film temperature must be determined with
equation A.53. With the mean film temperature, Β′ can be determined as shown in equation A.54.

𝑇𝑟 =
𝑇𝑎𝑖𝑟 +

𝑇𝑎,𝑖𝑛+𝑇𝑎,𝑜𝑢𝑡
2

2 (A.53)

𝛽′ = 1/𝑇𝑟 (A.54)

With Β′ and the corresponding dynamic viscosity, Prandtl number, gravity constant and length of the heat exchanger, the
Rayleigh number can be calculated as shown in equation A.55. The air specific values were taken from REFPROP. The equation
relates to convective heat loss of a cylinder.

𝑅𝑎𝐿 =
𝛽 ⋅ 𝐿𝑀𝑇𝐷 ⋅ 𝑔 ⋅ 𝐿3 ⋅ 𝑃𝑟𝑎𝑖𝑟

𝜈2 (A.55)

Now the Prandtl number function Ψ needs to be determined with the use of equation A.56 and the Prandtl number.

Ψ = (1 + (0.492𝑃𝑟 )
9
16 )

−16
9

(A.56)

With the Prandtl number function Ψ and the Rayleigh number, the Nusselt number can be calculated with equation A.57.

𝑁𝑢𝐿 = 0.68 ⋅ 0.67 ⋅ (𝑅𝑎𝐿 ⋅ Ψ)
1
4 ⋅ (1 + 1.6 ⋅ 10−8 ⋅ (𝑅𝑎𝐿 ⋅ Ψ))

1
12 (A.57)

With the Nusselt number known, the heat transfer coefficient between the heat exchanger and the ambient air can be
determined with equation A.58.

ℎ𝑐,𝑎𝑚 = 𝑘𝑎𝑖𝑟
𝐿 ⋅ 𝑁𝑢𝐿 (A.58)

In case of using fans, the heat transfer coefficient increases due to the forced convection. Based on the type of fans, a heat
transfer coefficient can be estimated.

Now the fin efficiency can be determined for the heat exchanger. First the constant Θ needs to be calculated with equation
A.59, based on fin parameters. In equation A.60, the constant Θ is used to calculate the fin efficiency parameter 𝑋.

Θ = (
𝑑𝑓
𝑑𝑜

− 1) ⋅ (1 + 0.35 ⋅ 𝑙𝑜𝑔(
𝑑𝑓
𝑑𝑜

)) (A.59)

𝑋 = Θ ⋅ 𝑑𝑜2 ⋅ √2 ⋅ ℎ𝑐,𝑎𝑚𝑘𝑓 ⋅ 𝑡𝑓
(A.60)

With the fin efficiency parameter calculated, the fin efficiency can be determined with equation A.61.

𝛾𝑓 =
𝑡𝑎𝑛ℎ(𝑋)

𝑋 (A.61)

The virtual heat transfer coefficient needs to be calculated in order to determine the heat transfer coefficient E, The values
used for the calculation are the natural convection from the heat exchanger to the air, the surface area of the fins and the total
outer surface area that is in contact with the outside air, as shown in equation A.62.

ℎ𝑐,𝑣 = ℎ𝑐,𝑎𝑚 ⋅ (1 − (1 − 𝛾𝑓) ⋅
𝐴𝑓
𝐴𝑡,𝑜

) (A.62)

Now with the use of the virtual heat transfer coefficient the heat transfer coefficient E can be calculated as shown in equation
A.63 and equation A.64.

1
𝐸 = 1

ℎ𝑣
+ 𝐴𝑜,𝑡

𝐴𝑖
⋅ ( 1
ℎ𝑐,𝑎

+ 𝑑𝑜 − 𝑑𝑖
2 ⋅ 𝑘𝑠

) (A.63)

𝐸 = ( 1𝐸 )
−1 (A.64)

With the log mean temperature difference, the heat transfer coefficient E and the desired heat release from the heat ex
changer, the necessary heat exchanger surface area can be determined. This is shown in equation A.65.

𝐴ℎ𝑒𝑎𝑡 =
𝑄𝑒𝑙

𝐸 ⋅ 𝐿𝑀𝑇𝐷 (A.65)

Finally, the desired length for the heat exchanger can be determined with equation A.66.

𝐿 = 𝐴ℎ𝑒𝑎𝑡
𝐴𝑜,𝑡

⋅ 0.25 (A.66)
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A.8. Ultrasound Doppler Velocimetry method.
In pulsed ultrasound Doppler, an emitter sends periodically short ultrasonic bursts to target particles that are present in the path
of the ultrasonic beam. The echoes of these ultrasonic bursts from the particles are collected by a receiver. By sampling the
incoming echoes, at the same time relative to the emissions of the bursts, the velocity of the particles can be computed [13]. A
special viscous gel is used to conduct the ultrasonic waves from the transmitter to the object in which the velocity is measured.
In figure A.13 a visual is shown of the pulsed ultrasound Doppler method, where the red wave stands for the ultrasonic burst
send from the device and the blue wave stands for the echo of the ultrasonic burst.

Figure A.13: Visual of periodically short ultrasonic waves (red) send to a particle and echo (blue) [13].

A.8.1. Depth measurement.
A more detailed explanation how the depth of particles is measured is given in the chapter. The explanation is done based on a
situation illustrated in figure A.14. In this situation, there is only one moving particle present in the path of the ultrasonic beam.

Figure A.14: Velocity measured based on ultrasound emissions [13].

When 𝑡 is equal to zero, T0, an ultrasonic burst is emitted. The burst travels through the liquid to the particle, which it reaches
at T1. If the particle size is much smaller than the wavelength, a small echo is generated, called the scattering effect. The echo
travels back to the receiver which it reaches at T2. The depth of the particle can be determined based on the traveling time of
the ultrasonic burst, as shown in equation A.67.

𝐷𝑒𝑝𝑡ℎ = 𝐶
2 ⋅ (𝑇2 − 𝑇0) (A.67)

where C stands for the sound velocity of the acoustic wave in the liquid. With UDV, the bursts are emitted periodically.
After each emission, the signal from the echo is sampled at a fixed delay after the emission. If the particle moves between the
successive emissions, values taken from the samples taken at sample time Ts will change over time.
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A.8.2. Velocity measurement.
The frequency of the sinusoidal signal, 𝑓𝑑 is named after the Doppler frequency and directly connected to the velocity of the
particle. The velocity can be determined based on this frequency as shown in equation A.68, where 𝑓𝑒 stands for the frequency
of the emitted burst and 𝛼 stands for the angle of the ultrasonic beam with respect to the moving particle.

𝑢𝑈𝐷𝑉 =
𝑓𝑑 ⋅ 𝐶

2 ⋅ 𝑓𝑒 ⋅ 𝑐𝑜𝑠(𝛼)
(A.68)

When there are many particles present in the ultrasonic beam, the echoes from each particle may combine into a random
echo signal. In figure A.15 such a case is presented. When there is a low degree of correlation between the different emissions,
the velocity reading may be incorrect.

Figure A.15: Randomly distributed particle in ultrasonic beam [13].

A.8.3. Ultrasound scattering.
The ultrasonic wave that are generated are confined inside a narrow cone. As the wave travel in the cone, they might reflect or
scatter when they reach a particle with a different acoustic impedance. The acoustic impedance is defined as the density of the
material multiplied by the acoustic sound velocity, presented in equation A.69.

𝑍 = 𝜌 ⋅ 𝐶 (A.69)
If the size of a particle is larger than the wavelength, the ultrasonic wave will reflect and refract by the particle, as shown

in figure A.16(a). This will affect the direction of propagation and the intensity of the ultrasonic wave. If the particle is much
smaller than the wave length, a different phenomena takes place called scattering. When this happens, a very small amount of
the ultrasonic wave is reflected back to the receiver, called backward scattering, made visual in figure A.16. This however does
not affect the direction of propagation or the intensity. This shows that UDV needs smaller particles than the wave length in order
to get a reliable velocity measurement.

Figure A.16: Visual of pulsed Doppler method [13].

A.9. Comparison of different electrolyser systems.
In figure A.17 the typical specifications for different electrolyser systems are compared.
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Figure A.17: Typical specifications for different electrolyser systems [10].

A.10. Bubble observations.
During operation of the electrolyser it was observed that bubbles tend to get stuck between the holes of the electrode, especially
at high pressures. When operating at a low pressure, the higher produced volume of oxygen gas when, compared to operating
at a high pressures, results in the continues generation of bubbles in the electrode holes. This is visualized in figure A.18 for
operating at a pressure of 2 bar and a current density of 0.3 A/cm2.

Figure A.18: Bubbles can be seen stuck between the electrode holes. Images from operation at a pressure of 2 bar and a current
density of 0.3 A/cm2.

When operating at a pressure range of 4750 bar bubbles can be seen between the electrode and the Zirfon Diaphragm
during operation. The bubbles seem to be generated between the Zirfon diaphragm and the electrode, growing in size during
operation. This is observed for all operating current densities. In figure A.19 a bubbles stuck between the Zirfon diaphragm
and the electrode can be observed. These bubbles grow slowly in size and tend to get stuck for entire experiments. When the
pressure is relieved from the system, the bubbles grow in size and the cavity between the electrode and the diaphragm. This
observation shows that the Zerogap design might not be Zerogap after all.

Figure A.19: Bubble being stuck between the electrode and the Zirfon diaphragm when operating at a pressure range of 4750
bar and at a current density of 0.1 A/cm2.

During a flow stagnation cycle, the electrode seem to become dry due to the build up of oxygen volume gas. During some
experiments, bubbles can be seen stuck in the liquid film on the electrode surface. This validates the assumption that a thin film
is present on the electrode surface during a flow stagnation cycle. The observation is shown in figure A.20.

Confidential



A.10. Bubble observations. 85

Figure A.20: Bubbles seen stuck in the liquid film on the surface of the electrode and in the electrode holes during a flow
stagnation cycle, the moment the electrode seems to become dry.
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