THE UNIVERSITY

o ADELAIDE

Flow Control for Bubble Management in a

Membrane-free Alkaline Water Electrolyser

Bo Yang

School of Electrical and Mechanical Engineering
The University of Adelaide
South Australia, 5005

Australia

A thesis submitted in fulfilment of the requirements
for the degree of Ph.D. in Mechanical Engineering

12 March 2024






Thesis summary

The global challenge of rapid population growth and environmental degradation
has spurred the search for sustainable, clean, and low-carbon energy solutions.
Hydrogen has been widely used as a feedstock for chemical processes and is
recognised as a clean alternative to traditional fuels. Currently, a significant
portion of Hz production relies on fossil fuel-based processes, contributing to
global warming and toxic gas emissions. Consequently, there is an increasing
interest in investigating different approaches for H2 production from non-fossil
sources. Among these, water electrolysis has emerged as a leading method for

generating clean Ha.

The membrane-free water electrolyser (MFE) is a novel cell design that
eliminates the membrane in a conventional water electrolyser. This innovative
approach not only reduces both capital and maintenance costs but also
facilitates the increase of operating temperature and pressure, resulting in
improved cell efficiency. Moreover, it reduces the overall cost of H2 considering
the pressurisation or liquefaction of Hz for transportation. However, the
membrane-free design faces challenges related to gas crossover and
scalability, and these factors are closely related to bubble behaviour in the
electrolyser channel. The research in this thesis is motivated by the need to
address these challenges.

The research aims to minimise the gas crossover in MFEs by developing the
technique to better control bubble distribution in the electrolyser channel. The
thesis first demonstrates the feasibility of using MFEs for industrial-scale liquid
H2 (LH2) production. While MFE offers lower ohmic resistance compared to
conventional ones, they face challenges in producing high-purity Hz due to the
lack of a physical barrier to separate H2 and O2. To address this issue, a
cryogenic cooling system is employed to purify H2 gas by removing O2. The
specific energy consumption for LH2 production using MFEs and conventional
alkaline water electrolysers under different operating conditions has been
calculated. Findings indicate that MFEs could potentially provide more cost-

effective operations in the production of LH2, since the electric power saved



from their higher efficiency outweighs the cost of oxygen removal. Furthermore,
improving the product Hz purity further reduces cooling load requirements,
leading to reduced operating costs. This emphasises the significance of

effectively managing bubble distribution in an MFE.

To facilitate the investigation of bubble behaviour in MFEs, it is necessary to
develop a technique that can generate bubbles in an electrolyser channel with
controllable size and frequency. Consequently, the research focuses on the
study of Hz bubble formation and departure from a microelectrode in an MFE.
Systematic studies were carried out to examine the impact of applied current
and the geometry of microelectrodes on the size and frequency of bubbles.
Additionally, the process of single and continuous bubble formation is
investigated. Building upon these findings, an electrolytic microbubble
generator is developed, capable of producing single bubbles with diameters
ranging from 0.3 mm to 1.4 mm, which encompasses the control target — the
large bubbles with diameters greater than 0.3 mm, formed through coalescence
in MFEs.

Employing the technique of generating single microbubbles, this research
includes an experimental study focused on the rising trajectories of H2 bubbles
in an electrolyser channel. The lift and drag forces on bubbles are assessed
based on their rising trajectories, and a new correlation is proposed for
estimating the shear-induced lift forces on bubbles with diameters ranging from
0.3 mm to 1.0 mm. The study highlights the critical role of the electrolyte's
velocity field in governing bubble distribution within an MFE. It is shown that
maintaining a parabolic velocity profile in the electrolyte allows H2 and O:2
bubbles to rise close to the electrode where they evolve. However, as the void
fraction increases, bubbles near the electrode induce a high local velocity,
disrupting the velocity field and leading to gas crossover. This highlights that
depending solely on applying a parabolic electrolyte flow at the inlet of the

electrolyser channel may not be effective in eliminating gas crossover in MFE.

The final part of the research introduces a novel technique to suppress the
crossover of H2 and O2 within the MFE channel. The approach involves the

implementation of flow controllers to manipulate the velocity field in the



electrolyser channel, generating a lift force that prevents H2 and O2 bubbles
from mixing. This significantly alleviates gas crossover within the electrolyser.
While this technique does not completely prevent gas crossover, it provides
valuable insights into the potential of active flow control methods for enhancing

the performance of MFE.

The thesis makes significant contributions by developing a new understanding
of bubble behaviour in an MFE, along with the development of techniques to
control bubble distribution within such systems. The research demonstrates the
viability of MFEs for LH2 production, positioning this technology as an appealing
option for clean H2 generation. The creation of the microbubble generator
introduces a straightforward yet highly effective tool for conducting fundamental
studies on bubble behaviour. Additionally, the study on forces acting on rising
bubbles highlights the critical role of the velocity field of the electrolyte in
governing bubble distribution, a key factor for managing gas crossover.
Moreover, the innovative flow controllers effectively address gas crossover
issues and enable the scaling-up of MFEs. These findings provide valuable
insights into the MFE technology, propelling the prospects of efficient and
sustainable Hz production. The research outcomes contribute significantly to
the clean energy sector, fostering the implementation of membrane-free water

electrolysers as a promising pathway towards a greener future.
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Chapter 1
Introduction

1.1 Background

Hydrogen has emerged as a versatile energy carrier for humanity to address
the critical challenge of pursuing sustainable, clean, and low-carbon energy
solutions. Hydrogen is one of the cleanest energy sources, with benefits such
as non-toxic emissions and high heat of combustion (HHV = 142 MJ/kg and
LHV = 121MJ/kg) (Zohuri 2019). In addition to its conventional applications in
food industry, hydrocarbon synthesis and metallurgical processes, H2 has
recently been used as fuel in aerospace engineering and fuel cell technology.
While its adoption in the transportation sector is currently limited to a few
applications, research and development efforts are ongoing (Dawood et al.
2020). At present, more than 90% of H2 produced worldwide are from reforming
or gasification of hydrocarbons such as methane (CHas), naphthalene and coal
(Barelli et al. 2008), which contribute to global warming and toxic gas emissions.
Production of Hz from non-fossil fuel sources like biomass and municipal waste
has been investigated in lab-scale (Soo et al. 2015, Zhang et al. 2019).
However, these approaches encounter additional challenges, such as NOx and
heavy metal emissions due to feedstock contamination, the complexities of
managing toxic by-products, and relatively low overall efficiency levels (Moreno
and Dufour 2013, Ochoa et al. 2020). Nonetheless, Hz production from non-
fossil fuels is regarded as a promising solution in mitigating global warming and
reducing pollutant emissions (Abanades and Flamant 2006, Cardoso et al.
2015).

Water splitting is considered the cleanest method for Hz production since it only
produces H2 and Oz (Chatenet et al. 2022). Although there are various water
splitting technologies including direct thermal (Luo et al. 2018), thermochemical
(Abanades and Flamant 2006) and photocatalysis (Chung et al. 2018), water

electrolysis stands as one of the most advanced methods, with technologies
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such as alkaline water electrolyser (AWE) and proton exchange membrane
electrolyser (PEM) being available on commercial scale (Shiva Kumar and
Himabindu 2019, Brauns and Turek 2020). Several factors play a role in
determining the efficiency of water electrolysis cells, such as the cell
configuration (Wilberforce et al. 2017, Phillips and Dunnill 2019), the surface
characteristics of the electrode material (Zhou et al. 2020, Hodges et al. 2022),
type of catalyst (Lu and Ammon 1982, Li et al. 2011), electrolyte property (Xu
et al. 2009, Peraud et al. 2017), electrical conductivity of separator (for AE cell)
or membrane (for PEM cell) (Shiva Kumar and Himabindu 2019, Fortin et al.
2020, Hua et al. 2022), and operating conditions including temperature,
pressure and applied voltage (Kuleshov et al. 2020, Lamy and Millet 2020,
Salehmin et al. 2022). Furthermore, mitigating the bubble effect is crucial to
enhance the efficiency of water electrolysers. Gas bubbles within the
electrolyser elevate cell resistance and reduce the effective electrode area,
thereby degrading cell performance (Sides and Tobias 1980, Sillen et al. 1982).
It is also found that gas bubbles contribute to about 30% of the total energy loss
in water electrolysers (Zeng and Zhang 2010). Therefore, a deeper
understanding of bubble behaviour is necessary for enhancing the overall

efficiency of water electrolysers.

In modern alkaline electrolyser cells, a membrane is installed between the
cathode and anode to isolate H2 and O2 gases (Paidar et al. 2016, Hua et al.
2022). Although the membrane plays a crucial role in gas separation, it still
introduces resistance, subsequently reducing the cell efficiency. Additionally,
the membrane is prone to degradation, particularly under elevated
temperatures and pressures, leading to considerable maintenance costs and
restricting the implementation of high-pressure and high-temperature
electrolysers (Fortin et al. 2020, Salehmin et al. 2022, Swiegers et al. 2022).
Furthermore, it is estimated that membranes contribute to about 9% of the
capital cost for an industrial electrolyser (Esposito 2017). Consequently, there
is a rising interest in the development of membrane-free water electrolyser
(MFE) technology, which eliminates the need for a membrane to reduce both

capital and maintenance costs (O'Neil et al. 2016, Manzotti et al. 2022).
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Moreover, MFE technology can effectively narrow the gap between the anode
and cathode, thereby reducing ohmic losses while achieving a reasonable
purity of Hz. In recent years, various MFE configurations have been developed,
primarily relying on the electrolyte flow field to manage the distribution of H2 and
O2 bubbles in the electrolyser channels. Notable designs include the flow-
through (Gillespie et al. 2015, Rajaei et al. 2021) and flow-by (O'Neil et al. 2016,
Hashemi et al. 2019) MFEs. This research focuses on the flow-by configuration,
with a specific focus on understanding the interaction between the electrolyte
and bubbles. Such understanding is crucial for minimising gas crossover, as
highlighted in prior studies (Amini, Lee et al. 2014, Zhang, Li et al. 2017).

In general, the flow-by MFEs offer several advantages over their conventional
counterparts, including enhanced durability, simplified cell design, improved
efficiency, and reduced capital and maintenance costs (Esposito 2017).
Despite the advantages, this emerging technology still requires extensive
research and development. The primary challenges it faces include issues with
gas crossover, low current density, and difficulties in scaling up (Esposito 2017,
Manzotti et al. 2022).

In an MFE, due to the lack of a physical barrier that restricts the crossover of
H2 and O:2 in the electrolyser channel, the separation of the two gases relies
solely on the electrolyte flow field. Most of the flow-by MFEs can only operate
at a laminar flow regime and low current densities. For such operating
conditions, the shear-induced lift force on bubbles propels them towards the
electrode where they evolve (O'Neil et al. 2016, Aoyama et al. 2017, Gavrilov
et al. 2018). Nonetheless, the magnitude of the lift force is usually at least an
order of magnitude smaller than that of the drag force. Therefore, local
turbulence in the electrolyte can sometimes dominate the trajectories of
bubbles and lead to their mixing. At high current densities, bubble generation
becomes highly random and chaotic (Mandin et al. 2008, Zhang and Zeng
2012), leading to a more pronounced gas crossover (Swiegers et al. 2022).

Additionally, the literature scarcely addresses the size limitations inherent to a
flow-by MFE. As the electrolyser channel length increases, the gas hold-up

within the channel also rises. Consequently, a greater number of bubbles tend
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to accumulate downstream in the electrolyser channel, causing a pronounced
gas crossover. This limitation poses a significant obstacle to the scalability of
flow-by MFEs, hindering their ability to achieve industrial scales without

encountering the issues mentioned above.

The primary motivation behind this research is to enhance the performance of
the flow-by MFE by controlling bubble distribution in the cell. To attain this goal,
this study focuses on investigating the behaviour of bubbles rising in a bounded
channel with a fully developed laminar flow. Moreover, a novel technique is
proposed to create the desired velocity profile in the electrolyser channel,
thereby effectively controlling bubble distribution and mitigating gas crossover.
The outcomes of this research hold the potential to significantly advance our
understanding of bubble-liquid two-phase flow and have valuable implications
for the MFE industry.

1.2 Aims and objectives

The research aims to develop a new understanding of bubble behaviour in
membrane-free water electrolysers (MFEs) and the techniques to alleviate

bubble mixing in the electrolyser channel. Four objectives are defined as follows:

The first objective is to explore the viability of utilising MFEs for commercial-
scale liquid Hz (LH2) production through the implementation of cryogenic cooling.
In this approach, the raw Hz produced from MFEs is purified by liquefying and
separating O2. Through a series of sensitivity studies, the influence of crucial
parameters on the specific energy consumption of LH2 production is analysed.
These parameters include the operating temperature and pressure of the cell

stack and the purity level of the Hz gas.

The second research objective involves the development of a technique to
generate single microbubbles within an electrolyser channel, thus facilitating
the subsequent investigation of bubble behaviour in such a medium. To
accomplish this objective, a novel concept of a single microbubble generator is
developed to produce micro-electrolytic bubbles in the electrolyte. The
systematic investigation explores the influence of the bubble generator's
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geometrical features and the applied current on the sizes and frequencies of
the bubbles.

The third research objective is to develop an understanding of bubble rising
behaviour in an electrolyser channel. Utilising the microbubble generator
developed in the previous study, Hz bubbles with various diameters are injected
into an electrolyser channel. The impact of electrolyte flow and bubble
diameters on the trajectories of the bubbles are systematically studied, and the
shear-induced lift force and drag force on the bubbles are subsequently

investigated.

The fourth research objective aims to control bubble distribution in an MFE by
manipulating the electrolyte flow field. To this end, a flow controller has been
developed, capable of maintaining an optimal velocity field in the MFE. This
design ensures that the shear-induced lift force consistently directs the Hz and
O2 bubbles towards the electrodes where they evolve. Employing this technique
could significantly reduce gas crossover in MFEs, enhancing their viability for

industrial applications.

1.3 Thesis outline

The thesis comprises seven chapters. Chapter 1 provides an overview of the

thesis and introduces the background and objectives of the research.

Chapter 2 offers a comprehensive review of recent publications in the research
field, identifying gaps in existing knowledge. The literature review begins by
introducing the current status of global H2 demand, production, purification,
transportation, and liquefaction. Subsequently, it introduces the fundamentals
of Hz production from water electrolysis, including the origins of overpotentials,
ionic species transport, and the influence of bubbles on the electrolyser
performance. Detailed attention is given to the research and development of
membrane-free water electrolysers (MFE), encompassing aspects such as cell
design, H2/O2 separation techniques, as well as the advantages and
disadvantages associated with MFE technology. The chapter then shifts focus
to recent work on bubble behaviour in MFEs, including the formation of
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electrolytic bubbles, their rising behaviour in bounded flows, and bubble
visualisation techniques. Numerical studies on modelling bubble rising in a

liquid and bubble distribution in a water electrolyser are also included.

Chapters 3 to 6 present the key findings of this research, consisting of four
manuscripts published or currently under review in peer-reviewed journals. In
Chapter 3, the feasibility of using membrane-free water electrolysers for
industrial-scale liquid hydrogen (LHz) production is presented. A mathematical
model for Hz generation via both alkaline and membrane-free water
electrolysers is developed. The raw Hz output from these electrolysers serves
as the feedstock for subsequent purification and liquefaction processes. Using
Aspen HYSYS® software, this study systematically investigates the influence of
electrolyser operating conditions and raw Hz purity on the total power
consumption for LH2 production. The findings reveal that membrane-free water
electrolysers offer an energy-efficient alternative to alkaline water electrolysers,
potentially reducing power consumption by up to 10%. Importantly, this study
also revealed that improving the product Hz purity can reduce the cooling load

required for O2 separation, consequently leading to reduced operating costs.

The following chapters focus on developing knowledge about bubble behaviour
in an MFE and techniques to minimise gas crossover by controlling bubble
distribution in an electrolyser channel. Specifically, chapter 4 presents the study
of the growth and departure of H2 bubbles from a microelectrode. The effect of
applied current and geometries of the microelectrode on the diameters and
frequencies of bubbles are systematically investigated. The mechanism for
single and continuous bubble formation from a microelectrode is also discussed.
Based on the findings, an electrolytic microbubble generator is developed,
which can produce bubbles with diameters ranging from 0.3 mm to 1.4mm at
an interval of approximately 1s. This novel bubble-producing technique lays the
groundwork for further examination of bubble rising behaviour in the

electrolyser channel.

Chapter 5 presents the experimental study on electrolytic H2 bubbles rising in
an electrolyser channel with fully developed laminar flow. The lift and drag

forces on bubbles are assessed based on their rising trajectories. A new
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correlation is proposed for estimating the shear-induced lift forces on bubbles
with diameters of 0.3 mm-1.0 mm. This study highlights the critical role of the
electrolyte flow field in governing the distribution of bubbles within an MFE.
When the electrolyte maintains a parabolic velocity profile, H2 and O2 bubbles
will rise close to the electrode due to the shear-induced lift force. However, this
can only happen when the void fraction is relatively low so that the bubble-
induced velocity is negligible. As the void fraction increases, bubbles near the
electrode induce a high local velocity, disrupting the velocity field in the
electrolyte. This high velocity near the electrode generates a lift force that
propels bubbles towards the channel centre, leading to gas crossover.
Consequently, it is shown that relying solely on electrolyte flow cannot

guarantee the effective separation of Oz and Hz bubbles in an MFE.

Chapter 6 presents a novel technigue to enhance the separation of Hz and Oz
bubbles within an MFE. A series of flow controllers are installed in the
electrolyser channel of an MFE. The geometric parameters of the flow
controlling device on the bubble distribution in the electrolyser channel are
subsequently investigated. It is found that the flow controllers can effectively
maintain the optimal velocity field in the electrolyser channel. This ensures that
the shear-induced lift force on the H2 and Oz bubbles always pushes them
towards the electrode where they evolve. As a result, the gas crossover is
significantly alleviated. While this technique does not entirely eliminate the gas
crossover issue in MFEs, it provides valuable insights into the effectiveness of

flow control strategies in enhancing the performance of these systems.

Finally, Chapter 7 offers a comprehensive summary of the key findings derived

from this research. Recommendations for future work are also provided.
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1.4 Publication arising from the thesis

1.4.1 Published journal papers

Yang, B., M. Jafarian, N. Freidoonimehr, and M. Arjomandi, Trajectory of a
spherical bubble rising in a fully developed laminar flow. International Journal
of Multiphase Flow, 2022. 157. DOI: 10.1016/j.ijmultiphaseflow.2022.104250.

Yang, B., M. Jafarian, N. Freidoonimehr, and M. Arjomandi, Controlled bubble
formation from a microelectrode single bubble generator. Journal of Fluids
Engineering, 2023. 145(11). DOI: 10.1115/1.4062962.

Yang, B., Jafarian, M., Freidoonimehr, N., & Arjomandi, M. (2024). Flow control
for bubble management in a membrane-free electrolyser. International Journal
of Multiphase Flow, 174, 104770.

1.4.2 Manuscript under review

Yang, B., M. Jafarian, N. Freidoonimehr, and M. Arjomandi, Membrane-free
water electrolyser for liquid hydrogen production. Submitted to International

Journal of Hydrogen Energy.
1.4.3 Conference presentation

Yang, B., M. Jafarian, N. Freidoonimehr, and M. Arjomandi, A method for
production of single microbubbles for the study of shear-induced lift force on
microbubbles, AFMC 2022: The 23rd Australasian Fluid Mechanics Conference
[AFMC2022-113] Australasian Fluid Mechanics Society.

1.5 Thesis format

This thesis is submitted in the format of a collection of publications, adhering to
the University of Adelaide's formatting guidelines. The printed and online
versions of this thesis are identical, with the electronic version being available
in PDF format.
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Chapter 2
Literature review

2.1 Hydrogen as clean energy carrier

2.1.1 Hydrogen demand

In 2021, the worldwide demand for hydrogen surpassed 94 million tonnes (Mt),
marking a 50% increase since 2000 and a 5% rise from the preceding year
(International Energy Agency 2022). As shown in Figure 2-1a, the chemical
industry and refining sector are the two major consumers of Hz, contributing to
53 Mt and 40 Mt of H2 consumption, respectively. Although there is a rapid
development in new Hz applications such as heavy industry, power generation
and transport sectors, they only contribute to about 0.04% of global H2 demand.
China, the United States, the Middle East, Europe and India are the largest Hz
consumers in the world (Figure 2-1b) (International Energy Agency 2022,
Hydrogen Council 2023).

Others

1Mt
Other

countries
28%

China
30%

. Refining sector
40 Mt

Chemical industry
53 Mt 8%

India

8Mt 12 Mmt .
The United States

13%

(a) (b)

Figure 2-1. Global hydrogen demand (a) by sectors and (b) by regions in
2011 (International Energy Agency 2022, Hydrogen Council 2023).

Chemical industries mainly use Hz for the production of ammonia (34 Mt),

methanol (15 Mt) and direct reduction of iron (5 Mt). Ammonia serves as the

14
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fundamental element for all mineral nitrogen fertilisers, constituting
approximately 70% of the total global ammonia demand. The remaining 30%
of ammonia usage is attributed to other industrial applications, including
explosives, pharmaceuticals and synthesis of fibres and other chemical
products (International Energy Agency 2022). Methanol is an essential raw
material for chemical synthesis and pharmaceuticals and can be used as a
clean-burning fuel (Hydrogen Council 2023, Liu et al. 2023). On the other hand,
refineries primarily rely on Hz to eliminate impurities like sulphur and to convert
heavy oll fractions into lighter and more valuable products (Moradpoor et al.
2023).

Figure 2-2 presents the cost of Hz from different pathways. Until 2021, nearly
80% of H2 worldwide was derived from natural gas, with an average cost of
about USD 1.0-2.5/kg H2 (Sé& et al. 2010, Bac et al. 2019, International Energy
Agency 2022). Almost the rest of the H2 was produced from coal gasification at
about USD 1.0-2.0/kg Hz (Shi et al. 2022, Hydrogen Council 2023). However,
H2 produced from fossil fuels can result in the emission of greenhouse gases.
With the rising awareness of climate change in recent years, the production of
H2 through water electrolysis has gained increasing attention. Although only
0.04 Mt H2 was produced via water electrolysis in 2021, it experienced a nearly
20% increase compared to 2020 (International Energy Agency 2022). By 2030,
H2 production from water electrolysis is projected to reach 0.3 Mt (International
Energy Agency 2022). At the current stage, the main drawback of this
technology is its higher Hz2 cost (USD 4.0-9.0/kg H2) compared with
conventional pathways (Esposito 2017). Fortunately, with the continuous cost
reductions of renewable technologies and efficiency improvement of water
electrolysers in recent years, it is projected that the cost of Hz will decrease to
USD 1.5-3.0 kg H2 by 2030 (Li 2017, International Energy Agency 2022).
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Figure 2-2. Levelised cost of hydrogen from different pathways (Sa et al.
2010, Bac et al. 2019, International Energy Agency 2022).

To conclude, the global H2 market has grown significantly, predominantly driven
by demand in the chemical and refining sectors, with major consumers
including China, the United States and Europe. While hydrogen production at
present mainly relies on fossil fuel reforming, the economic viability of H2
production from water electrolysis is expected to improve with advancements

in renewable energy technologies.
2.1.2 Hydrogen production from water-splitting

Water splitting involves breaking down water molecules into H2 and Oz:

H20(1) — Hz(g) + 0.502(g), AH°= 285.85 kJ/mol, 298 K. (2-1)

Several water-splitting technologies are available, including direct thermal
water splitting, thermochemical water splitting, photocatalysis and electrolysis
(Wentorf Jr and Hanneman 1974, Goldstein et al. 2005, Barbarossa et al. 2006,
Ni et al. 2007, Maeda and Domen 2010, Ping et al. 2018). Water thermolysis
refers to the breakdown of water molecules by the action of heat (Wentorf Jr
and Hanneman 1974). Noring et al. (1981) conducted a series of experimental
studies of direct water thermolysis in a solar furnace for Hz production. Water

was injected into a solar furnace at a temperature of 2500K, and the
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composition of product gas was analysed. They showed that only about 4% of
water was successfully converted into Hz and Oz2. In fact, the Gibbs free energy
theory shows that water decomposition reaction will only become spontaneous

at extremely high temperatures (>4500K) (Wentorf Jr and Hanneman 1974).

Notably, the reaction temperature of water decomposition can be remarkably
reduced by introducing chemical energy. Since the pioneering work of Funk et
al. (1966), various thermochemical water-splitting cycles have been identified
and tested. Nakamura et al. (1977) investigated a two-step cycle using FeszOa
for Hz production from water splitting. Their proposed cycle was
thermodynamically feasible despite its high temperature (2500K) requirement.
Subsequently, lab-scale research on sulphur-iodine, hybrid sulphur, copper-
chlorine and magnesium-chlorine cycles was reported in the literature (Struck
et al. 1980, Lu and Ammon 1982, Sim et al. 1993, Simpson et al. 2006, Allen
et al. 2014, Ozcan and Dincer 2016, Gorensek et al. 2017, Ozcan and Dincer
2018). Among these cycles, the sulphur-iodine cycle water-splitting system was
by far the most efficient water-splitting method (Goldstein et al. 2005,
Barbarossa et al. 2006, Ping et al. 2018). Nevertheless, achieving reasonable
efficiency in thermochemical water splitting still requires high temperatures,

typically exceeding 500 °C.

The photocatalytic water splitting method uses photons to decompose water
molecules (Ni et al. 2007, Maeda and Domen 2010), and this technology has
been intensively investigated in recent years (Ni et al. 2007, Shamim, Dincer et
al. 2014, Mohamed et al. 2015, Bicer et al. 2017, Li 2017, Chung et al. 2018).
The main challenges for this technique are its relatively low efficiency (about
2%) and the high cost of noble metal catalysts (Maeda and Domen 2010). The
requirement for a high level of solar irradiance has also limited the industrial

scale-up of this technology.

Electrolysis is a well-established technology for water splitting (Leroy 1980).
The water electrolysis technique for Hz production was first discovered in the
19" century and was soon developed for industrial scales due to the high
demand for ammonia in the early 1900s (EI-Emam and Ozcan 2019).

(Fundamentals about water electrolysis are discussed in Section 2.2 of the
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thesis.) Three main technologies for water electrolysis are currently available,
including alkaline water electrolysis (AWE), proton exchange membrane
electrolysis (PEM), and solid oxide electrolysis (SOE) (Dubey et al. 2010,
Esposito et al. 2012, Fiegenbaum et al. 2013, Yilmaz and Kanoglu 2014,
Cardoso et al. 2015, Lamy 2016). The working principles for the electrolysers

are shown in Figure 2-3.

H,0+H, |||—I H,0+0, ll’_{f |”—ﬁ
H, H,040, "o B

”
| |

Anode + —i —

£
< ©
RE : .
Q. = N
B § + B X
£ s =
g o 5 §:
B ) o 9 3
£ 3 £ N 8
B Bo =
H,0 H,0 - T
2
(a) (b) (c)

Figure 2-3. Working principles of (a) AWE, (b) PEM and (c) SOE.

Each technology has its benefits and drawbacks. Conventional AWE is a
mature technology that utilises inexpensive materials with high durability.
However, the current density of industrial AWE is limited to 0.2-0.4 A/lcm? to
achieve a reasonable efficiency (about 65%). At higher current densities, the
efficiency of the AWE drops dramatically due to the bubble effect: gas bubbles
cover the electrode surface and reduce its effective area, and the high gas
holdup in the electrolyte significantly increases the ohmic resistance (Vogt 2012,
Vogt 2017). Higher current densities can also lead to increased gas crossover,
adversely affecting Hz purity and operating safety (Marini et al. 2012, David et
al. 2019). Compared to conventional AWE, the PEM can operate at higher
pressures and offers a higher efficiency and power density. However, it has
higher maintenance and capital costs owing to the use of noble metal and short
membrane lifetime (3-5 years) (Carmo et al. 2013). The SOE is an emerging

technology with potential for the highest efficiency among these technologies;

18



Chapter 2 Literature Review

however, it requires a high operating temperature (>700 °C), posing challenges
to the material’s durability (Lo Faro et al. 2019). A comparison of AWE, PEM
and SOE systems is provided in Table 2-1.

Presently, PEM and AWE technologies contribute to approximately 30% and
60% of the deployed capacity, respectively (Hydrogen Council 2023). The
global water electrolyser capacity is projected to increase from 700 MW in 2022
to 230 GW by 2030 (Hydrogen Council 2023). This significant growth in
capacity reflects the rising global demand for Hz as an essential feedstock and
a clean and sustainable energy carrier. As countries strive to meet their
decarbonisation targets and reduce greenhouse gas emissions, H2 production
via water electrolysis, powered by renewable energy sources, is emerging as a

promising solution.

Table 2-1. A comparison of AWE, PEM and SOE systems (Marini et al. 2012,
Godula-Jopek et al. 2015, Schmidt et al. 2017).

AWE PEM SOE
Cathode material Ni, Ni-Mo alloys Pt, Pt-Pd Ni/YSZ
Anode material Ni, Ni-Co alloys RuO,, IrO- LSM/YSZ
Current density 0.2-0.4 0.6-2.0 0.3-2.0
(Acm™)
Efficiency (%) About 70% About 75% 75-85%
Temperature (°C) 60-80 50-70 700-1000
Pressure (bar) <30 <70 <25
H2 purity (%) 99 99.99 99.9
Stack Lifetime (h) 90 000 20 000 10 000
Maturity Mature Commercial R&D
Capital Cost 2000
(Euro/kw) 1000-1200 1860-2320 (estimated)
Low capital cost and Compact, high pressure Very high
Advantages high durability and high efficiency ~ efficiency
Corrosive electrolyte High material and Material
Challenges . . .
and low current density maintenance cost durability

2.1.3 Hydrogen purification

The composition and concentration of impurities within Hz vary based on the

method by which Hz is produced. In the case of steam methane reforming, Hz
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purity typically ranges from 75% to 80%. The primary impurities include COz2,
CHas, CO and N2 (Barelli et al. 2008, Dawood et al. 2020). In contrast, coal
gasification can yield a higher Hz purity level (85%-95%), with impurities such
as CO2, CO, N2 and H2S persisting (Barelli et al. 2008, Loutzenhiser and
Muroyama 2017). In contrast, H2 produced from water electrolysers can have
exceptional purity levels (>99%), and the only impurities typically present in the

H2 gas are O2 and water vapour (Diogo et al. 2013).

H2 purity requirements are dependent on the endpoint applications. Generally,
H2 with relatively low purity (about 98%) is well suited for applications such as
combustion engines and direct reduction of iron (Yip et al. 2019, Wang et al.
2021). In contrast, fuel cell technology, chemical synthesis, and spaceship
engines necessitate elevated purity grades (>99.95%) (Du et al. 2021, Luberti
and Ahn 2022). Ultra-high purity of Hz (>99.999%) is often required for
semiconductor applications (Dawood, Anda et al. 2020). In addition, the
presence of particular impurities is of significant concern. For example, in PEM
fuel cells, even trace contaminates such as Hz2S (0.004 ppm), CO (0.2 ppm)
and CO2 (2 ppm) can lead to catalyst poisoning and significantly undermine
their overall performance (Murugan and Brown 2015).

Hydrogen purification system aims to separate Hz from other gases. Pre-
treatment of crude Hz often involves employing chemical absorption-based
processes or cryogenic distillation to achieve >95% purity (Luberti and Ahn
2022). Following pre-treatment, the enriched H2 gas can be further purified
using more advanced technologies, including pressure swing adsorption (PSA),
metal hydrides, selective membrane, catalytic oxidation and cryogenic
separation (Yue et al. 2021, Amin et al. 2023).

= Pressure swing adsorption

PSA system employs porous absorbents such as activated carbon, zeolite
molecular sieve and hydroxyl aluminium silicate clay (HAS-Clay) to extract
impurities from Hz gas (Luberti and Ahn 2022). In the PSA process, the Hz feed
gas is introduced in an absorbent vessel at ambient pressure. As the pressure

of the vessel increases, impurity gases with a higher affinity for the absorbent
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materials than Hz become entrapped within the adsorbent matrix. This selective
capture process results in the purification of H2 gas. Once the adsorbent
reaches its maximum capacity, the purified Hz is collected from the adsorbent
vessel, and the impurities in the adsorbent material are released by

depressurising the vessel.

For PSA technology, the selection of absorbent materials is critical, as they
have different adsorption affinities for distinct gases. For instance, activated
carbon is an excellent absorbent for removing hydrocarbons. However, it is
notably less efficient in removing impurities such as H20 and N2. Zeolites show
efficient adsorption of hydrocarbons; however, CH4 stands as an exception (Du
et al. 2021). Furthermore, optimising process design and developing novel
high-performance adsorbents are recognised as the pathways for enhancing

PSA performance process (Xiao et al. 2018, Zhang et al. 2021).
= Metal hydride

Metal hydride technology employs specific metals and alloys to achieve H:2
purification. The use of LaNis, ZrCo and TiFe, as well as rare earth metals like
yttrium (YY), palladium (Pd) and neodymium (Nd) for Hz purification are currently
under research and development (Bellosta et al. 2019, Amin et al. 2023). For
H2 purification, the Hz-rich gas is introduced into a metal hydride reactor under
elevated pressures. Here, the metal selectively reacts with Hz to form metal
hydride compounds, while the impurities remain unbound and are subsequently
vented off. The purified Hz is retrieved by depressurising and heating the
reactor. The current research on metal hydride focuses on improving H2
recovery rate and discovering new materials. Notably, metal hydride technology

is also a promising pathway for Hz storage (Blinov et al. 2021).
= Permeable membrane

Membrane technology has become a prominent method for the separation and
purification of Hz. This process utilises selectively permeable membranes as
the separation medium, which are typically based on Pd, V, Y, Zr, or Ni alloys.
When in contact with these membranes, H2 molecules can dissociate into

protons and electrons. These charged particles pass through the film and
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subsequently recombine on the other side to form Hz (Pacheco et al. 2020).
Larger molecules, including impurities like CO2, N2, O2, and CHa, are effectively
blocked due to their size. Non-metallic materials, such as polymers and
graphene, are also under investigation for Hz purification applications (Amin et
al. 2023). However, significant pressure drops, high costs, and limited
membrane lifespans have hindered the broader industrial adoption of this

technology.
= Catalytic oxidation

Catalytic oxidation is a newly emerged technology for the purification of H2
produced from water electrolysers. This technique can effectively remove O2
by recombining it with Hz to form water. This reaction is promoted by a catalyst
such as Pd- and Pt-based alloys (Kim et al. 2022). These catalysts have a
strong affinity to H2 and O2, which can remarkably reduce the reaction’s
activation energy. The prominent benefit of catalytic oxidation is that it does not
consume external energy compared with other H2 purification techniques. This
has made the catalytic oxidation receive considerable research attention (Ge
et al. 2012). However, the drawbacks of such technology are prominent. The
excessive formation of water can block the catalyst layer and degrade reactor
effectiveness (Kim et al. 2020). Also, the reaction of water formation is highly
exothermic, which can create hot spots on the surface of catalyst, causing

ignition and embrittlement of catalyst particles (Chen et al. 2013).
= Cryogenic cooling

The cryogenic cooling technique separates gases according to their different
boiling points (as shown in Table 2-2) (Don and Robert 2008). This concept has
been widely used in refineries to separate Hz from other gases (Aasadnia et al.
2021). To purify H2 produced from fossil fuels, it is essential to remove COz,
CH4 and H20 from the Hz-rich gas by pre-cooling system, as they will solidify
and clog the equipment at low temperatures (<90K) (Aasadnia et al. 2021).
After decreasing the temperature to about 75K, the majority of the impurities in
the Hz2 gas will become a liquid, and the Hz gas is consequently separated.

However, there is still a portion of impurities that remain as saturated vapour in
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the Hz. Further decreasing the cooling temperature can achieve a higher purity
of Hz, but it will result in higher energy consumption.

In conclusion, the pathway of Hz purification greatly depends on the method of
production and the composition of raw Hz gas. Techniques such as pressure
swing adsorption, metal hydrides, permeable membranes, catalytic oxidation,
and cryogenic cooling offer unique advantages and challenges in achieving the

desired purity levels for specific applications.

Table 2-2. Boiling and melting points for Hz and impurities at 1 atm (Don and

Robert 2008).
Compound Boiling point (K) Melting point (K)

Water (H20) 373 273
Propane (CsHs) 231 86

Carbon dioxide (CO2) 195 -
Ethane (C2Hs) 185 101
Methane (CHa) 112 90
Oxygen (O2) 90 55
Argon (Ar) 87 84
Carbon monoxide (CO) 82 68
Nitrogen (N2) 77 63
Hydrogen (H2) 20 13

Helium (He) 4 -

2.1.4 Hydrogen transportation

Currently, the majority of Hz-producing infrastructures are constructed close to
the consumer. With the increasing demand, Hz trading has vigorously grown in
recent years, necessitating its mass transportation. Gaseous Hz at atmospheric
temperature and pressure has a very low volumetric energy density (11 kJ/L),
making it economically unfeasible for transportation unless it is pressurised or
liquified, as shown in Figure 2-4. In other cases, H2 needs to be transformed
into other chemicals (such as liquid organic Hz carriers or ammonia) before
being shipped economically (Modisha et al. 2019, Lucentini et al. 2021, Wan et
al. 2021).
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Figure 2-4. Energy densities for various fuels based on their lower heating
values (Hydrogen and Fuel Cell Technologies Office, Pistidda 2021).

The scale of the H2 demand is the primary consideration for the type of
transport. For consumers with relatively small H2 demands, delivering gaseous
H2 in pressurised cylinders with container trailers is a viable option (Gim et al.
2012, Zohuri 2019). This approach offers flexibility and can cater to various
locations, making it suitable for dispersed or remote consumers. However, it
may not be as cost-effective for larger-scale demands due to the limitations of
truck capacity and the associated transportation costs. Notably, gaseous H2
can also be delivered through pipelines to consumers with large demand (Sun
and Frank Cheng 2022, Erdener et al. 2023).

Liquid Hz (LH2) offers a high volumetric energy density, making it well-suited for
consumers with medium-sized H2z requirements. Currently, most of LH2 is
transported by thermo-insulated cryogenic vessel trailers. Furthermore,
transporting LH2 by large cargo ship is applicable but still a challenging task
(Johnston et al. 2022). However, producing LH2 is an energy-intensive process:
it must be cooled to cryogenic temperatures (20K) at about 9 bar before being
filled into the trailer. The specific energy consumption associated with liquid
hydrogen production is substantial, accounting for at least 35% of its lower
heating value (Al Ghafri et al. 2022). Additionally, the transportation of LH2

presents further challenges, as a significant portion of Hz is lost due to boil-off,
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which substantially escalates transportation costs (Zohuri 2019, Al Ghafri et al.
2022). Therefore, converting Hz into ammonia or other carrier fluids could be a
more efficient method for long-distance transportation (Modisha et al. 2019,
Wan et al. 2021).

2.1.5 Hydrogen liquefaction

Hydrogen liquefaction is the conversion of gaseous H: into its liquid state. In an
industrial Hz liquefaction plant, liquid hydrogen (LH2) is achieved by cooling Hz
to approximately 20K under a pressure of 10 bar. The Claude cycle is one of
the conventional techniques for Hz liquefaction (Barron 1966). The main
process of a simple Claude cycle for LH2 production includes the compression
and pre-cooling, Ortho-to-Para conversion and H: liquefaction, as illustrated in
Figure 2-5 (Al Ghafri et al. 2022).
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Figure 2-5. Schematic flow diagram of a simple Claude cycle for Hz

liquefaction (Yang et al. 2023).

The temperature-entropy (T-S) diagram of the ideal simple Claude cycle is
provided in Figure 2-6. Hz feed gas is firstly compressed before being pre-
cooled to approximately 80K by an external cooling system, typically a liquid N2
(LN2) cryogenic cooler. Then, the pre-cooled H2 is further cooled down via a
series of heat exchangers (HX1, HX2 and HX3).

25



Chapter 2 Literature Review

P= 80 bar P= 10 bar

Isentropic

'S
Figure 2-6. T-S diagram of a simple Claude cycle for hydrogen liquefaction.

The liquefaction of H2 occurs at the Joule-Thomson valve (J-T valve), where
the pressure of Hz drops significantly, and the temperature is consequently
cooled to 20K. Intermediate extraction is employed to improve system
efficiency, where a stream of Hz is directed through a turbine and subsequently
combined with the vapour emanating from the LHz storage tank. This vapour,
in a feedback loop, is channelled back through the heat exchangers, cooling
the incoming gaseous Hz. The exhaust vapour Hz then merges with the

incoming feed gas at the inlet of the cooling cycle.

Theoretically, to produce LH2 from a simple Claude cycle, the minimum specific
energy consumption is about 22 kWh/kgn2 (Al Ghafri et al. 2022). In recent
years, a few variations have been developed to enhance system efficiency. The
modern state-of-the-art system, incorporating dual compression, optimised
heat exchangers, helium refrigeration cycle and dedicated intermediate
extraction systems, has been shown to achieve a specific energy consumption
of about 13-18 kWh/kgH2 (Krasae-in et al. 2010, Yin and Ju 2020).
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2.2 Alkaline water electrolysis

2.2.1 Alkaline water electrolysis principle

Figure 2-7 presents the basic components of an alkaline water electrolyser
(AWE), which consists of a power supply, an electrolyte, an anode, a cathode,
and a diaphragm (commonly a membrane for modern systems) (Cossar et al.
2022, Hua et al. 2022). A direct current (DC) power source is utilised to facilitate
the movement of electrons from the anode to the cathode, where they interact
with hydrogen ions to produce Hz gas. Simultaneously, hydroxide ions migrate

through the separator towards the anode.

The electrochemical reactions on the cathode and anode sides are:
Cathode: H,0 + 2e - H, + 20H™, (2-2)

Anode: 20H™ - 0.50, + H,0 + 2e. (2-3)

H,0+H, r” ||—-, H,0+0,
%
¥
<
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Figure 2-7. Schematic diagram of water electrolysis system (Zeng and
Zhang 2010).
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The resistances in the electrolyser circuit are caused by the electrochemical
reactions, activation energies and the electrical resistance in the circuit,

electrode, and electrolyte, as shown in Figure 2-8.
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Figure 2-8. Electrical circuit analogue of a water electrolysis system (Aikens
1983).

The total resistance can be expressed as (Zeng and Zhang 2010):
Trotal = Trea T Tca t+ er t T t T t TOZ + Tan + Teon - (2'4)

In this equation, 7., is the resistance for water splitting reaction, ., and r,, are
caused by the activation energy of Hz2 and O2 formation, respectively. The ry,
and 1o, are the resistances due to the gas bubbles. The r, and r,; are the
resistances from electrolyte and membrane, respectively. The 7., is the
resistance due to the concentration gradient of ions near the electrode (Diogo
et al. 2013, Godula-Jopek 2015). Using Ohm’s Law, the cell voltage (V) can
be written as the sum of the reaction potential (V,.,), ohmic overpotential

(Vonmic), activation overpotential (V,.;), and concentration overpotential (V.,,,):

Veel = Veea + (Vea +Van) +( Vin + Vel+VH2 + VOZ) + Veon»
P ————

Vact Vohmic

(2-5)

The reaction potential accounts for the energy that drives the splitting reaction:
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Viea = _AG/nF ) (2-6)

where AG is the Gibbs free energy (kJ/mol), F is the Faraday constant (96485
c/mol), and n is the number of moles of electrons (n=2 mol for water electrolysis)
(Aikens 1983). The reaction potential can be calculated according to the Nernst
equation (Abdin et al. 2017):

0
Viea = VO (T = T9) x 224 22 |1n (212702 )| 2-7)

2F aH,0

0
In this equation, V°, T° and AniF stands for the reaction potential, temperature
and standard state entropy change (-0.9x10 J/(mol-K)!) at 298K and 1 atm.

R is the gas constant, 8.314 J/(mol-K). py, and po, are the partial pressure of

Hz and Oz, respectively and ay, is the water activity.

The activation overpotentials can be calculated according to the Butler-Volmer
equation (Bessarabov and Millet 2018):

=2 In(—L—) (2-8)

AcaF Jca(1-6) '

Vea

RT j

Van = —In ( ) (2-9)

AanF Jan(1-6)

where a., and a,, stand for the charge transfer coefficient for the cathode and
anode, respectively. j is the current density (A/m?), and j.,, j.n are the effective
exchange current densities for cathode and anode (A/m?), respectively
(Bessarabov and Millet 2018). The term (1 — 6) accounts for the bubble

coverage (0) over the electrode, which is empirically solved as (Vogt 2012):

T T\2 j P
6 = [~97.25 + 182 - — 84 (TT,) 1% (103 x — L (2-10)

SAT
Jlim P—Py,0
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Where jiin is the limiting current density (300kA/m?). P is the pressure (Pa),

and P3%] is the saturation pressure of water (Pa).

For AWE, it is normally assumed the ohmic overpotential is proportional to the

current in the circuit (I):
Vonmic = I(rH2 + 1y T + 7"02) , (2-112)
The resistance of the membrane r,, is calculated as:

Om
kA’

Tm =

(2-12)

where 6., , k, and A are the thickness, the electrical conductivity, and area of
the membrane, respectively. Consider the Hz and Oz bubbles, the sum of the
electrolyte resistance (7,;) and the bubble resistance (ry, +7,) can be
calculated using Bruggeman’s equation (Rue and Tobias 1959, Tjaden et al.
2016):

_ ‘Sel
Tel + Tu, + To, = (1-@)15kg A’ (2'13)

where ¢ is the void fraction of electrolyte. &, is the thickness of the electrolyte,
defined as the spacing of the electrodes minus §,,, and k. is electrolyte

conductivity.

The concentration overpotential is often expressed as (Abdin et al. 2017):
RT ! !
Veon = 77 (2InC¢a +InCay) (2-14)

where C!, and C;, are the concentration gradient of OH at the vicinity of
electrode. However, under normal operating conditions (0.2-0.4 A/cm2), the

concentration overpotential is typically negligible when compared to other
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overpotentials. The cell voltage under different current densities for an AWE is
shown in Figure 2-9.
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Figure 2-9. The polarisation curve of an alkaline water electrolyser at different
current densities. Contributions of reaction potential and other overpotentials
are shown. The parameters of the electrolyser are referenced from Abdin et

al. (2017).

The Faradic efficiency of the cell is expressed as (Abdin et al. 2017):

N = Viea/Veell- (2'15)

As can be seen, the key to increasing water electrolyser efficiency is to
minimise the cell voltage. Intensive studies have been conducted to enhance
water electrolyser efficiency by minimising activation and ohmic overpotentials.
The incorporation of catalysts (Wang et al. 2021, Xu et al. 2021) and porous
electrodes (Rajaei et al. 2021, Hodges et al. 2022) have been demonstrated to
substantially reduce activation overpotentials. Although these aspects are

vigorously investigated, they fall outside the scope of the current research.

To minimise the ohmic overpotential from the electrolyte, industrial AWE cell

utilises a 30 wt% KOH aqueous solution as the preferred electrolyte, offering
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numerous advantages over alternatives including NaOH and acidic solutions.
These include exceptional electrical conductivity, optimal chemical stability,
commercial availability and excellent electrode compatibility (David et al. 2019,
Brauns and Turek 2020). On the other hand, the recent advancements in anion
exchange membrane technology have resulted in rapid development, offering
membranes with high electrical conductivity (0.04-0.13 S/cm) and reduced
thickness (25-100um) (Cossar et al. 2022, Hua et al. 2022) to further decrease

ohmic overpotential.

Optimising the cell design of AWE has become a subject of growing interest in
research. For instance, some works focus on optimising the spacing between
the anode and cathode in a conventional AWE setup. Early studies have
involved analytical modelling to analyse the distribution of void fraction along
the electrode (Nagy 1976, Vogt 1983). These investigations aim to enhance the
overall performance and efficiency of AWE systems through a better
understanding and optimisation of their cell design. Following these studies,
Nagai and other researchers conducted experimental investigations and
revealed that the optimal electrode spacing for AWE typically ranges between
2-5 mm (Nagai et al. 2003, Nagai et al. 2003, Nagai et al. 2006). The specific
spacing is influenced by current density, electrode height, electrode surface

wettability, and electrode inclination.

Recently, novel cell designs, including the zero-gap electrolyser (Kraglund et al.
2016, Haverkort and Rajaei 2021), membrane-free electrolyser (Hashemi et al.
2015, Holmes-Gentle et al. 2017) and bubble-free electrolyser (Tiwari et al.
2019, Tsekouras et al. 2021) have been proposed. These innovative designs
show great promise for operating at high-efficiency levels, primarily due to their
ability to substantially reduce the ohmic overpotential and effectively manage
bubble coverage over the electrodes. Recent advances in membrane-free

electrolysers are detailed in Chapter 2.3 of this thesis.

Another noteworthy strategy is to raise the operating pressure and temperature
of the electrolyser. Increasing operating temperature can lead to a reduction in
activation energy and higher electrical conductivity of the electrolyte, resulting

in reduced activation and ohmic overpotentials, ultimately enhancing cell
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efficiency. However, it is essential to consider that operating the electrolyser at
temperatures above 80 °C may pose a challenge as it could render the
membrane vulnerable. On the other hand, elevating the operating pressure
offers advantages such as facilitating the pressurisation or liquefaction of H:
gas for transportation. Additionally, according to Henry's law, both Hz and O2
gas solubility increase with rising pressure. Consequently, high-pressure AWE
systems can potentially exhibit a lower ohmic overpotential due to reduced void
fraction in the electrolyte. However, it's crucial to consider the trade-offs, as
higher pressure may also lead to increased gas crossover, potentially affecting
H2 purity and causing membrane degradation issues (Salehmin et al. 2022,
Solovey et al. 2022).

2.2.2 lonic species transport

The ionic species transport in a water electrolysis cell occurs through the
following three mechanisms: migration, diffusion and convection (Aikens 1983).
Migration refers to the movement of ions within the electrolyte under an
electrical field. The velocity of the ions subjected to an electric field is known as

the migration velocity (Haring 1936):

Uy = —zuFvo. (2-16)

Here, z is the number of electronic charges on the ion. F is the Faraday
constant (96485 c/mol). @ is the electric potential (V), and u is the mobility of
ion (m?s1V-1). The mobility of ions is described by Einstein's relation (Haring
1936):

Uu=—-:. (2-17)

In this equation, kg is Boltzmann’s constant (1.38x10-23J/K), T is the absolute
temperature (K), and D is the diffusion coefficient (m?/s). The migration flux

density (kg/m?-s) is given by (Aikens 1983):
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—zcDFV®

-~ (2-18)

Jm = cvy =

Diffusion is the movement of a species from the regions of high concentration
to the regions of low concentration. In a water electrolyser, the mass transfer
due to diffusion dominates at the gas diffusion layer near the electrode. The
diffusive flux is given by Fick’s first law (Aikens 1983):

J,=—DVc. (2-19)

Convection is the movement of a species due to fluid dynamic forces. Industrial
water electrolysers are commonly equipped with an electrolyte circulation
system, where forced convective mass transfer is present, making convection
the predominant mode of mass transport in the electrolyser channels (Jang and
Gan 2018). The equations describing fluid convection are governed by

continuity and Naiver-Stokes equations:

d
L4+47) =0 (2-20)
at
a‘l}) ——_ —
p<g+vVv) = —Vp + uV?v +f, (2-21)

where v is the velocity of the fluid (m/s), p is the density of the fluid (kg/m?), p
is the pressure (Pa), and u is the fluid viscosity (Pa-s). The convective flux

density (/) (kg/m?-s) of a species is given by (Nikonenko et al. 2009):

J.=c7v. (2-22)

The net flux (kg/m?-s) of one ion species in an electrolyte given by the Nernst-
Planck equation, where migration, diffusion and convection terms are combined
(Kodym et al. 2016):
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—zcDFV® _
J=Jmt]at]e=——F——DVc+ cv. (2-23)
B

Due to the neutrality of electrolyte, the convective term for mass transfer in the
electrolyte bulk is often omitted (Kodym et al. 2016). The forced convection of
the electrolyte flow will not change the distribution of electric field, and it has no
contribution to the migration mass transfer either. Convection can influence the
concentration gradient of ions in the vicinity of electrode and the thickness of
diffusion layer. It can also cause mixing of the electrolyte, which can affect the
concentration gradient and serve as an effective means to bring reactants to

the electrode surface.

Different empirical equations for the Sherwood number (Sh) in an electrolyser
were presented in the literature (Aikens 1983, Vogt 1983, Riegel et al. 1998) in

the form of:
h b c
Sh = D= aRe’Sck, , (2-24)

where h, D and L are the convective mass transfer coefficient (m/s), mass
diffusivity (m?/s), and characteristic length (m), respectively. The parameters a,
b and ¢ depend on the flow regimes and electrolyser structure, and they range
from 0.02-0.04, 0.7-1.2, 0.3-0.5, respectively (Aikens 1983, Vogt 1983, Riegel
et al. 1998). Some recent studies suggest the use of additional factor k,, to
correlate Sh for the existence of gas bubbles (Vogt 2016); however, no widely

accepted model has been reported in the literature yet.
2.2.3 Void fraction and current density distribution

Industrial alkaline water electrolysers commonly employ a vertical displacement
configuration, where bubbles generated at the electrode surfaces ascend within
the electrolyser channel. As gas accumulation occurs, the void fraction
increases along the length of the channel (Figure 2-10). Consequently, this

uneven distribution of void fraction leads to a nonuniform current density
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distribution along the electrode. The distribution of void fraction and current
density is critical to the performance of water electrolysers (Eigeldinger and
Vogt 2000, Nagai et al. 2003).

le
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Figure 2-10. The distribution of current density (j,) and void fraction (¢,) in
an AWE. The separator is not shown for clarity (Eigeldinger and Vogt 2000,
Nagai et al. 2003).

Tobias (Tobias 1959) conducted a theoretical study into the current density and
void fraction distribution of a vertical water electrolysis cell. Based on a one-
dimensional mathematical model, Tobias quantitatively evaluated the impact of
gas evolution on current density distribution and cell voltage in an electrolyser
without electrolyte circulation. Later, Nagy et al. (1976) investigated the current
density distribution of an electrolyser with a stagnant electrolyte. Drawing from
Tobias' model (Tobias 1959), they studied the effect of electrode geometry, gas
bubble rise velocity, polarisation resistance, and electrolyte conductivity on the

current density distribution.

Vogt (Vogt 1983) took a step forward by refining the previously proposed
analytical models in order to predict the current density distribution in a water
electrolyser with a circulating electrolyte. In his work, the bubble rising velocity
(vg) is calculated using the average rising velocity of the bubble swam (vr), and

the flow velocity of the liquid entraining the swam is correlated by void fraction:
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Vi

vy =1, (1 — o)+ —————,
g = T T w1 — g

(2-25)

where ¢ is the void fraction, V; is the volumetric flow rate of electrolyte (m/s), §
is the space between electrodes (m), and w is the width of electrode (m). If the
total height of the electrode is h, the current density at x of the electrode (0 <

x < h)is:

-3

X
o = Vkad (143 (2-26)

where V@ is the voltage over the electrodes (V), and k, is the conductivity of

electrolyte (S/m)). The distribution of the void fraction is:

-2

pe=1-(1+G3) . (2-27)

The dimensionless parameters C; and C, are:

Vdkeh
2 =— <3 (1 (2-28)
9
RTe
Cl = pﬂ ’ (2-29)

where p is the operating pressure (Pa), and T is the temperature (K). R
represents the gas constant (8.3145 J/mol-K). F is the Faraday constant (96485

c/mol). e/n is the number of charges per mole of gas (c/mol).

2.3 Membrane-free water electrolyser

Recent studies have focused on developing electrolysers without membranes,

with the goal of improving cell efficiency and lowering both capital and
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maintenance costs. Also, by eliminating the membrane, a membrane-free water
electrolyser (MFE) has the potential to operate at elevated temperature and
pressure, which can improve cell efficiency and facilitate the pressurisation or
liquefaction of Hz for further transportation. In the literature, flow-through and

flow-by cell designs are the two of the most investigated concepts of MFE.
2.3.1 Flow-through design

Figure 2-11 shows the cell structure of a flow-through membrane-free water
electrolyser (MFE). The key feature of the flow-through electrolyser is that the
cathode and anode are porous and installed in separate channels. The
electrolyte passes through the porous electrode and carries the evolved

bubbles downstream, by which the Hz and Oz are separated.

H2
H, bubbles
g .. T
Electrolyte channel :
; Cathode/' O, bubbles

Anode/

Electrolyte flow

Figure 2-11. The concept of flow-through MFE. The electrolyte flows through
the porous electrodes in separate channels.

The concept of a porous flow-through electrode can be traced back to the 1980s,
during which nickel foam emerged as an exceptional electrode material
characterised by its high ratio of surface area to volume, cost-effectiveness,
and catalytic properties (Langlois and Coeuret 1989, Langlois and Coeuret
1989). A number of flow-through MFEs have been developed recently, as

shown in Table 2-3.
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Table 2-3. A summary of the recent development of flow-through MFE for

hydrogen production.

Maximum
. current _
Authors Electrode position density H2 purity Remarks
(mA/cm?)
. Simple but
O'Neil et al. Angled 150 - suffers from
(2016)
gas crossover
Talabi et al. Same as
(2017) Angled 200 ) above
Separate
Davis et al bubble by
' Angled 40 98% buoyancy;
2018) )
high gas
crossover >5%
High H2 purity
Gillespie et al .b.Ut low
' Parallel 4000 98.98% efficiency due
(2015) .
to pumping
power
Gillespie and 0 Same as
Kriek (2017) Parallel 2500 90.50% above
Gillespie and 0 Same as
Kriek (2018) Parallel 4000 99.81% above
Correlation for
Rajaei et al. i ) optimising
(2021) et DEFT-like
cells

In the works of Talabi, O’Neil and others (O'Neil et al. 2016, Talabi et al. 2017),
flow-through MFE using mesh electrodes and parallel Hz and Oz channels were
presented (Figure 2-12a). Although their design is simple and scalable, gas
crossover in their MFE is prominent, particularly at high current densities and
low electrolyte velocities. On the other hand, the divergent electrode-flow-
through (DEFT™) alkaline electrolyser proposed by Gillespie and other
researchers is one of the popular flow-through designs in the literature, as
shown in Figure 2-12b (Gillespie et al. 2015, Gillespie and Kriek 2017, Gillespie
and Kriek 2018).
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Figure 2-12. Two variations of flow-through MFE. (a) Flow-through MFE
developed by O'Neil et al. (2016) and Talabi et al. (2017) where the electrode
is angled positioned and (b) DEFT™ cell developed by Gillespie et al. (2015).

The DEFT™ design incorporates two mesh electrodes positioned opposite and
parallel to facilitate the circumferential exit of electrolyte from opposite
directions. This setup offers the advantage of closely spacing the cathode and
anode, effectively minimising the ohmic overpotential. In one of their studies
(Gillespie et al. 2015), they utilised mesh electrodes with a 30 mm diameter and
a spacing of 2.5 mm. At a current density of approximately 0.3 A/cm?, the cell
efficiency reached 72%, and H: purity was around 99.8%. To further enhance
efficiency, they reduced the electrode spacing to 0.8 mm, resulting in an
increased cell efficiency of 75% without significantly affecting Hz purity. Later,
they demonstrated that the scaled-up DEFT™ cell stack can be operated at a
nominal operating current density of 3.5 A/cm?, a temperature of 60 °C with an
H2 purity of 99.81% and overall plant efficiency of 35% based on the higher

heating value of Ha.

The drawback of the DEFT-like system is that when the spacing between the
mesh electrodes is reduced, it results in an increase in pumping power. This
rise in pumping power can significantly reduce the overall efficiency of the
electrolyser cell. To address this, Rajaei et al. (2021) investigated the minimum
electrolyte velocity required to ensure effective gas separation from the mesh
electrode. They examined the H2 purity from the electrolysers with various
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mesh sizes and electrode spacing, all operated at different voltages and flow
velocities. Through a combination of analytical and experimental studies, they
developed a correlation to calculate the optimal design parameters for a DEFT-
like cell. This correlation determines the ideal mesh size, electrode spacing and
electrolyte velocity under a specified applied voltage, which will optimise the
system's performance and ensure efficient gas separation while minimising the

pumping power.
2.3.2 Flow-by design

The flow-by membrane-free water electrolyser (MFE) is also a widely adopted
cell design. As shown in Figure 2-13, in a flow-by MFE, the cathode and anode
are positioned parallel to each other. The electrolyte passes over the electrode
surfaces and carries Oz and Hz gas bubbles downstream. This type of
electrolyser maintains a laminar flow in the electrolyser channel, where the
shear-induced lift force (F,) realise the separation of Hz2 and Oz (Segré and
Silberberg 1961, Esposito 2017). The recent developments on flow-by MFE

are summarised in Table 2-4.

H, bubbles

Electrolyte channel

Figure 2-13. The cell structure of a flow-by MFE, where the cathode and
anode are placed face-to-face in the electrolyser channel.
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Table 2-4. A summary of recently developed flow-by MFE for hydrogen

production reported in the literature.

Authors

Maximum

current

Electrode position density

(mA/cm?)

H2 purity

Remarks

De et al. (2020)

De etal. (2021)

Hashemi et al.
(2015)

Hashemi et al.
(2019)

Rarotra et al.
(2017)

Pang et al.
(2020)

Coplanar 35

Coplanar 150

Facing 300

Facing 450

Facing -

Facing -

93.14%

97.72%

99.6%

99%

Feed acidic
catholyte and
alkaline
anolyte from
different inlets;
Low current
density

High efficiency
operated at
150 mA/cm?;
microfluidic

device

High product
purity;
microfluidic
device

High product
purity from a
scaled-up
device

Electrolysis of
sea water

Investigated
the trade-offs
of operating
conditions and
cell
geometrical
parameters.

The performance of a microfluidic flow-by MFE has been vigorously
investigated (Hashemi et al. 2015, Hadikhani et al. 2018, Hashemi et al. 2019,
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Hadikhani et al. 2020, Hadikhani et al. 2021). The prototype microfluidic flow-
by MFE consists of two electrodes positioned face-to-face at a spacing of only
105um, which can remarkably reduce ohmic overpotential (Hashemi et al.
2015). In this work, acidic, neutral, and alkaline electrolytes were tested in the
electrolyser. The results showed that their device can be operated at
300mA/cm? with a 42% power conversion efficiency and an H:z purity of 99.6%.
Subsequently, a scaled-up flow-by MFE was developed, where the electrodes
(10mm long, 4mm wide) were installed in a 25 mm-long electrolyser channel
with a gap of 1 mm. This device showed promising performance by achieving
99% H: purity at a current density of 450 mA/cm? and an electrolyte Reynolds
number of 300.

The flow-by MFE proposed by De et al. (2020), De et al. (2021) and Samir et
al. (2022) also adopts microfluidic design. In their device, two electrodes are
coplanar positioned with a spacing of 150um in a 0.8 mm-wide, 15mm-long
electrolyser channel. Electrolytic bubbles are released from the electrode under
buoyancy force and then carried downstream following the electrolyte. In one
of their work (De et al. 2021), their electrolyser reached an H: purity of 97.72%
when operated at a current density of 150 mA/cm? and a voltage of 2.2V. Similar
studies on microfluidic flow-by MFE are reported by Rarotra et al. (2017) and
Rarotra et al. (2021).

Pang et al. (Pang et al. 2020) investigated bubble behaviour in a flow-by MFE
with a high-speed camera. This technique enables the evaluation of void
fraction and bubble distribution in the electrolyser channel. In their study, the
electrodes were arranged face-to-face and in parallel within a vertically oriented
electrolyser channel. The study systematically examined the width of H2 bubble
plumes, closely linked to gas crossover, across various Reynolds numbers (Re),
channel widths, and current densities. The trade-offs between productivity, Hz
purity, electrode spacing, current density, and cell efficiency are prominently
demonstrated in their findings. Specifically, increasing current density
enhances H: yield but reduces H2 purity and efficiency. Conversely, decreasing
electrode spacing improves cell efficiency while limiting current density due to

increased gas crossover.
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2.3.3 Benefits and drawbacks of MFE

The membrane-free water electrolyser (MFE) presents numerous potential
advantages over its conventional counterparts. To begin with, its distinct design
eliminates the need for intricate membranes, setting it apart from conventional
proton exchange membrane electrolysis (PEM) and alkaline water electrolysis
(AWE) systems. Unlike these systems, an MFE is characterised by its simplicity,
comprised solely of a channel, anode, and cathode, without the mandatory
requirement of a gas separator. This starkly contrasts with PEM systems, which
involve the incorporation of bipolar plates, membranes, gas diffusion layers,
gaskets, ionomers, and current collectors (Carmo et al. 2013, Abbasi et al.
2019). Notably, the decreased number of components leads to lower
manufacturing costs. This outcome stems from the diminished requirement for
intricate assembly processes, thereby fostering greater cost-efficiency.
Moreover, the simplified design affords enhanced flexibility in the selection of

construction materials (Bui et al. 2020).

Another notable advantage of the MFE lies in its exceptional durability,
heightened resistance to impurities, and remarkable ability to withstand even
the most challenging operational conditions that often prove detrimental to
conventional membrane-based systems (Esposito 2017). In contrast, both
AWE and PEM systems are constrained to operating within specific
temperature and pressure limits, typically below 80 °C to extend the lifespan of
their delicate membranes. However, the MFE exhibits a far more robust
performance envelope, allowing for the exploration of higher operating

temperatures and pressures (Abbasi et al. 2019, Brauns and Turek 2020).

The expanded operational range comes with strategic advantages. Elevating
the operating temperature of MFEs contributes to improved cell efficiency while
eliminating the need for a cooling system, a requirement inherent to
conventional systems. The associated reduction in capital costs makes this
approach economically appealing. Furthermore, elevated operating
temperatures also improve electrolyte conductivity, subsequently minimising
the ohmic overpotential—a key contributor to energy losses in electrolysis

processes. Moreover, the adoption of high-pressure operation within the
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membrane-free aligns with the cost-effective transportation of generated Ha.
This is because high-pressure conditions facilitate the pressurisation and
liquefaction of H2, a crucial consideration for efficient and practical H2

transportation.

The advantages of MFEs also lie in their potential to accommodate a wide
variety of electrolytes. Recent studies have highlighted the adaptability of MFE
to a wide range of electrolytes, including acidic, alkali, and pH-neutral types
(Gillespie et al. 2015, O'Neil et al. 2016). However, conventional AWE and PEM
systems are constrained by the selectivity of their membranes and
consequently have limited options for electrolyte solutions.

Despite these advantages, MFE also faces a number of challenges. One of the
most crucial factors is the trade-off between current density and cell efficiency,
primarily attributed to the occurrence of gas crossover at elevated current
densities (O'Neil et al. 2016, Bui et al. 2020). This phenomenon can significantly
hinder electrolyser efficiency. The scaling-up of microfluidic electrolysers is also
challenging. Further research is vital to overcome these limitations. Specifically,
the development of novel cell designs that minimise gas crossover while
maintaining high current densities and efficiency is a prominent pathway for
improvement. Moreover, finding effective strategies to control the bubble
distribution can help mitigate both the Hz purity and safety concerns associated

with gas crossover.

2.4 Bubble behaviour in membrane-free water electrolyser

2.4.1 Bubble formation and growth

As water electrolysis is initiated, the concentrations of dissolved Hz and Oz near
the electrodes intensify until the adjacent electrolyte achieves a certain level of
supersaturation—often reaching values 20-120 times higher than the saturation
concentration (Maciel et al. 2009, Pereiro et al. 2019). This elevated state of
supersaturation initiates the nucleation of bubbles inside the microcavities of

the electrode surface (Jones et al. 1999). These tiny bubbles progressively
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assimilate H2 or O2 from the neighbouring, extensively supersaturated
electrolyte, eventually growing in size (Vogt 2013), as shown in Figure 2-11.

Dissolved H,

Micro-cavity |

Bubble nuclei -

e

Expanding bubble

Electrode

Figure 2-14. Bubble nucleation originating from a cavity within an electrode

and its subsequent expansion in size (Vogt 2013).
2.4.2 Bubble departure

The growing gas bubbles on the electrode experience various forces, including
buoyancy, drag, lift, surface tension and hydrodynamic pressure forces, which
determine their departure diameters (Takemura et al. 2002, Lee and
Balachandar 2010). Figure 2-15 shows the balance of forces for a bubble

growing at the electrode surface:

ZFx:FD'i'FB_Egr,x_Fa,x' (2-30)
> B, =Fy+ Fyry + Fopy — Fy — F, (2-31)

Where Fj, is the drag force caused by the electrolyte flow, Fy is the buoyancy

force, Fy, is the bubble growth force, F; is the surface tension force, F, is the
hydrodynamic pressure force, F,, is the contact pressure force, and Fj, is the lift
force. Aslong as Y. F, < 0 and Y F, < 0, the bubble is adhered to the electrode
surface. With the growth of the bubble, the F, increases until 3, F, > 0. Then,

the bubble slides along the electrode surface and may coalesce with other
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bubbles. Once } E. > 0, the bubble leaves the electrode surface and moves

into the bulk of the electrolyte.

Electrode X 4
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Figure 2-15. Forces on bubbles growing at the surface of an electrode in a

water electrolyser.

It is worth noting that the Marangoni effect can potentially influence bubble
departure (Meulenbroek et al. 2021). A few studies proposed that there exist
temperature and concentration gradients near the electrode surface, which
introduce Marangoni flow in the wedge between the electrode and bubble
(Alhendal et al. 2010, Lubetkin 2003). However, due to the uncertainties in
estimating the temperature and concentration gradient, it is challenging to

evaluate the forces introduced by the Marangoni effect.
= Surface tension force on a growing bubble

As the bubble grows on the electrode surface, buoyancy force induces a tilt in
its orientation. Consequently, the contact angle varies between the advancing
contact angle (@) and the receding contact angle (). Assuming the contact line
is circular, the following equation can be used to calculate the general contact
angle 9(¢) (Klausner et al. 1993):

90 =+ @37 - 20| 0<p<m (2:32)
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where { is the polar angle around the bubble. This equation can be further

simplified to:

19(()=ﬁ+(a—ﬁ)§,0£(£n. (2-33)

In x- and y- directions, the surface tension forces are expressed as (Klausner
et al. 1993):

Tyx =— f: d,,Ye cost cos{ d , (2-34)

Y
T,y = —f dyYe Sin9 dq, (2-35)
0

where d,, is the bubble contact diameter (m). Substitution of (2-33) in (2-34)
and (2-35) gives (Klausner et al. 1993):

T n(a —pB)

=—d
Y.x wYel T2 — (a _ ,B)

> (sina + sinf) (2-36)

T
F)/,y = —dwyelm(cosﬁ — cosa). (2-37)

Yun et al. (2012) demonstrated that the bubble contact diameter (d,,) as about
1/15 of bubble diameter for subcooled flow boiling system. Nonetheless, there
is no well-established model for determining the bubble contact diameter as
they grow on the surface of an electrode. Precise measurement of the contact

angle of bubbles also presents a notable challenge.

= Drag force on a growing bubble

The drag force for a bubble in a liquid is expressed as:

C
Fp = KD D% perUet. (2-38)
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The drag coefficient (Cp) for bubbles in water has been intensively investigated.
Multiple correlations have been proposed to estimate drag forces acting on
bubbles of different diameters, including those by Schiller and Naumann (1933),
Mei et al. (1994) and Tomiyama et al. (Tomiyama et al. 2002). However, there
is no widely accepted correlation for drag force for bubbles growing at an
electrode surface. One of the widely-used correlations for Cp is (Tomiyama
1998):

48m} 8 FEo

. (16m
Cp = max [mm {R—eb (1 + O.15Reb0'687), Re,

’3E0+4‘ ’ (2_39)

1<m<15.

In Equation 2-39, the parameter m refers to the degree of contamination. The
m = 1 is for bubbles rising in pure water, whereas m = 1.5 is used for fully
contaminated bubbles (Tomiyama 1998, Chen et al. 2023). This occurs
because impurities in the water, when adhering to the bubble's surface, can
suppress its internal circulation, thereby significantly increasing the drag (Clift
et al. 1978).

In Equation 2-39, Re,, is bubble Reynolds number defined as:

_ PetUeiDp

Re
b Uel

(2-40)
where u,; and p,; are the dynamic viscosity (kg/(m-s)) and density (kg/m?3) of
the electrolyte, respectively, and U,; and D,, are the bubble rising velocity (m/s)
and bubble diameter (m), respectively. The parameter Eo is the E6tvds number,

accounting for the impact of bubble shape on drag forces (Clift 1978):

— D..2
_ (Pt ;g)g b (2-41)
el

Eo

Here, p, is the gas density (kg/m3), g is the gravitation acceleration (9.8 m/s?),

and y,; is the surface tension of the electrolyte (N/m).
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= Shear-induced lift force on a growing bubble

For a bubble growing on the electrode surface, the shear-induced lift force acts
on it in a direction perpendicular to the electrode surface. This force, generated
by the velocity gradient of the fluid, tends to push the bubble away from the
electrode surface (Amini et al. 2014, Martel and Toner 2014). To calculate
shear-induced lift force on a spherical bubble attached to a wall, Mei and

Klausner (1994) established the following equations:

1
F, = _ganbZUelch (2-42)
C, = 3.871%(Re, "% + 0.11872)025 (2-43)
where 7 is the dimensionless shear rate, which is defined as:

Dy

_dUy
20, (2-44)

T = dy

= Buoyancy force on a growing bubble

The buoyancy force experienced by a gas bubble at the electrode surface can

be expressed as:

1
Fg = 2mDy>(per = Pg)g - (2-45)

= Contact pressure force on a growing bubble

The contact pressure force is generated from the pressure difference across
the interface and acts in a direction perpendicular to the electrode surface. This
force can be determined using the following equation as proposed by Klausner
et al. (1993):
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_ Veln'dw2
27,

Fp = (2-46)

)

where y,, is the surface tension (N/m) , and ro is the radius of curvature of the
bubble (m) at the reference point on the electrolyte surface, assumed to be five
times the bubble radius (1) (Klausner et al. 1993, Mei et al. 1994).

= Hydrodynamic pressure force on a growing bubble

The hydrodynamic pressure force is expressed as (Klausner et al. 1993):

19 anwz

Fp=5zpUer" —3— (2-47)

Where U, ,- is the electrolyte velocity at the bubble surface.
= Bubble growth force

As the bubble grows, the change in its volume will result in a force applied by
the surrounding liquid. Klausner et al. (1993) suggested the following equations
to calculate bubble growth force:

Eyrx = —py1ry?(rp¥y + 1.57,2)siné, (2-48)
Eyry = purry?(rp¥y + 1.57,2)cos6. (2-49)

Here, 6 is the tilt angle of the bubble. The bubble diameter follows the growth

law:

1, (t) = kt®5  k = (2 JaD)?, (2-50)

where D is the diffusion coefficient. The Jakob number (Ja) is defined as:
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RT
Ja=="Ac, (2-51)

where Ac, is the concentration difference at the bubble/electrolyte interface.
Note that:

. k k?
_ K o5 _ 2-52
r(t) -t — (2-52)
. k k*
— _ - 4-15 _ _ 2-53
r(t) 7t ot (2-53)

Then, Equation (2-45) and (2-46) can be simplified to:

p.k*sind

F"gr,x = - L 8 — (2'54)
pLtk*cos@

gry = g (2-55)

Note that for a bubble with a diameter of 0.01 mm to 1 mm, the value for the
bubble growth force (<10'® N) is negligible compared to other forces (i.e.
buoyance force: 10-*2~10° N, surface tension force: 10°~10° N, drag force:
101 ~10® N, shear-induced lift force: 1013 ~10° N, hydrodynamic pressure
force: 10°°~10°N) (Mei et al. 1994, Klausner et al. 1993, and Zhang and Zeng
2012). Hence, the key forces influencing bubble departure diameters are
buoyancy, surface tension, drag, shear-induced lift, and hydrodynamic
pressure forces. The calculated bubble departure diameter is typically less than
100pm (Kolev 2007, Zhang and Zeng 2012, Tagieddin et al. 2017).

2.4.3 Bubble rising in wall-bounded flow

Gas bubbles and the electrolyte form a gas-liquid two-phase flow in a water
electrolysis cell. The specific characteristics of this flow regime can exhibit
significant variation, influenced by factors such as channel dimensions, surface

tension, volumetric fractions, velocities, densities, and viscosities of both gas
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and liquid phases. This variability can lead to a range of flow patterns,
encompassing bubbly flow, slug flow, churn flow, and annular flow (Chen et al.
2006). In the context of membrane-free water electrolysers (MFE), the
prevalent flow regime typically falls within the regime of bubbly flow (Swiegers
et al. 2022).

Bubble rising behaviour is governed by a series of factors. These include the
shape of the bubble and the forces acting upon it. Clift et al. found that E6tvos
number (Eo), Morton number (Mo) and bubble Reynolds number (Re,) can

determine the shape of a free-rising bubble (Clift 1978):

— D..2

Yel

_ (Per — pg) gHer*

Mo ks (2-57)
Pei” Vel
U,D

Re, = Pelbb. (2-40)
Uel

Depending on these parameters, the bubbles can be spherical, ellipsoidal, or
skirted (Clift 1978, Fernandez et al. 2014, Zhou et al. 2020). In the literature,
the Weber number is also widely used to estimate the shape of bubbles
(Pistorius 2014, Chen et al. 2023):

_ PeiDp Uelz
Vel

We (2-58)
When We « 1, the bubble can maintain a spherical shape, whereas the bubble
becomes oblate or skirted when We > 1 . The Bubble will become ellipsoidal
when We is close to unity. Nevertheless, bubbles rising within water or
conventional electrolyte solutions with low viscosities typically exhibit Re;, <
200, Eo<1 and We <1 (Hreiz et al. 2015, Yang et al. 2022). These
parameters contribute to the predominance of a spherical shape for these
bubbles.
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Figure 2-16 shows a free rising, spherical bubble in a vertical water electrolyser
channel at a distance of s to the wall. The flow is assumed to be fully developed,
and any interaction from neighbouring bubbles can be disregarded. Then, the
bubble is subjected to drag (Fp), shear-induced lift (F.s), wall-induced lift (Fyy,),

and buoyancy (Fg) forces.

Channel Centre line

Figure 2-16. Forces acting upon a bubble in a wall-bounded, fully developed

laminar flow.

The balance of forces can be written as:

—

(pg + @pei)Vp — =Fs +Fp+ Fis + Fy . (2-59)

Here, V, is the bubble volume, and (pg + apel)Vb represents the sum of the

bubble mass and its virtual mass. The virtual mass coefficient, a, equals 0.5 for
spherical bubbles (Kolev 2007).

= Buoyancy force

Since the bubble is spherical, the buoyance force can be calculated using
Equation 2-45.
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= Drag force

Since an electrolyte is used, bubbles in the water electrolyser can be
considered as fully contaminated (Vogt 1983, Yang et al. 2022). Consequently,
the drag coefficient for solid spheres can be used for determining the drag force
for bubble rising in electrolyte bulk ( s/D, > 1) (Schiller and Naumann 1933,
Tomiyama 1998):

24
Cp = R_eb(1 + 0.15Re;,*%%7) (2-60)

It is found that when a bubble rises near the wall (s/D, < 1), it experiences a
slight increase in drag (Magnaudet et al. 2003). Zeng et al. (2005) proposed

the following correlation for C;, for bubble rising in the near wall region:

C _ 1+ 3 +66'654 8.364 2-61
D_Reb( 8Reb) L* I (2-61)

and the dimensionless separation (L*) is defined as:

S
L = D—bReb (2'62)

= Lift force for bubble rising outside wall region (s/D, > 1)

Recent research indicates that when bubbles rise in regions where s/D;, > 1,
their motions are predominantly influenced by F, ¢, whereas F,;, is negligible
(Takemura et al. 2009, Takemura and Magnaudet 2009, Zeng et al. 2009).
Since a free rising bubble is leading the flow, a relative velocity is established
between the bubble and the surrounding flow. The presence of velocity gradient
in the flow will result in different relative velocities at the bubble-liquid interface.
The direction of the lift force experienced by the bubble is influenced by this
relative velocity between the bubble and the surrounding fluid. Specifically, the
lift force tends to be directed towards the region where this relative velocity is
the highest (Saffman 1965, McLaughlin 2006, Shi et al. 2020). In an electrolyser
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channel with laminar flow, the fluid velocity is higher in the centre and
decreases towards the walls. Therefore, a bubble rising in such a channel will
generally experience a F; s that pushes it towards the channel walls, where the
relative velocity between the bubble and the fluid is lower compared to the

centre of the channel.

Table 2-5 summarises the recent studies on the shear-induced lift force
coefficient of a bubble rising in simple shear flow. Some literature suggests that
F, s on a contaminated bubble is comparable to the force on a solid particle
(Takemura and Magnaudet 2009, Shi and Rzehak 2019).

Table 2-5. Summary of recently proposed correlations for shear-induced lift

force coefficient for a bubble rising in a shear flow.

Author Correlation Conditions
. = {min[0.288 tanh(0.121Re), f (E0)], Eo < 4 5.5 < log;, Mo< -
Tomiyama et al. f(Eo), 4 <Eo <107
2.8,1.39< Eo <5.74,
(2002) )
F(Eo) = 0.00105 Eo® — 0.0159E0% — 0.0204E0 + 0.474 O<w<83s
C.s = max (—6.3(1 — 2.1 £€*?)tanh (2.8(FEo
—1.3g,), —3.65exp(—0.05¢%2E0 logio Mo= =11, 1< Eo
<55, 0.28<w
Xu et al. (2021) —0.2¢1))
<0.51 s71,
counterflow

Sr
€= (R—e) 05 & = (SrRe) 5

Legendre and >
2
Magnaudet ¢, = J( 6 2.255 ) n (1Re + 16) 0.1<Re,<500, 0<Sr<1

72 \/SrRe(1 + 0.2Re/Sr)15 2Re + 29
(1998) TRe( e/S)
CLS = 05 - 28X220h
log,o Mo=-10.6
Lee (2020) x = 1+0.163E0°7%7 810

0.63< Eo <54.8

__u
(pud)O.S
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The F,5 on a particle in a simple shear flow has been extensively studied. For
a solid spherical particle moving in a simple shear flow, a number of theoretical
models have been developed to evaluate F;s (Cox and Hsu 1977, Asmolov
1999, and Yahiaoui and Feuillebois 2010). For spherical bubbles in a low-
Reynolds-number shear flow, Legendre and Magnaudet (1997) proposed an

analytical expression for Cys.

In addition to theoretical models, direct numerical simulation (DNS) of Fjg
acting on a solid particle in a simple shear flow has also been conducted. For
example, Feng et al. (1994) reported that the behaviour of a spherical solid
particle in a Poiseuille flow is affected by factors such as particle rotation, shear
slip, wall lubrication, and the curvature of the velocity profile. Later, Legendre
and Magnaudet (1998) conducted an investigation into the lift force acting on a
spherical bubble (0.1<Re;,<500) in a simple shear flow using DNS. Their found
the minimum lift force coefficient to be 0.3 at Re, =5, which then incrementally
rose to 0.5 as Re,, increased. In a recent study, Shi et al. (2020) demonstrated
how various factors such as slip velocity, Re,, shear rate, and the distance
between the bubble and the wall, influence F, for a spherical bubble. They also
proposed new correlations for ;. Moreover, Mortazavi and Tryggvason (2000)
discovered that droplet Reynolds number, deformability, and viscosity ratio
were the key factors determining the trajectory of a deformable droplet in a
Hagen-Poiseuille flow. In addition, increasing the flow Reynolds number can

lead to oscillatory motion of droplets.

Experimental studies on F; s on bubbles mainly focused on large and deformed
bubbles (D, > 1 mm). Xu et al. (2021) and Li et al. (2016) studied the effect of
Fp and F; 5 on the transverse motion of bubbles in a downward water flow. They
generated a simple shear flow field using a curved screen. A submerged nozzle
was utilised to generate bubbles with diameters ranging from 1 to 20 mm. The
Cpand €, were subsequently calculated by recording the trajectories of bubbles.
Tomiyama et al. (2002) studied F;s on air bubbles with 2.8 mm < D, < 5.7 mm.
In their work, a shear flow was generated using two roller belts at the side of a
tank filled with water-glycerol solution. Bubbles were formed through a

submerged nozzle placed at the bottom of the tank. The C, were obtained
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under 1.39 < Eo <5.74, -5.5 <log,, Mo < — 2.8 and a shear rate up to 8.3 s'..
Based on this work, Aoyama et al. (2017) expanded the experimental data to
-6.6 <log;y Mo< - 3.2 and 0.022 < Eo < 5.0. However, recent research has
indicated that numerous existing models for predicting lift forces on bubbles in
viscous fluids might not be appropriate for estimating the lift forces on bubbles

in low-viscosity fluids (Ziegenhein et al. 2018, Lee and Lee 2020).
= Lift force for bubble rising in wall region (s/D, < 1)

Literature suggests that the influence of F;,, should be considered for bubbles
rise in the wall region (s/D, < 1). The direction of F;;, depends on various
factors. For a contaminated bubble, F;, acts to propel it away from the wall
(Zeng et al. 2005, Amini et al. 2014). For small, clean bubbles (Re; <35), there
is also a tendency for them to be repelled by the wall. Conversely, clean bubbles
that have a Re;,, =35 experienced an attraction towards the wall (Takemura and
Magnaudet 2003). Notably, as the bubble exits the wall region, F;,, decrease
significantly (Shi and Rzehak 2020, Shi et al. 2020).

The correlation proposed by Zeng et al. (2005) can be used to calculate C;, for
contaminated spherical bubbles rising in wall region. This correlation considers

lift forces induced by both the wall and shear:

9 11
=2(1===7" 2-63

and the dimensionless separation (L*) can be obtained using Equation 2-62.
2.4.4 Flow visualisation in water electrolysers

Table 2-6 summarises recent studies on bubble visualisation in electrolysers.
Particle image velocimetry (PIV) and bubble image velocimetry (BIV) are the
two widely used techniques for the visualisation of bubbly flow in an electrolyser.
PIV has been widely used as a non-intrusive tool to visualise the instantaneous
velocity field of fluid flow (Raffel 2018). To visualise the flow field, small size
particles are added to the flow of interest, where they are illuminated by a laser

sheet. A camera is used to record the movement of the tracers, and the images
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are further processed by the cross-correlation technique to obtain the velocity
field of the flow (Raffel 2018). However, the PIV technique faces two major

challenges for gas-liquid two-phase flow in a water electrolyser:

The first challenge is how to minimise the influence of seeding particles on the
behaviour of gas bubbles. The size of seeding particles (5-50um) is within the
range of fine bubbles generated from the electrode surface (10-100um). The
seeding particles will have a strong impact on bubble behaviour compared to
other systems such as flow boiling and bubble column (Sillen et al. 1982). Also,
the seeding patrticles in the vicinity of the electrode will act as nucleation sites,
which changes the characteristics of bubble generation. The second challenge
is the separation of the velocity field for both gas and liquid phases from the
PIV result (Hreiz et al. 2015). Unlike in flow boiling and bubble column systems,
where bubble boundaries are readily visible under adequate illumination
(Kazakis et al. 2008, Chen et al. 2012), the fine bubbles in a water electrolyser
form a pseudo-continuous layer near the electrodes. This layer obscures
individual bubbles, making it challenging to distinguish them and identify the
gas/liquid interface in the resulting images.

59



Chapter 2 Literature Review

Table 2-6. A summary of recent studies on bubble visualisation in

electrolysers.

Technique
Author Operating conditions Bubb_le Flow velocity  Void fraction
velocity
Riegel et J= SISS-:(S?Z%%OA/mZ BIV (LED Calculated by
al.(1998) . light source) local resistance

Electrolyte: 5wt% KOH

Re=0

Boissoneau et J = 500-2000 A/m?

al. (2000) Electrolyte: 5wt% KOH
Nagai et al Re=0
(92003) : J = 1000-16000 A/m?
Electrolyte: 8.5-25.5wt% KOH
Aldas et al. Re=500-2000
(2008) J = 1000-5000 A/m?
Re=0

Abdelouahed et J = 500-2000 A/m2

al. (2014) Electrolyte: 2wt% NaOH
Hreiz et al Re=0
(2015) ' J =130 A/m?
Electrolyte: 2wt% NaOH
Tanaka et al Re=0
(2005) ' J =400-1200 A/m?
Electrolyte: 0.1wt% K2SO4
Chen et al. _
(2018) Re=0
Lee et al Re=600-1200
. _ i )
(2019) J =400-1200 A/m

Electrolyte: 0.8wt% KOH

BIV (LED
light source)

BIV (LED
light source)

BIV (LED
light source)

Calculated by
local resistance

BIV (LED CFD (Euler-
light source) Lagrange model)

BIV (LED CFD (Euler-
light source) Lagrange model)

BIV (LED
light source)

PIV (YAG laser, 50um
polycrystalline tracer, V3V
camera)

CFD (Euler-Euler model)

BIV (LED
light source)

To overcome these challenges, bubble image velocimetry (BIV) has been used

for the flow visualisation of bubbly flow in water electrolysers (Hreiz et al. 2015).

BIV does not use additional tracing particles. Instead, it only obtains the velocity

field of bubbles in the flow. BIV also tends to use LED as the light source rather

than laser sheet. Nevertheless, the BIV technique can only provide information

about the bubbles.

In summary, both PIV and BIV techniques have been used to investigate the

flow field in a water electrolyser. PIV is more effective at capturing the velocity

field of fluid flow, whereas BIV focuses on the movement of bubbles.
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Nonetheless, accurately measuring the flow velocity near the electrode surface
is still challenging due to the interference from the dense layer of bubbles.

2.4.5 Single bubble generation for studying bubble behaviour

Generating bubbles with controlled size and frequency is crucial for studying
bubble behaviour. This is because uncontrolled bubble formation can result in
continuous in-line bubbles or bubble plumes, making it difficult to visualise and
track individual bubbles. The inevitable interactions between bubbles also pose

challenges to investigating the effect of the flow field on these bubbles.

Conventionally, bubbles are generated by supplying gas through a submerged
nozzle (or a needle) (Kumar and Kuloor 1970, Sanada and Abe 2013). Consider
a bubble is formed from a submerged nozzle in a quiescent liquid, the bubble
detaching radius (r;) can be estimated at the point where the buoyancy and
surface tension forces acting on the bubble reach equilibrium (Kumar and
Kuloor 1970, Kolev 2007):

1
3

o= () (2-64)
4peryg

Here y,; and p,,; are the surface tension (N/m) and density (kg/m?3) of the liquid,
respectively; D, is the diameter of the nozzle (m), and g is the gravitational

acceleration (m/s?).

Equation 2-64 indicates that to produce microbubbles (D, <1 mm), a very small
nozzle (D,< 50um) is required. This presents challenges in fabrication nozzles
of such diminutive size. Several techniques have been developed to reduce
bubble departure diameter, such as employing co-flow liquid over the growing
bubble (Evangelio et al. 2015, Kim et al. 2021) and utilising orifice movement

to enhance bubble departure (Vejrazka et al. 2008).

However, continuously injecting gas into the nozzle without regulation is likely
to result in the formation of a bubble plume, as the nozzle offers limited control

over the gas flow rate (Davidson and Schuler 1997, Bari and Robinson 2013).
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To control the gas flow supplied to the nozzle, timed gas injection technique
has been adopted by various research teams to realise single bubble
generation (Najafi et al. 2008, Parkinson et al. 2008, Kim et al. 2021). This
technique relies on a group of precision gas valves with precise control, which
can feed pulsed gas flow to the nozzle to ensure the bubbles are formed at
desired frequencies.

Generally, electrolysis of water tends to produce a dense bubble plume.
However, it was found that when the electrode size is reduced to micrometre-
scale, it can produce single bubbles under certain conditions (Li et al. 2011,
Fernandez et al. 2014, Yang et al. 2015). In an experimental work by Fernandez
et al. (2014), a platinum microelectrode with a diameter of 125um was
fabricated and coated with an optical resin to investigate the formation of Hz
bubbles. In their work, single bubbles with a diameter of 500-800 ym were
successfully generated at a frequency of 1.5-3.5 Hz. Yang et al. (2015) studied
the formation and departure of single Hz bubbles from a microelectrode. Single
H2> bubbles with a diameter of 100-300 ym were generated using a
microelectrode fabricated by embedding a 100um diameter platinum wire into
an epoxy resin. Others have found that the bubble diameter decreases when
the size of the electrode is reduced (Fernandez et al. 2012, Luo and White 2013,
Bashkatov et al. 2019). The recent works pertaining to the generation of single

bubbles are summarised in Table 2-7.

Table 2-7. A summary of technigues used for generating single bubbles in

water.
Bubble Bubble  Bubble Control
generation : . ) Author
method size frequency  technique/instrument
Gaisn_aenctzi;vnater 05 Control the actuation
throuJ hadmm 2 5mm - time of gas and Ohl (2001)
n?)zzle ' water supply valves
Gas injection up to 70Hz  precision valves and
- . Ostmann
through a 2-4mm - depending pressure sensors and
0.5mm diameter on gas
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orifice using a
piston-cylinder

Gas injection
through a 0.3
mm inner
diameter
capillary tube
using
pressurised air

Gas injection
through a 2mm
inner diameter

capillary tube

using
pressurised air

Gas injection
through a slit on
an elastic tube
with an inner
diameter of
5mm and an
acoustic
pressure wave
to generate gas
pulse.

Gas injection
through syringe
needles with an

inner diameter

of 0.5-1.2mm

Gas injection
through nozzles
with inner
diameter of
0.292-3.025mm

Gas bubble
injection
through a
nozzle near the
outlet of a
pressurised
chamber to
generate
external flow

1-3mm

>5mm

about
0.5mm

about
3mm

0.9-
7.35mm

0.05-
0.8 mm

injection

rate.

1-18Hz

depending

on gas
injection

rate.

20-50Hz

depending

on gas
injection

rate.

Controllable,
up to 500Hz

0.1-8Hz

depending

on bubble

size.
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Regulating valve
sets and pressure
gauge

Regulating valve
sets with flow meter

Slit opened
periodically by
acoustic wave
generated by a

loudspeaker.

Gas injection rate
controlled by fine
tuning syringe
displacement with a
cordless drill and a
rotary motion
Sensor.

Gas injection
controlled by a
pressure controller,
a flowmeter, and
valves.

External flow is
controlled by the
pressure in a
chamber.

Schwarze
(2018)

Duhar and
Colin
(2006)

Zhang and
Shoji
(2001)

Abe and
Sanada
(2015)

Lesage
and
Marois
(2013)

Bolafios-
Jiménez
et al.
(2008)

Evangelio,
et al.
(2015)
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around the
needle.

Gas injection
through a
micropipette
with an inner
diameter of less
than 1um.

Gas injection
through needles
(20-450pm) with

rapid
movements to
accelerate
bubble
departure.

Electrolytic
bubble
generated from
a 125um
diameter
platinum wire.

Electrolytic
bubble
generated from
a 100um
diameter
platinum wire.

Electrolytic
bubble
generated from
a 100um
diameter
platinum wire.

less
than
0.2mm

0.2-
2.5mm

0.2-0.8
mm

about 1
mm

0.05-
0.25mm

One bubble
per cycle.

40-160Hz

depending

on needle
size.

1-8Hz
depending
on bubble

size.

60-180Hz

depending

on bubble
size.

1-1000Hz

depending

on bubble
size.

Gas controlled by
pressure sensors to
generate a pressure

pulse.

Specially designed
needle.

Bubble diameter
controlled by applied
voltage.

Bubble diameter
controlled by applied
voltage.

Kim et al.
(2021)

Vejrazka

et al.

(2008)

Fernandez

et al.

(2014)

Bashkatov

et al.

(2019)

Yang et al.
(2015)

In summary, the generation of single bubbles with controllable frequency and

size is crucial for studying bubble rising behaviour in liquids. Conventional

methods, like gas injection through submerged nozzles, face challenges due to

the requirement for extremely small nozzle sizes to produce microbubbles. To

address this, some studies have utilised orifice movement and timed gas

injection. Although the literature suggests that microelectrodes can generate

single microbubbles (Fernandez et al. 2014, Bashkatov et al. 2019), systematic
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studies examining how microelectrode geometric parameters influence bubble

size and frequency are notably lacking.
2.4.6 CFD studies on electrolytic bubble behaviour

Computational Fluid Dynamics (CFD) is an effective tool to investigate bubble
behaviour in water electrolysers. One commonly used approach is the Volume
of Fluid (VOF) model, which is suitable for investigating formation, growth,
departure, and rising, as well as the coalescence of bubbles. When it comes to
bubble plumes, the Euler-Euler methods are frequently employed (Hreiz et al.
2015).

The VOF model is well suitable for capturing the interface between the bubble
and the liquid. In this model, the fluid domain is divided into computational cells,
each represented by a volume fraction «. This fraction signifies the proportion
of the cell occupied by the liquid phase. When modelling a single Hz bubble in
an electrolyte, a cell with a, = 0 is entirely liquid phase, whereas a cell with a,
= 1 is entirely gas phase. For cells where 0 < a4 < 1, the cell contains the
interface between the two phases (Lafmejani et al. 2017, Liu and Luo 2018).
Tracking this interface is made possible by solving the continuity equation for

the volume fraction of the gas phase:

V- (agvy) =Sy + (mig —myy). (2-65)

Here, a, denotes the volume fraction of the gas phase, and v, is the velocity
vector of the gas phase. S, represents the mass source added to the cell. m,
and m, refer to the mass flux from the gas phase to the liquid phase and from

the liquid phase to the gas phase, respectively.

The limitation of VOF model is the generation of spurious currents when
modelling microbubbles, which can lead to non-physical results (Zahedi et al.
2012). The spurious currents are the high velocities at the bubble-liquid
interface, predominantly originating from surface tension modelling. These
currents cannot be mitigated by simply refining the mesh or reducing the time

step. Nonetheless, they can be alleviated by employing improved surface
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tension models. Recent advancements in surface tension modelling include
Continuum Surface Stress (CSS) (Lafaurie et al. 1994), Coupled Level-set
VOF (CLSVOF) (Sussman and Puckett 2000), Parabolic Reconstruction of
Surface Tension (PROST) (Renardy and Renardy 2002), height function
(Struyven et al. 2022) and Piecewise Linear Interface Calculation (PLIC) (Cifani
et al. 2016).

In the Euler-Euler model, each phase in the electrolysers is treated as a
separate, interpenetrating continuum. In the Euler-Euler model, the governing

mass equation for the i-th phase is:

V- (aipivi) =S; . (2-66)

where a,p and v are the volume fraction, density and velocity vector,
respectively. The sum of the volume fractions for all phases equals unity, i.e.,
Ya; =1. The S is the volumetric source term for the mass added into the
system, and S; = 0 is for the liquid phase. In the literature, a common practice
is to add Hz and Oz at the thin layer near the electrode surface (Rodriguez and
Amores 2020, Zarghami, Deen et al. 2020). The flow rate (kg/s) of H2 and O2
added as the mass source are calculated according to Faraday’s Law (Zhou et
al. 2020):

. IMy

my, = My,ny, —ZFZ ) (2-67)
. . IMg

moz = M02n02 = 4F2 . (2'68)

Here, My,and M, are the molar weight (kg/mol) of H2 and Oz, respectively. The

parameter n is the molar flow rate (mol/s). I is the current (A), and F is the

Faraday constant (96485 c/mol).

At steady state, the momentum balance for the i-th phase is:
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V-(aipiviv) = —aVp+ V-1, + aipig + X F; . (2-69)

The stress-strain tenor (t) is defined as:
T, = Qi (Vv + VV)) (2-70)

where u,, is the molecular dynamic viscosity. The external forces ) F;
considered in the model include drag force, lift force, virtual mass force, and

turbulent dispersion force.

The Euler-Euler model is often used to simulate the bubble layers in an
electrolyser cell. Obata et al. (Obata et al. 2021) investigated the void fraction
distribution in a membrane-free, solar-powered water electrolyser using two-
dimensional CFD simulations. In their study, they applied a fully developed
laminar velocity profile at the inlet of the electrolyser channel, where electrodes
are positioned on each side of the channel. The formation of H2 and O2 was
considered as a mass flux added to the cells corresponding to the cathode and
anode. The Euler-Euler multiphase model was adopted to calculate the volume
fractions and velocity vectors of Hz and Oz gases. Their results showed that gas
crossover could be reduced by either increasing the inlet flow velocity while
maintaining laminar flow or by expanding the channel width. Furthermore, they
concluded that the crossover is mainly attributable to gas bubbles rather than

to dissolved gases.

In a recent work, Zarghami et al. (2020) simulated bubbly flow in a water
electrolyser using the Euler-Euler approach. In their work, they developed a 3D
model of a vertical membrane-free alkaline water electrolyser with a length of
400 mm and an electrode spacing of 8 mm. Hz and O2 were added to the cell
adjacent to the electrodes as volumetric source terms. Given that the Reynolds
number of the electrolyte was approximately 7600, a turbulent model was
adopted. Their results show that the thickness of the bubble layer increases
with the increase in applied current density but decreases with the Reynolds

number of the electrolyte. They also found that drag, lift, and turbulence
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dispersion forces are critical for accurately modelling the propagation of the
bubble layer along the electrode.

It is worth noting that the Euler-Lagrangian method can also be employed to
model bubble behaviour in a water electrolyser channel. This approach treats
bubbles as a discrete phase and the electrolyte as a continuous phase. Bubbles
are injected into the computational domain at discrete time steps. In the work
of Hreiz et al. (2015), a 3D model for a vertical, membrane-free water
electrolyser was developed. By employing the Euler-Lagrangian method, their
model successfully predicted the spread and dispersion of bubbles within the
electrolysis cell. The authors concluded that when modelling bubble plumes in
water electrolysers, the Euler-Lagrangian approach offers advantages over the
Euler-Euler models, in which additional forces and mechanisms are often

deemed necessary.

2.5 Summary of identified gaps

The membrane-free water electrolyser (MFE) is an emerging technology for
clean Hz production, with the potential to be operated at elevated temperatures
and pressures to achieve improved cell efficiency while reducing capital and
maintenance costs. Currently, MFEs remain in the research and development
phase due to a series of technical challenges. One of the most critical issues is
the low purity of produced Hz, attributed mainly to gas crossover. While some
pioneering studies have attempted to address this issue, further research is
needed for successful scaling-up of this novel concept. Based on the literature

review, the following gaps have been identified:
= MFE for liquid hydrogen production

The current literature lacks discussion on the feasibility of using MFE for liquid
hydrogen (LH2) production. In an MFE cell, gas crossover at industrial scale is
inevitable due to the absence of a membrane separating Hz and O2. While
enhancing Hz purity can improve the cell's overall performance, achieving purity
levels comparable to conventional alkaline water electrolysers (AWE) and
proton exchange membrane electrolysers (PEM) may be unrealistic and
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unnecessary. However, if MFE can attain higher efficiency and use the
conserved electrical power for Hz purification, the technology remains a viable
pathway for clean Hz production. Considering that H2 liquefaction is a mature
technology, utilising MFE for LH2 production—while separating Oz during
cryogenic cooling—appears promising. Such discussion is noticeably absent in

current literature.
= Shear-induced lift force on a microbubble in a parabolic flow

While the bubble behaviour in an MFE cell is directly related to the gas
crossover, there is limited knowledge of the shear-induced lift force acting on
microbubbles (D, <1 mm) as they rise through an electrolyser channel with a
parabolic velocity profile. Existing correlations for calculating the shear-induced
lift force coefficient (C.s) are primarily applicable to large or deformed bubbles
within a simple shear flow. Moreover, experimental data of C, s for bubbles with
diameters less than 1 mm is unavailable. Numerous studies proposed
correlations of C; s in the context of solid spheres moving in a simple shear flow.
However, C; for solid spheres or bubbles moving in a flow with a parabolic

velocity profile has not been investigated in detail.
= Generation of single microbubble

Another challenge in studying microbubble behaviour is generating individual
microbubbles in an electrolyte with controllable sizes and frequencies. Most
existing studies that require single-bubble generation utilise pulsed gas
injection via a submerged nozzle. This approach necessitates a dedicated
control system to precisely modulate the gas flow, preventing the formation of
continuous bubbles. The gas feeding and control systems are complex, and the
adjustment of the frequencies and magnitude of the pressure pulses can be
time-consuming. On the other hand, generating microbubbles from an
electrode offers a seemingly simpler alternative. However, this method typically
results in a bubble plume rather than single bubbles. While some studies have
explored the generation of single bubbles from a microelectrode, they primarily

focused on how the size of the microelectrode affects bubble diameters. There
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is also a lack of systematic research on how the geometrical parameters of
these microelectrodes influence the characteristics of the bubbles produced.

= Flow control for bubble management in MFE

The MFE cell proposed in the literature relies solely on a parabolic flow field in
the electrolyser channel to generate a shear-induced lift force that separates
H2 and O2. These cells are generally limited to low current densities to minimise
gas crossover. However, the risk of gas crossover increases along the length
of the electrolyser channel for two main reasons. First, the growth of bubble
layer along the electrode narrows the gap between the Hz and O2 bubbles,
increasing the likelihood of crossover. Secondly, the bubbles induce high fluid
velocity near the electrode, which dramatically alters the flow field in the
electrolyser channel. As a result, the shear-induced lift force tends to push
bubbles to the channel centre. Ideally, given the nature of the shear-induced lift
force, the velocity profile should be configured in such a way that this lift force
consistently directs bubbles toward the channel wall. However, current studies
have not sufficiently explored how to establish an optimal velocity field to
prevent bubble mixing effectively. Also, the feasibility of employing a flow
controller to create a specific flow field that reduces gas crossover has yet to

be demonstrated.
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Chapter 3

Industrial application of membrane-free

water electrolyser

3.1 Chapter overview

This chapter investigates the feasibility of using the membrane-free water
electrolyser (MFE) for liquid hydrogen (LH2) production. Industrial LH2
production involves the cooling of gaseous H2 to approximately -253°C under a
pressure of 10 bar. Water electrolysers can be employed as the H2 source for

H2 liquefaction process.

In conventional AWE cells, ion-solvating membranes are used to separate Hz
and O2 while preserving ionic conductivity. The operating temperature of AWE
is typically constrained at 60°C—90°C to protect its membrane, which can
degrade rapidly when exposed to higher temperatures. The operating pressure
of AWE is usually capped at 30 bar to maintain a high purity level of the product
(>99.9%), since higher pressure will cause pronounced gas crossover across
the membrane. In contrast, MFE technology offers a lower ohmic resistance
and can operate under elevated temperatures and pressures. This can
enhance cell efficiency; however, it also results in compromised product purity

levels (<99%) as a trade-off.

In this chapter, a mathematical model is developed to simulate hydrogen
generation through both AWE and MFE. The H2 produced from these
electrolysers acts as the feedstock for subsequent purification and liquefaction
processes, which are simulated using Aspen HYSYS software. A series of
sensitivity studies have been conducted to examine the influence of the
operating conditions of the electrolyser and the purity of the raw H2 on the

overall power consumption required for LH2 production.
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The findings indicate that the operating conditions of the electrolyser play a
crucial role in determining the power consumption of LH2 production.
Specifically, it is found that increasing the operating pressure can contribute to
a reduction in energy consumption. This is advantageous because
electrolysers operating at elevated pressures experience diminished bubble
coverage over the electrodes, resulting in decreased ohmic overpotential.
Moreover, a high-pressure Hz stream can attain a greater temperature drop
upon expansion through a Joule-Thomson control valve, subsequently

minimising the cooling power required for Hz liquefaction.

The findings suggest that the optimal operating temperature of electrolyser can
significantly affect its performance. While higher temperatures typically lead to
a reduction in reaction potential, bubble coverage, and electrolyte resistance,
they also result in an increase in activation overpotential. This combination of
factors accounts for the rise in cell voltage for MFE at high temperatures (>
120 °C). Raising the operating temperature of electrolyser also introduces a

slight increase in the cooling load for Hz liquefaction.

This chapter demonstrates the potential of using MFE as an alternative Hz
source for LH2 production. Compared to conventional AWE, operating MFE at
elevated temperatures and pressures can reduce power consumption for LH2
production by up to 10%. Furthermore, when MFE is used as the Hz source,
the Oz from the raw H: feedstock can be efficiently removed during the
cryogenic cooling process, yielding high-purity LH2 (>99.9%). Nonetheless,
improving the purity of the raw H2 is still advantageous as it lowers power

consumption and mitigates safety concerns associated with gas crossover.

These findings fulfill the first research objective: they demonstrated the
feasibility of using MFE for commercial-scale LH2 production via cryogenic
cooling. This chapter developed knowledge and techniques for efficient and

scalable LH2 production using MFE technology.
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3.2 Feasibility of using membrane-free water electrolyser for liquid
hydrogen production

This section consists of the following journal article:

Yang, B., M. Jafarian, N. Freidoonimehr, and M. Arjomandi, Membrane-
free water electrolyser for liquid hydrogen production. Submitted to
International Journal of Hydrogen Energy.

This article is identical to the submitted version, with the exception of the

numbering and positioning of figures, tables, and equations.
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Membrane-Free Water Electrolyser for Liquid Hydrogen Production
Abstract

Transporting hydrogen in a liquid state holds promise as a cost-effective
solution for long-distance and large-scale distribution. This paper investigates
the feasibility of the application of a membrane-free water electrolyser for liquid
hydrogen production. Both alkaline and membrane-free water electrolysers are
considered for hydrogen production. The hydrogen produced by these
electrolysers is used as the feedstock for subsequent purification and
liquefaction processes. Aspen HYSYS is used for systematic investigation of
the impact of electrolyser operating conditions and hydrogen purity on the total
power consumption for liquid hydrogen production. The findings reveal that
membrane-free water electrolysers offer an energy-efficient alternative to
alkaline water electrolysers, potentially reducing power consumption by up to
10%.

3.2.1 Introduction

The growing severity of climate change has emphasised the urgent necessity
to shift from fossil fuels to clean energy sources (Hydrogen Council 2023).
Among the various energy options available, hydrogen stands out due to its
wide range of applications and substantial environmental benefits. That is
because when H: is oxidised as a fuel or reductant, it only emits water vapour,
establishing it as a highly sustainable alternative to fossil fuels (Kim et al. 2022).
Hydrogen has been used as a fuel in fuel cells as an efficient pathway for power
generation (Wan et al. 2021, Wang et al. 2021, Moradpoor et al. 2023).
Hydrogen can be also used as a reductive agent in mineral processing,
significantly reducing greenhouse gas emissions (Wang et al. 2021). However,
despite the significant potential, the production of H2 from renewable resources,
its storage, and transportation are currently challenging and expensive (Valenti
2016, Zohuri 2019, Shiva Kumar and Lim 2022). Therefore, there is a need to
develop technologies to reduce the cost of production, transportation, and
storage of Ha.
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Hydrogen’s low volumetric energy density under atmospheric conditions (11
kJ/L) poses challenges for its storage and transportation (Hydrogen and Fuel
Cell Technologies Office, Pistidda 2021). While pressurising hydrogen
improves its volumetric energy density, this method is economically viable only
for consumers with small-scale demands. In contrast, liquid hydrogen (LH2)
offers a significantly higher volumetric energy density (8.5 MJ/L), making it an

attractive option for transportation (Aziz 2021).

The production of LH2 is typically realised by cooling gaseous H: to
approximately -253°C at a pressure of 10 bar. The simple Claude cycle is a
classic system employed for Hz liquefaction, as illustrated in Figure 3-1 (Valenti
2016, Yang et al. 2023). In this cycle, the H2 feed gas undergoes three major
stages: compression and pre-cooling (1—3), Ortho-to-Para conversion (3—6),
and liquefaction (6—7) (Al Ghafri et al. 2022). An intermediate extraction (4—e)
is utilised to improve overall efficiency. Pre-cooling often involves a liquid N2
cooling system, while the hydrogen vapour from the LH2 storage tank serves

as the refrigerant for the main cooling processes (g—12).

LN,
cryogenic LN Expansion . J-T valve for H,
cooler 2 "Cli liquefaction
C . T=70K
ompression T Toue= 20K
0 1 2 3 4 5 6 7
T_— — AVAVAV
12 11 10 9°8 g Storage tank
Precooling HX1 HX2 HX3 f
H, feed gas
T2= 300-315K Thot,out = 80K Thot,out: 65K Thot,out: 40K Thot,out =27K
P =10 bar \ ) LH, Product
Y
. T=20K
25% Para-H, Ortho-to-Para conversion
75% Ortho-H, P =10 bar

99% Para-H,

Figure 3-1. Schematic flow diagram of a simple Claude cycle for hydrogen

liquefaction (Yang, Li et al. 2023).

The theoretical minimum specific energy consumption of LH2 from a simple
Claude cycle is about 22 kWh/kgr2 (Al Ghafri et al. 2022). Over the past
decades, a few variations based on the simple Claude cycle have been
developed to improve system efficiency. The modern state-of-the-art system,

incorporating dual compression, improved heat exchangers, liquid nitrogen
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precooling, helium refrigeration cycle, and dedicated intermediate extraction
systems has been reported achieving a specific energy consumption of about
13-18 kWh/kgHz (Krasae-in et al. 2010, Yin and Ju 2020).

It is expected that water electrolysers will remain the main technology for
hydrogen production into the future as they offer both higher hydrogen purity
and fewer greenhouse gas emissions compared to conventional production
methods (Brauns and Turek 2020, Du et al. 2021). Alkaline water electrolysers
(AWE) and proton exchange membrane electrolysers (PEM) are the
predominant technologies for generating high-purity hydrogen (>99.9%) from
water. According to the Nernst equation, operating electrolysers at elevated
temperatures and pressures can significantly reduce the reversible potential for
water splitting, and potentially improve their efficiencies (Borsboom-Hanson et
al. 2022). Figure 3-2 presents the calculated reversible voltage of a water
electrolyser cell as a function of temperature for various operating pressures
(Haug et al. 2017). As shown an increase in temperature reduces the reversible
voltage at all pressures studied. In contrast, a higher operating pressure leads
to an increase in the reversible voltage, while it can mitigate the work required
for the compression of the produced Hz, thereby facilitating storage and

transportation.
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Figure 3-2. Reversible voltage of water electrolysis cell under various

operating temperatures and pressures.

Commercial AWE and PEM systems employ membranes to separate hydrogen
and oxygen gases. Although membrane technology has seen significant
advancements, these membranes still degrade when exposed to temperatures
above 90°C (Hua et al. 2022). As a result, the operating temperature for
commercial AWE and PEM systems is generally limited to 60°C-90°C
(Salehmin et al. 2022).

The membrane-free water electrolyser (MFE) is an emerging water electrolysis
cell technology, which eliminates the need for the membrane and employs
alternative methods to separate Hz and O2 such as control of hydrodynamics of
the produced O2 and H2 bubbles to avoid their mixing. Figure 3-3 provides a
schematic of an MFE. An MFE electrolyser, similar to an AWE cell, consists of
an electrolyte channel, and parallelly positioned anodes and cathodes. In this
system, membranes are not used for separation of H2 and Oz bubbles. Instead,
the gap between the electrodes and fluid movement in between the electrodes
are designed such the produced H2 and O2 bubbles are separated via the
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Segré-Silberberg effect under a laminar flow regime in the channel (Segré and
Silberberg 1961, O'Neil et al. 2016, De et al. 2021). The shear-induced lift force

(F.) tend to push bubbles towards the electrode where they evolve.

Anode | |
0,
Electrolyte u
H,
Cathode

Figure 3-3. Concept of flow-by membrane-free water electrolyser (Swiegers
et al. 2022). The electrolyte is maintained in laminar flow, facilitating bubble

separation via shear-induced lift force.

Membrane-free design provides several advantages. It eliminates both the
capital and maintenance costs associated with the membranes, which are
typically very sensitive to impurities. In addition, MFE offers the potential to
reduce ohmic resistance of the cell via elimination of the ohmic loss of the
membrane, thereby increasing cell efficiency. Furthermore, MFE systems can
operate at elevated temperatures and pressures, potentially enhancing their
overall performance. Nevertheless, MFE suffers from low hydrogen purity
(<99%), which increases at higher current densities (>4000 A/m2) (Hashemi et
al. 2019, Hadikhani et al. 2021). Consequently, the raw Hz produced by an MFE

system needs to be purified to increase its utility.

Several technigues have been developed for Hz purification and separation of
O2 and Hz at both research and industrial levels, including pressure swing
adsorption (PSA), temperature swing adsorption (TSA), membrane separation,
catalytic oxidation, metal hydride, and cryogenic cooling (Miura et al. 2012,
Schorer et al. 2019, Ligen et al. 2020, Luberti and Ahn 2022). However, if the
ultimate objective is to convert gaseous Hz into LHz for transport, cryogenic
cooling method is a more logical choice, given it is practically the most effective
method to liquefy H2. Also, the boiling point of Oz (-183°C at 1 atm) is
significantly higher than that of H2 (-253°C at 1 atm), allowing Oz to be liquefied
and separated in the H2 liquefaction process.
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Compared to AWE technology, MFE offers a trade-off: it provides a higher
efficiency but at the cost of lower Hz purity. Consequently, using MFE for LH2
production may reduce the electrical power consumption for generating raw Hz,
but will likely increase the energy required for Oz separation in the cryogenic
cooling system. If the conserved energy during Hz production outweighs the
additional energy required for O2 removal, then MFE could emerge as a

competitive approach for LH2 production.

This paper aims to evaluate the feasibility of utilising MFE in LH2 production. To
complete this goal, we assess the overall energy consumption of LH2 generated
through MFE compared to that of conventional AWE, both integrated with
cryogenic cooling systems. The electrical power needed for raw Hz production
is calculated for both MFE and conventional AWE under various operating
conditions using simplified analytical equations. Aspen HYSYS software is
used to simulate the cryogenic cooling system and estimate the energy
consumption for LH2 production in both MFE and AWE scenarios. Various
operating parameters are considered in this analysis, including cell efficiency,
operating temperature and pressure of the electrolysis cell, the purity of the
hydrogen feed gas supplied to the cryogenic cooling system, and the

temperatures involved in the cryogenic cooling process.
3.2.2 Methods
3.2.2.1 Mathematical model of water electrolyser

Figure 3-4 provides the schematics for both alkaline water electrolyser (AWE)
and membrane-free water electrolyser (MFE). A 30% wt KOH solution serves
as the electrolyte in each case. In the AWE cell, the cathode and anode are
positioned parallel to each other, separated by a distance of 6,; + &,,. A Zirfon®
membrane, with a thickness of §,,, is employed to separate H2 and O2 bubbles
in the AWE cell (Vermeiren et al. 1998). In the MFE cell, the membrane is
removed, and the electrodes are placed §,; apart. In this study, the value of §,,

and §,,, are set as 5mm and 0.5mm, respectively (Hu et al. 2022).
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Figure 3-4. Schematics of (a) an alkaline water electrolyser with a membrane
thickness of §,, and electrode spacing of (6,; + §,,) and (b) a membrane-free

water electrolyser with electrode spacing of &,;.

At steady-state, the molar flow rate (mol/s) of Hz is calculated according to
Faraday’s Law (B. Yang et al. 2023):

ny, = o= . (3-1)

The cell voltage is represented as the sum of the reaction potential, activation
overpotential and ohmic overpotential:

Veett = Vrea +(Vca +Van)+( Vin + Vel)-

Vactivation Vonmic

(3-2)

The reaction potential represents the minimum energy required to drive the
water splitting reaction (Zeng and Zhang 2010):
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Viea = _AG/ZF ) (3-3)

where AG is the Gibbs free energy (kJ/mol) and F is the Faraday constant
(96485 c/mol) (Aikens 1983). According to the Nernst equation, the reaction

potential can be expressed as (Abdin et al. 2017):

AS® RT (» — puo)t>
0 0 2 3
Vrea = VO + (T =T%) X o+ ln< ™ . (3-4)

In this equation, the reversible potential is V°=1.229 V at 25°C and 1 atm. T
0
stands for temperature (K), and AziF is the standard state entropy change (-

0.9x103 J/(mol-K)1) at 298K and 1 atm). R is the gas constant (8.314 J/(mol-K)).
p and py,o are the operating pressure (bar) and partial pressure of water,

respectively (Le Bideau et al. 2019). The water pressure in a KOH solution is

calculated as (Leroy 1980):

6426.32

PH,0 = T3498 exp (37.93 - )exp (0.016214 — 0.13802m

(3-5)
+ 0.19330ym.

Here, m is the molar concentration of KOH. In Equation 3-4, ay, ¢ is the water

activity of the electrolyte solution (bar), which is expressed as (Amphlett et al.
1995):

19.19
log (ap,0) = —0.08 — — (3-6)

The activation overpotentials for the cathode and anode reactions can be

calculated using the Butler-Volmer equation (Bessarabov and Millet 2018):
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=2 ( J ) (3-7)
= n - , -
“ acaF ]ca(1 - 9)
=2 ( J ) (3-8)
= ni|- . -
an aanF ]an(l - 9)

Here, a., and a,, stand for the charge transfer coefficient for the cathode and
anode, respectively. In this study, a.,=0.73, and a,,= 1.65 (Abdin, Webb et al.
2017). j is the current density (A/m?). The effective exchange current densities
for cathode (j.,) and anode (j,, ) are assumed to be 0.43 A/m? and 0.37 A/m?,
respectively (An et al. 2014, Bessarabov and Millet 2018). The term (1 — 6)
accounts for the bubble coverage () over the electrode, which is empirically
determined as (Vogt and Balzer 2005, Vogt 2012):

2
g = (L)OS <T_p°>3_ (3-9)
jlim Top
Here, j;im is the limiting current density (300 kA/m?) (Vogt 2012).
The ohmic overpotential is proportional to the current in the circuit (I):
Vonmic = I( Tm + rel) 1 (3-10)

In this equation, the resistance of the membrane r,, is calculated as:

(3-11)

m =

Om
km A’

where A4 and k,, are the area (1 m?) and the electrical conductivity (20 S/m) of

the membrane, respectively (Vermeiren et al. 1998, Rodriguez et al. 2019).
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Bubbles in the electrolyte can result in a reduced electric conductivity.
Consequently, Bruggeman’s equation is adopted to calculate the electrolyte
resistance (r,; ) (Rue and Tobias 1959, Tjaden et al. 2016):

— 6@1
(1 - (p)l'skelA .

Tel (3-12)

Here, ¢ is the void fraction, which is equivalent to the bubble coverage (6), as
suggested by Abdin et al. (2017). k., denotes the conductivity of the electrolyte
(S/m), which can be correlated as (Gilliam et al. 2007, Allebrod et al. 2012):

k, = 1.357 T — 340.98. (3-13)

3.2.2.2 Cryogenic cooling system

A cryogenic cooling system designed for hydrogen purification and liquefaction
is simulated using Aspen HYSYS V11 software. Figure 5 shows the simulation
model that comprises four primary components including precooling, hydrogen
purification, hydrogen liquefaction, and cold recovery units. The Peng-
Robinson equation of state is chosen as the thermodynamic property package
to estimate the thermo-physical properties of the materials in the developed
HYSYS models (Yin and Ju 2020). For simplicity, pressure losses in the

electrolysers, pipes, heat exchangers and flash tank are omitted.

Q-H2LIQ

GH7 LH1

HX-H2LIQ

SEP

GH1 GH5 GH6

Hx-ozLiq VT

HX-PREC1 HX-REC HX-PREC2

LO1

Figure 3-5. The process diagram of cryogenic cooling system for hydrogen

purification and liquefaction.
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The H2 from both AWE and MFE is considered as feed (GH-1) for this
liquefaction process in different cases. The AWE-derived Hz is assumed to
have a high purity of 99.9%, and a temperature and pressure range of 60—-90°C
and 10-30 bar, respectively (Brauns and Turek 2020, Hu et al. 2022). In
contrast, the MFE-derived Hz is assumed to have a purity ranging from 66.7%
to 99%, with temperature and pressure ranges of 60—-300°C and 10-200 bar,
respectively (Esposito 2017, Manzotti et al. 2023).

To reduce the cooling load on cryogenic coolers, the Hz feed gas is directed to
a precooler (HX-PREC1) to bring its temperature down to 45°C (GH2).
Subsequently, this cooled H2 stream passes through a cold recovery heat
exchanger (HX-REC) before being further cooled in a liquid nitrogen (LN2)
precooler (HX-PREC?2) to a temperature of -190°C. In this precooler, nitrogen
enters at -195°C and exits at 20 °C. The power consumption of LN2 production
is assumed to be 0.36kWh/kgnz (Aneke and Wang 2015, Rizvi et al. 2021).

The H2z purification unit comprises an O:2 liquefier (HX-O2LIQ), a Joule-
Thomson control valve (V-JT), and a gas-liquid separator (SEP). These blocks
cool the incoming raw Hzto temperatures below -215°C. This process facilitates
the removal of liquefied Oz, ultimately yielding purified Hz with a purity level of
over 99.9%. The collected liquid Oz is routed back to a cold recovery heat

exchanger (HX-REC) before being vented to the atmosphere at 30 °C.

The purified Hz is then channelled to an H2 liquefier (HX-H2LIQ) where it
undergoes the phase transition to form LH2 at -253°C. The conversion of
orthohydrogen to parahydrogen takes place as (Woolley et al. 1948, Mcintosh
2015):

AH=-1.455k]/mol at 20K
ortho — H, e para — H,, (3-14)

The rate constant of the catalytic ortho-para Hz conversion is 1.2 s (Cardella
et al. 2017, Yin and Ju 2020). While the ortho-para conversion is not explicitly
modelled in the HYSYS simulations, its associated cooling load is incorporated
when calculating the cooling load required for LH2 liquefaction.
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Table 3-1 summarises the parameters used in the case study. The independent

variables under consideration are the temperature, pressure, and purity of raw

H2 gas (stream GH1). For simplification purposes, pressure drops within the

electrolyser, piping, heat exchangers, and separator are ignored in this study.

The coefficient of performances (COP) of precooling and cryogenic cooling is

assumed based on values reported in the literature (Radenbaugh 2004,
Radebaugh 2009, Bustamante et al. 2016, Li et al. 2018). The electric power

consumptions (W) for the coolers are calculated as follows:

w

_ Q(Th_ c) 1

Te

%COPCGTTLOt.

(3-15)

Table 3-1. Specified conditions for cryogenic cooling process for case study.

Parameter

Value

Stream/Block

AWE MFE

Raw Hz temperature
Raw H2 pressure
H2 purity

Air-precooled raw Hz
temperature

LN2-precooled raw Hz
temperature

O: liquefier outlet
temperature

J-T valve outlet pressure

H2 liquefier outlet
temperature

Catalytic reaction constant
of ortho-para H2
conversion

Precooler COP

O:2 liquefier COP

H2 liquefier COP

GH1
GH1
GH1

GH2
GH4

GH5
GHG6
LH1

HX-PREC

HX-O2LIQ

HX-H2LIQ

60°C-90°C 60°C-300°C
10-30 bar 10-200 bar
99.9% 66.7%—-99%

45°C
-190°C

-210°C
10 bar

-253°C

1.2st1

3 at 289K (Bustamante et al.
2016, Li et al. 2018)

15% Carnot at 50K
(Radenbaugh 2004,
Radebaugh 2009)

5% Carnot at 10K
(Radenbaugh 2004,
Radebaugh 2009)
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The reliability of the model has been verified through comparison of the
calculated boiling point of O2 and Hz with the experimental data (Don and
Robert 2008). Moreover, the developed models were checked to ensure that
the calculations were run with no ‘error’ or ‘warning’ messages, which implies

that the energy and mass balances were within acceptable limits.
3.2.3 Results
3.2.3.1 Electrolyser performance

Figure 3-6 illustrates various performance metrics—including cell voltage,
reaction potential, activation overpotentials, and ohmic overpotentials—for an
alkaline water electrolyser (AWE) operating at 80 °C and 10 bar across a range
of current densities. The results show that the overpotentials increase with
rising current density. At lower current densities (<2000 A/m2), both ohmic and
activation overpotentials show rapid growth, with the activation overpotential
serving as the primary contributor. As the current density rises, the rate of
increase for the activation overpotential becomes less pronounced. On the
other hand, the ohmic overpotential demonstrates a consistent linear increase
with growing current density, and it becomes the dominant factor at high current
densities (j>4000 A/m2). Notably, the membrane accounts for about one-third

of the ohmic overpotential.

106



Chapter 3 Membrane-free water electrolyser for liquid hydrogen production

3
— \/Cc||
Vel
25_ _Vm
' N \Van

N

Overpotential (V)
o

—

0.5

0
100 2000 4000 6000 8000 10000

Current density (A/mz)

Figure 3-6. Dependence of overpotentials on current density for an alkaline

water electrolyser under 80 °C and 30 bar.

Figure 3-7 shows the impact of varying operating pressure on the cell voltage
for both AWE and membrane-free water electrolysers (MFE). The absence of
membranes allows MFE to operate at a considerably lower cell voltage
compared to AWE at the same current density. Moreover, for both types of
electrolysers, an increase in operating pressure leads to a slight elevation in
cell voltage when operating at low to moderate current densities (j<8000 A/m?).
This is likely due to the increase in reaction potential as the operating pressure
rises. However, at high current densities (j>8000 A/m?), both AWE and MFE
exhibit a reduced cell voltage at elevated pressures. This reduction can be
attributed to the decrease in bubble coverage on the electrodes, which

consequently results in a lower ohmic overpotential (as per Equation 2-8).
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Figure 3-7. Effect of current density on cell voltage of alkaline and
membrane-free water electrolysers under 80 °C and various operating

pressures.

Figure 3-8 presents the dependence of cell voltages on current density for AWE
and MFE under 50 bar and various operating temperatures. Generally, it can
be observed that cell voltage decreases as operating temperature increases.
For instance, at a current density of j=4000 A/m?, the cell voltage of AWE is
reduced from 2.2 V to 2.1 V when the temperature rises from 20 °C to 80 °C.
However, MFE exhibits an increase in cell voltage when the operating
temperature reaches 200 °C. While elevated temperatures generally lead to a
reduction in reaction potential, bubble coverage, and electrolyte resistance,
they also result in an increase in activation overpotential. This interplay of
factors accounts for the observed rise in cell voltage for MFE at higher

temperatures.
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Figure 3-8. Effect of current density on cell voltage of alkaline and
membrane-free water electrolysers under various operating temperatures and
50 bar.

3.2.3.2 Hydrogen purification and liquefaction

Figure 3-9 illustrates the impact of H2 purification temperature and pressure on
the purity of liquefied hydrogen (LH2). The graph reveals that LH2 purity
improves as the hydrogen purification temperature decreases. In the low-
pressure regime (below 10 bar), LH2 purity increases with rising pressure.
However, this trend reverses when the pressure exceeds 40 bar, resulting in
decreased LH2 purity. The optimal pressure range for efficient Oz removal
appears to be approximately 10-40 bar, within which the vapor concentration

of Oz in Hz2 reaches its minimum.
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Figure 3-9. Effect of Hz purification temperature and pressure on product

hydrogen purity.

Figure 3-10 depicts the dependence of power consumption of cryogenic cooling
system on the feed Hz purity. Raw Hz is fed into the system at 80 °C and 100
bar. Figure 3-10 reveals that the liquid nitrogen (LN2) precooler and Hz liquefier
are the primary consumers of power, while the contributions of the air precooler
and the O2 liquefier to overall power consumption are negligible. Also,
improving the purity of feed H2 can significantly reduce the energy required for
the cryogenic cooling process. This reduction is largely due to decreased
energy consumption in the H2 liquefier, as more heat is rejected by the LN-2
precooler. Figure 3-10 also indicates that improving the purity of feed Hz can

lower the H2/O2 separation temperature, leading to higher LH2 purity.
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Figure 3-10. Effect of purity of feed hydrogen on power consumption and
hydrogen purification temperature. The hydrogen is fed at 80 °C and 100 bar.

Figure 3-11 illustrates the power consumption of the cryogenic cooling process,
with raw H2 feed at 80 °C, with a purity of 96% and under various pressures. It
shows that increasing raw Hz pressure can significantly reduce the overall
power consumption of the cryogenic process. This is achieved primarily by
reducing the temperature of the purified Hz2, which in turn reduces the cooling
load at extremely low cryogenic temperatures. The mechanism behind this
reduction lies in the behaviour of H2 gas as it passes through the Joule-
Thomson control valve. A higher-pressure Hz stream can achieve a larger
temperature decrease upon expansion through this valve. For instance, when
the pressure of the feed hydrogen is increased from 50 bar to 100 bar, the
temperature of the purified hydrogen drops from -218 °C to -224 °C, which can
significantly improve LH2 purity.
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Figure 3-11. Effect of feed hydrogen pressure on power consumption and
hydrogen purification temperature for feed hydrogen with a purity of 96% and
at 80 °C.

Figure 3-12 illustrates the power consumption of the cryogenic cooling process,
with raw Hz feed with a purity of 96%, under 100 bar and at different
temperatures. The result shows that the temperature of the raw Hz has a limited
impact on the overall power consumption of the cryogenic cooling system. The
increase in power consumption at higher raw Hz temperatures is primarily
attributed to the higher heating load imposed on the air precooler. On the other
hand, the feed Hz temperature has a negligible effect on the cooling load of

cryogenic coolers.
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Figure 3-12. Influence of feed hydrogen temperature on hydrogen purification
temperature and power consumption for feed hydrogen with a purity of 96%
and under 100 bar.

3.2.3.3 Overall power consumption of liquid hydrogen

The overall power consumption of LH2 considers the energy required for both
the water electrolyser and cryogenic cooling process. Figure 3-13 shows the
overall power consumption for LH2 production using both AWE and MFE,
integrated with a cryogenic cooling system. The electrolysers are operated at
80 °C and 30 bar, which is the typical operating condition for industrial AWE
cells. The raw H2 purity produced from AWE is 99.9%, whereas MFE generates
H2 with a purity range of 96%-99%. MFE offers a lower power consumption for
LH2 production compared to AWE. For example, at a current density of 4000
A/m2, MFE with an Hz purity of 97.5% consumes 70.9 kWh/kgiH2. In
comparison, using AWE as the hydrogen production method results in an
energy consumption of 73.5 kWh/kg.H2. It's worth noting that enhancing the Hz

purity in MFE can significantly reduce its energy requirements.
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Figure 3-13. Power consumption for liquid hydrogen production using alkaline
water electrolysers and membrane-free water electrolysers with different

hydrogen purities.

Figure 3-14 shows the power consumption associated with LH2 production via
MFE and AWE under various operating pressures and at 80 °C. Generally, the
results show that elevating the operating pressure can lead to a decrease in
energy consumption. Specifically, at a current density of 4000 A/m2, raising the
operating pressure of MFE from 10 bar to 150 bar reduces energy consumption
from 72.6kWh/kgLn2 to 68.2kWh/kgLH2. However, the benefits diminish beyond
a certain point; for example, when the operating pressure climbs to 190 bar,
energy consumption slightly increases to 68.5kWh/kgLH2. Compared to the
baseline, where AWE operated at 80 °C and 30 bar, utilising high-pressure MFE
as the Hz source for LH2 production can result in energy savings ranging from
approximately 4% to 10%.
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Figure 3-14. Power consumption for liquid hydrogen production using
membrane-free water electrolysers operated at various pressures and 80 °C,

with alkaline water electrolysers operated at 80 °C and 30 bar as a reference.

Figure 3-15 demonstrates the impact of varying operating temperatures on the
energy consumption of LH2 production when using MFE. The MFE system
operates under 100 bar and at various temperatures, delivering Hz with a purity
of 97.5%. The data shows that as the temperature rises, energy consumption
generally declines, reaching a minimum when operated at 120 °C. However,
beyond this optimal point, an increase in temperature leads to a rise in energy
consumption. This phenomenon can be attributed to two primary factors: first,
elevated temperatures lead to an increase in activation overpotential, thereby
increasing the energy requirements for water electrolysis; second, higher
temperatures also increase the cooling load required during the precooling of

raw Ha.
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Figure 3-15. Comparison of power consumption for liquid hydrogen
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100 bar.

3.2.4 Discussion

The MFE modelled in this study maintains the same interelectrode distance as
conventional AWE. Reducing this distance to approximately 1 mm could result
in even greater energy efficiency, however, the H2 purity can be remarkably
decreased. While our study demonstrates that MFE is more energy-efficient in
producing LH2 compared to AWE, there remains an imperative to incorporate
adequate safety measures. Despite various techniques being proposed,
ranging from inertial bubble separation (Hadikhani et al. 2018) and innovative
cell design (Hadikhani et al. 2021), to the enhancement of bubble distribution
control (Yang et al. 2024), the gas crossover in an industrial-scale MFE remains

a safety concern.

The modelling for water electrolysers in this study relies on empirical formulas
derived from existing literature. Owing to the absence of experimental data,
potential inaccuracies may arise in calculating parameters such as bubble
coverage and activation overpotential—especially when the electrolyser
operates under elevated temperatures and pressures. Due to the
simplifications used in empirical equations, this paper only offers a rough
estimation of cooling power consumption, which is higher than the energy

consumption of the state-of-art hydrogen liquefaction process (13-18
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kWh/kgLH2) (Krasae-in et al. 2010, Yin and Ju 2020). Optimisation of the
cryogenic cooling process, however, falls outside the scope of this study.

3.2.5 Conclusion

This paper explores the integration of alkaline and membrane-free water
electrolysers (MFE) with a cryogenic cooling system for liquid H2 (LH2)
production. The results indicate that the cryogenic cooling process effectively
eliminates O2 from the raw H2 feedstock of MFE, yielding a final product with
over 99.9% purity. Moreover, it is found that MFE, when operated at elevated
temperatures and pressures, can reduce power consumption for LH2
production by up to 10% compared to alkaline water electrolysers. The study
thereby establishes the potential of MFE as a viable alternative for more

energy-efficient LH2 production.
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Chapter 4
Bubble formation from a microelectrode

4.1 Chapter overview

This chapter presents the development of a microbubble generator, which can
introduce microbubbles into an electrolyte with precise control over size and
frequency. As discussed in Section 2.4, bubble size is a critical factor of rising
behaviour in an electrolyser. In modern electrolysers, bubble diameters span
from several micrometres to the millimetre scale. Notably, bubbles with
diameters smaller than 0.1 mm exhibit low Stokes numbers (<0.1). As a result,
their rising trajectories’ can be predicted by the electrolyte flow field as these
bubbles closely follow the streamline of the flow. Conversely, bubbles with
diameters exceeding 0.3 mm exhibit Stokes numbers above 1. Therefore, the
behaviour of these large microbubbles within an electrolyser significantly

deviates from their smaller counterparts.

Conventional bubble-generation techniques predominantly employ the injection
of gases into a liquid through a submerged nozzle. To prevent continuous
bubbles, this approach relies on the precision controlling of the gas flow
supplied to the nozzle, which involves sophisticated fabrication of flow
controlling and monitoring systems. In contrast, the microelectrode single
bubble generator introduced in this chapter presents a straightforward and
potentially economical alternative. The developed bubble generator is
fabricated by embedding a microelectrode within a small nozzle. The size and
frequency of the bubbles are controlled by varying the applied current and the

geometrical parameters of the bubble generator.

This study investigates the formation and detachment of bubbles on a
microelectrode. Specifically, when the microelectrode is entirely exposed to
electrolyte, it exclusively generates continuous bubbles with diameters below
0.2mm. On the other hand, when housed within a nozzle, the microelectrode

tends to form single bubbles. The dimension of the microelectrode also plays a
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crucial role, with continuous bubbles prevailing when the microelectrode
diameter exceeds 0.25mm. Importantly, a concealed microelectrode under
minimal current tends to produce continuous bubbles. As the current is elevated,
bubble coalescence intensifies, creating a single, expanding bubble sitting on

the nozzle, which detaches upon reaching its critical diameter.

Moreover, it is found that a microelectrode thinly concealed within the nozzle
can successfully produce bubbles with diameters spanning 0.3—1.4 mm at an
approximate frequency of 1 Hz. The development of the novel bubble-
producing technique achieves the second research objective, facilitating the
subsequent investigation of bubble rising behaviour in an electrolyser channel.

4.2 Single bubble formation from microelectrode

This section consists of the following journal article:

Yang, B., M. Jafarian, N. Freidoonimehr, and M. Arjomandi, Controlled
bubble formation from a microelectrode single bubble generator. Journal of
Fluids Engineering, 2023. 145(11). DOI: 10.1115/1.4062962.

This article is identical to the submitted version, with the exception of the
numbering and positioning of figures, tables, and equations. Additionally, all
American spellings have been revised to their British equivalents.
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Controlled bubble formation from a microelectrode single bubble
generator

Bo Yang, Mehdi Jafarian, Navid Freidoonimehr and Maziar Arjomandi

Abstract

In this work, a new microelectrode bubble generator is presented that employs
a microelectrode installed inside a small nozzle enabling the production of
bubbles with controllable size and frequency. This bubble generator can be
employed as a simple and potentially cheap method for the generation of single
bubbles in a liquid, as long as it enables ion exchange, as an alternative to more
complicated methods such as timely injection of a gas through a nozzle, which
requires sophisticated nozzle design, manufacturing and monitoring of the
injected gas flow rate. A systematic investigation was conducted to assess the
effect of the bubble generator dimensions, applied voltage and electrolyte flow
conditions on the size and frequency of the generated bubbles. It was shown
that when the microelectrode is thinly concealed within the nozzle, this bubble
generator can successfully produce bubbles covering a wide range of
diameters from 0.4-1.4 mm with a size distribution standard deviation of about
25%. The mechanism of single and continuous bubbles formation from the
proposed bubble generator is also discussed. While this paper introduces this
new microelectrode bubble generator, further work is required to optimise it,

enabling more accurate control over bubble size and frequency.

Nomenclature

A Area [m?]
D Diameter [m]
E Voltage [V]
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F Force [N]
g Gravitational acceleration [m/s?]
F Faraday constant, 96485 [c/mol]

4.2.1 Introduction

Generation of bubbles with controlled size and frequency is of significant
importance in several industries and research fields. For example, bubbles are
used as a tool to deliver drugs across the blood—brain barrier (Unger et al. 2002,
Unger et al. 2004), as contrast agents in ultrasonic imaging (Stride and Saffari
2003), and for therapeutics through sonoporation (van Wamel et al. 2006) and
sonothrombolysis (Unger 2005). Other examples include the manufacturing of
foams and hollow structures (Schroers et al. 2004, Zhang et al. 2018), delivery
of free radicals in the water treatment industry for oxidation/detoxification of
contaminated water (Agarwal et al. 2011) and improvement of appearance,
texture, and digestibility of foods (Xu et al. 2008). Bubble generation
mechanisms and hydrodynamics have also been found to significantly affect
the performance of low to mid-temperature electrolyses, in particular emerging
membrane-less type (Davis et al. 2019, Swiegers et al. 2022), in which the
product hydrogen and oxygen bubbles on electrodes are to be separated
mainly through their hydrodynamics of the bubbles (Gillespie et al. 2015,
Esposito 2017).

Typically, in experiments where bubbles are needed, they are generated by
supplying gas through a submerged nozzle (or a needle) (Kumar and Kuloor
1970, Sanada and Abe 2013). When the bubble is formed from a submerged
nozzle in a quiescent liquid, the primary force that contributes to the detachment
of the bubble from the orifice is generally the buoyancy force, while the surface
tension force acting along the edge of the nozzle contributes to restraining the
bubble from departure. If the inertia of gas is neglected, the bubble detaching
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radius (r4) can be estimated when the buoyancy and surface tension forces on

the bubble are in equilibrium (Kumar and Kuloor 1970, Kolev 2007):

1
3

ry = (3O'DO) . (4-1)
4p19

Here o and p,; are the surface tension and density of the liquid, respectively; D,

is the diameter of the nozzle, and g is the gravitational acceleration. Equation

1

4-1 shows that the bubble radius varies proportionally to Dg. This means that
one can use a nozzle with a certain diameter to achieve the desired bubble
size. However, the production of bubbles with a diameter of less than 1 mm (D,,
< 1 mm) requires a nozzle diameter smaller than 50um, which is technically
challenging. Otherwise, drag force needs to be employed to control bubble
departure from the nozzle, either by directly applying liquid co-flow over the
growing bubble (Evangelio et al. 2015, Kim et al. 2021) or utilizing orifice
movement to enhance bubble departure (Vejrazka et al. 2008). Moreover,
injecting gas into the nozzle without control is likely to produce a continuous
bubble plume because the nozzle has limited control over the gas flow rate
(Davidson and Schuler 1997, Bari and Robinson 2013). As to produce single
bubbles, it is crucial to frequently stop the gas flow once the bubble at the nozzle
is released. This is why the timed gas injection technique has become a popular
method to generate single bubbles from a nozzle (Najafi et al. 2008, Parkinson
et al. 2008, Kim et al. 2021). The timed gas injection system includes a group
of precision gas valves together with a precise control system, which induces
pressure pulses in the gas fed to the nozzle to prevent the formation of bubble
plume. Hence, the effectiveness of this gas-injection type bubble generator
significantly relies on the response time of the valves and the accuracy of their

control system.

Electrolysis can also be used as an alternative method to generate bubbles in
water with no mass added to the system. Depending on the surface
characteristics of the electrode and operating conditions, the diameters of

electrolytic hydrogen and oxygen bubbles range from dozens of micrometers
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to hundreds of micrometers (Zeng and Zhang 2010, Zhang and Zeng 2012).
Water electrolysis tends to produce a dense bubble plume at the surface of a
regular-sized electrode. However, it is found that when the electrode size is
sufficiently small, single bubbles can be formed on the electrode surface (Li et
al. 2011, Fernandez et al. 2014, Yang et al. 2015). In an experimental work by
Fernandez et al. (Fernandez et al. 2014), a platinum microelectrode with a
diameter of 125 um was fabricated and coated with an optical resin to
investigate the formation of hydrogen bubbles. In their work, single bubbles with
a diameter of 500-800 ym were successfully generated at a frequency of 1.5-
3.5 Hz. Yang et al. (Yang et al. 2015) studied the growth and detachment of
single hydrogen bubbles from a microelectrode in a water electrolyser. Single
H2> bubbles with a diameter of 100-300 ym were generated using a
microelectrode fabricated by embedding a 100um diameter platinum wire into
an epoxy resin. Others have found that the bubble diameter decreases when
the size of the electrode is reduced (Fernandez et al. 2012, Luo and White
2013, Bashkatov et al. 2019). The recent works pertaining to the generation of

single bubbles are included in Table 4-1.

Table 4-1. A summary of techniques used for generating single bubbles in water.

Bubble Bubble Control
generation . Bubble frequency . . Ref.
size technique/instrument
method
Gas and water 05-25 Control the opening
injection through .mm. - duration for gas and (Ohl 2001)
a 4 mm nozzle. water supply valves
Gas injection
through a 0.5 up to 70 Hz - (Ostmann
: . Precision valves and and
mm diameter 2-4 mm depending on
o . S pressure sensors Schwarze
orifice using a gas injection rate.
: . 2018)
piston-cylinder
Gas injection
through a 0.3
mm inner 1-18 Hz .
diameter 1-3 mm depending on Regulating valve sets (Duhar and
: N and pressure gauge Colin 2006)
capillary tube gas injection rate.

using
pressurised air
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Gas injection
through a 2 mm
inner diameter
capillary tube
using
pressurised air

Gas injection
through a slit on
an elastic tube
with an inner
diameter of 5
mm and an
acoustic
pressure wave
to generate gas
pulse.

Gas injection
through syringe
needles with an
inner diameter

of 0.5-1.2 mm

Gas injection
through nozzles
with inner
diameter of
0.292-3.025 mm

Gas bubble
injection through
a nozzle near
the outlet of a
pressurised
chamber to
generate
external flow
around the
needle.

Gas injection
through a
micropipette
with an inner
diameter of less
than 1um.

Gas injection
through needles
(20-450 pm)
with rapid
movements to
accelerate

20-50 Hz
>5 mm depending on
gas injection rate.

Regulating valve sets  (Zhang and
with flow meter Shoji 2001)

about 0.5  Controllable, up Slit opens by acoustic (Abe and

wave generated by a Sanada
mm to 500 Hz loudspeaker. 2015)
Gas injection rate
about i tuning syringe Marois 2013)
3mm displacement with a
cordless drill and a
rotary motion sensor.
Gas injection ~
0.9-7.35 controlled by a (Bolaros-
- Jiménez et
mm pressure controller, a al. 2008)
flowmeter and valves. '
External flow is
0.05-0.8 q 0.1-8Hz controlled by the (Evangelio et
epending on :
mm bubble size pressure in a al. 2015)
' chamber.
Gas controlled by
lessthan  One bubble per pressure sensors to (Kim et al.
0.2 mm cycle. generate a pressure 2021)
pulse.
0.2-2.5 de4c£§gi%Hzon Specially designed (Vejrazka, et
mm b 9 needle. al. 2008)

needle size.
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bubble
departure.
Electrolytic
bubble .
1-8 Hz Bubble diameter
generated from 0.2-0.8 depending on controlled by applied (Fernandez
a 125 pm mm bubble size voltage etal. 2014)
diameter ' ge.
platinum wire.
Electrolytic
bubble :
generated from  about 1 60-180 Hz Bubble diameter (Bashkatov
depending on controlled by applied
a 100 uym mm . et al. 2019)
di bubble size. voltage.
iameter
platinum wire.
Electrolytic
bubble
generated from  0.05-0.25 1'1009 Hz (Yang et al.
depending on -
a 100 pym mm . 2015)
di bubble size.
iameter

platinum wire.

Compared to gas-injection type bubble generators, a significant advantage of
electrolytic bubble generators is the simplicity, which only needs a pair of
electrodes together with a DC power supply. Gas cylinders, piping, precision
valves and controlling system are not required since hydrogen and oxygen
gases can be obtained from the electrolysis of water, with their flow rate
determined by the applied voltage over the electrodes. Commensurate with
this, in the majority of the previous works, the microelectrodes were made of a
thin metal wire embedded in a non-conductive material, with only the tip of the
wire exposed to the electrolyte. They have also focused on the dependence of
the applied current on the size distribution of produced bubbles. However, the
effect of electrode geometry on the size and frequencies of bubbles has not

been studied in detail.

In taking advantage of both the submerged nozzle and electrode-based bubble
generators mentioned above, a new type of single bubble generator is
introduced in this paper. The proposed bubble generator produces single
electrolytic bubbles using a microelectrode installed inside a small nozzle. A

systematic study has also been conducted to investigate the effect of bubble
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generator geometry, applied voltage and flow parameters on the size and
frequency of the generated bubbles.

4.1.2 Methodology

4.1.2.1 Experimental setup

The proposed bubble generator (shown in Figure 4-1) comprises a
microelectrode sitting inside a tube with an opening on its top. The liquid
penetrates through the opening toward electrode surface, where bubbles are
formed and merged to get to a certain size before they leave the tube. In this
work, enamel copper wire was chosen as the microelectrode, whose insulation
layer ensures that bubbles are formed only at the tip of the wire. A 50mm-long
guartz tube was also used as the nozzle. The bubble generator is made by
installing the enamel copper wire inside the quartz tube. The retraction distance
(h) is defined as the gap between the tip of the microelectrode and the opening
of the nozzle, which can be adjusted during the experiments to provide
additional control over the bubble formation and departure. To systematically
investigate the effect of the geometry on the bubble formation using this type of
bubble generator, ten sets of microelectrodes and nozzles were tested in this

work, as listed in Table 4-2.

| Imm | |
4/__;:,,—/ Tube opening
D |
\\—:: h

Wire tip

Enamel copper wire

/ Quartz tube

Figure 4-1. A photo of the proposed bubble generator.
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Table 4-2. Size of microelectrodes and nozzles for bubble generator used in
this work. The wall thickness of the nozzles varies from 0.2 mm-1.2 mm.

No. _ Diameter of Inner diameter of D, /D,
microelectrode, D, (mm) nozzle, D,, (mm)

1 0.2 0.3 1.5
2 0.2 0.4 2
3 0.2 0.6 3
4 0.25 0.3 1.2
5 0.25 0.4 1.6
6 0.25 0.5 2
7 0.25 0.6 24
8 0.25 1.0 4
9 0.5 0.6 1.2
10 0.5 1.0 2

The proposed microelectrode bubble generator was tested in a vertical water
channel shown in Figure 4-2. The channel was fabricated from acrylic with a
height of 1700 mm and a square cross-section of 16 mm x 16 mm. The bubble
generator was located at the channel centre at a distance of 1200 mm from the
channel inlet, where the flow was fully developed under the experimental
condition of this work (0<Re;<1000) (Yang et al. 2022). To facilitate the
installation of the bubble generator, a 60mm long, 2mm wide hole was added
to the acrylic channel at a distance of 1200 mm from its inlet. Two sets of 0.5
mm-diameter holders were used to support the bubble generator. The holders
were installed onto a rubber plug, which was used to seal the rectangular hole
during the experiments. The cathode (1 mm x 10 mm nickel electrode) was
installed close to the channel outlet. A pump (4 L/min) was used to circulate the
electrolyte (0.1 wt% NaOH aqueous solution) in the channel. The electrolyte

and instrumentation properties are shown in Table 4-3.
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Inlet mesh [: j _@ A
. — Electrolyte tank
CA:WI'CI DC Power
anne supply
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(b)

Figure 4-2. (a) The experimental setup of this work. (b) A schematic of the

bubbles formed from the bubble generator.
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Table 4-3. Electrolyte properties and equipment used in this work.

ltem Parameters

Power supply 0-30 V

Current probe Fluke i310s current clamp, resolution: 50 mA
datalogger USB1408fs, sample rate 1 kHz

Pump 4L/min

Camera SONY RX101V

Backlight DC 5V LED

Tank 10L

Channel 1700 mm length with a 16mmx16mm cross-section

made from acrylic
Temperature 20 °C+2 °C
Electrolyte 0=0.07 N/m, y=1.02 mPa/s, p=999 kg/m? [40]

A DC power supply was used to provide the required voltage for the generation
of hydrogen bubbles at the bubble generator. The voltage output of the power
supply controls the current supplied to the microelectrode. According to
Faraday’s Law, the volumetric flow rate (m?/s) of Hz can be calculated by (Zhou
et al. 2020):

RT RT 1

Viz = ?nﬁz =5 o7 (4-2)

where P, T and I are the pressure (Pa), temperature (K) and current (A/m?),
respectively. R and F are the gas constant (8.3145 J/mol-K) and the Faraday
constant (96485 c/mol), respectively. A current signal magnifier containing 500
coils of wire was employed in the circuit. The current probe (Fluke i310s current
clamp) was clamped on the coils. This increased the measured current by 500
times compared to the actual value. Therefore, the resolution of the current
probe was improved from 50 mA to 0.1 mA. During the experiments, the current
data were recorded by a datalogger connected to a PC at a sampling frequency
of is 1kHz.
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4.2.2.2 Bubble visualisation and data acquisition

A high-speed camera equipped with a macro lens (Raynox m250) was used to
record the generation of Hz bubbles illuminated by a LED backlight. The depth
of field and the field of view are approximately 0.5 mm and 5.4 mmx 3.2 mm,
respectively. The camera was set to high frame rate mode (500fps) and focused
on the tip of the bubble generator. The videos of bubble generation from the
bubble were recorded with a pixel size of about 3um. For each group of
experiments, at least 500 generated bubbles were recorded. A MATLAB code
was developed to identify the bubbles from the video frames using Circular
Hough Transform (CHT) based algorithm (Yuen et al. 1990, Atherton and
Kerbyson 1999, Davies 2005).

Figure 4-3 shows raw images of produced hydrogen bubble using the No.1
bubble generator in the vertical channel with no electrolyte flow (Re;=0) under
an applied voltage of 15 V. The retraction distance is set to zero (h=0). The

presented images show the growth and departure of a hydrogen bubble.

1mm t=t, 1mm t=t,+0.2s Tmm t=t,+0.4s Tmm t=£,+0.6s
— — — —
(a)
1mm t=t, 1mm t=t,+0.2s 1mm t=t,+0.4s 1mm t=t,+0.6s
f— === — =]

(b)

Figure 4-3. Example images of (a) generated bubbles using one of the
proposed bubble generators (D,=0.2mm, D,=0.3 mm) in stagnant electrolyte
under the applied voltage of 15 V, and (b) bubbles identified using developed

MATLAB code from the same images. The grid size is 10 pixels.
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Figure 4-4 shows an example of the measured current in the circuit in 60 s
during the generation of Hz bubbles. As can be seen, the current fluctuates in
the circuit. That is because the surface of the bubble is fully exposed to the
electrolyte at the beginning of the phenomenon. However, the growth of bubble
at the electrode surface results in a reduction in the surface area of the
electrode in contact with the electrolyte, leading to a reduced current in the
circuit (for example, from about 12 mA to 7 mA in this case). The surface of the
electrode is fully exposed to the electrolyte when the bubble detaches. The
consecutive occurrence of this phenomenon leads to variations in the current

reading.
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Figure 4-4. Example of (a) current readings during the generation of Hz

bubbles using one of the proposed bubble generators (D,=0.2 mm, D,=0.3

mm) in stagnant electrolyte at an applied voltage of 15 V, and (b) the first 3s

of the measured current.
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4.2.2.3 Uncertainty analysis

R \/ 5x1\° 6x, X
= (@) +(b22) 4k (w
R X1 Xy X

Table 4-4. Summary of uncertainties of this work.

Parameter

Maximum uncertainty

Temperature, K

Fluid viscosity, Pa-s

Fluid surface tension, N/m

Fluid Density, kg/m3

Hydrogen density, kg/m3

Current, A

Channel width, m

Cross-section area of the channel, m?
Bubble diameter, m

Fluid velocity, m/s

+0.7%
+5.1%

+3.2%
Negligible
Negligible
+3.3%
+3.1%
+4.2%
+8.0%
+4.0%

4.2.3 Results

139

4.2.3.1 Generation of hydrogen bubbles with zero retraction distance

Table 4-4 summarises the uncertainties of the parameters used in this work.
The error for each parameter (§R/R) was calculated using the technique
proposed by Moffat et al. (1985):

(4-3)

To achieve zero retraction distance (h=0), the microelectrode was set at the
same height as the opening of the nozzle. All bubble generators were tested in
a stagnant electrolyte under various applied voltages. It is observed that only

No.1 and No.4 bubble generators were able to produce single bubbles, while
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continuous bubbles were generated by other bubble generators. The
dependence of the applied current on the average bubble diameter is plotted in
Figure 4-5. As can be seen, the dominating size of the produced bubbles
increases with the increase of the applied voltage, which agrees with the work
by Fernandez et al. and Zhang et al. (Zhang and Zeng 2012, Fernandez et al.
2014). Also, the increase in microelectrode diameter results in a larger bubble

diameter.
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Figure 4-5. Probability distribution of bubble diameters produced by a) No.1
and b) No.4 bubble generator under different applied voltages in a stagnant

electrolyte.
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The average diameter of the bubbles produced by No.1 and No.4 bubble
generators are shown in Figure 4-6. It can be seen that for both No.1 and No.4
bubble generators, the average bubble diameter has increased with the applied
current. This is because with a higher applied current, the rate of gas generation
at the electrode surface increases, which results in larger bubbles being formed
before it leaves the electrode (Vogt 1989). Moreover, under the same applied
current, No. 4 bubble generator produced slightly larger bubbles than the ones
of No.1 bubble generator. This indicates that using a larger electrode can
provide a greater circular contact area for the bubble to grow, which leads to an
increase in bubble diameter (Zhang and Zeng 2012).

1600 T . . : . ,
— -©— - No.1 Bubble generator

. — “©— - No.4 Bubble generator
1400 | ]
/i

1200

e
e

1000 f % P
/s
P
800 4 1
2
o
600F U ]

Average bubble diameter (um

400 5 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18

Current (mA)

Figure 4-6. Average diameter of produced bubble versus applied current to
the bubble generator by a) No.1 and b) No.4 bubble generator in a stagnant

electrolyte. The error bars show the standard deviation.

The frequencies of produced bubbles using No.1 and No.4 bubble generators
under different applied voltages are plotted in Figure 4-7. It was found that with
an increase in the applied current, the intervals between generated bubbles
also increase, and a larger microelectrode will produce bubbles at a higher

frequency. For example, at an applied current of 10 mA, the average interval
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between the generated bubbles for No.1 bubble generator is about 1050ms.
However, the average interval is decreased to 760 ms for No.4 bubble
generator with the same applied current. This is because when a lower current
is applied, smaller bubbles are formed at the electrode surface, which can
quickly detach from the electrode surface, allowing the formed single bubble to
escape from the electrode surface more frequently.

1400 ) . I . | ;
— -— - No.1 Bubble generator

1200 — -©— - No.4 Bubble generator % B % i

% 1000 - g 1
é /% ”%’@’%
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Figure 4-7. Effect of applied current to the bubble generator on the intervals
of generated bubbles produced by a) No.1 and b) No.4 bubble generator in a

stagnant electrolyte. The error bars show the standard deviation.

4.2.3.2 Effect of retraction distance on bubble generation

In this section, all bubble generators were tested at different applied voltages
with various retraction distances in a stagnant electrolyte. It was found that the
retraction distance has a significant effect on the bubble production
performance. No.1 and No.4 bubble generators show the best performance in
producing single bubbles with a wide range of diameters of choice at
reasonable frequencies, whereas a minimum retraction distance of 600 um is
required for other bubble generators to produce single bubbles. Figure 4-8

shows the effect of retraction distance on average current under different
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applied voltages for No.1 and No.4 bubble generators. It was found that with
the increase of retraction distance, the average current in the circuit reduces
significantly. This is because when the microelectrode is retracted, the single
bubble will form a “neck” inside the nozzle (as illustrated in Figure 4-15, Section
4). Since the bubble neck is full of non-conductive gas, it will block the electrode
from contacting the electrolyte outside of the nozzle. Consequently, this
blockage will lead to high electrical resistance inside the nozzle. The resistance
increases with the increase of the neck length, i.e., the retraction distance. At
zero retraction distance, the bubble neck is disappeared so that the extra
electrical resistance due to the bubble neck vanishes. When the microelectrode
is further retracted to 300 um, the applied current to the bubble generator

decreases drastically.

Figure 4-9 shows the dependence of average bubble diameter on the retraction
distance for No.1 and No.4 bubble generators under various applied voltages
in a stagnant electrolyte. It is found that the average bubble diameter reduces
with an increase in retraction distance. Also, the deviation in bubble size
increases with the increase of the retraction distance. Furthermore, the average
bubble diameter increases with the applied voltage. The detailed discussion
about the effect of retraction distance on the bubble diameter can be found in

Section 4 of this paper.
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Figure 4-8. Effect of retraction distance on the average current applied to a)
No.1 and b) No.4 bubble generators in a stagnant electrolyte. The error bars

show the standard deviation.
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Figure 4-9. Dependence of the average bubble diameter on the retraction
distance for a) No.1 and b) No.4 bubble generators at various applied
voltages in a stagnant electrolyte. The error bars show the standard deviation.
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Figure 4-10 shows the dependence of the average intervals of produced
bubbles on the applied current for No.1 and No.4 bubble generators. For small
retraction distances (h<300 um), the average bubble interval increases slightly
with the retraction distance. This is because with the increase of retraction
distance, the current applied to the electrode reduces dramatically, which
increases the duration for the bubble to grow to its departure diameter. Also,
the small standard deviation indicates that bubble production is steady.
However, with a further increase in the retraction distance, the bubbles’ interval
and their standard deviation increase significantly. Therefore, a small retraction
distance shall be selected to achieve more consistent diameters and
frequencies of produced bubbles, and only No.1 and No.4 bubble generators

satisfy this requirement since others need h>600 pm to produce single bubbles.
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Figure 4-10. Dependence of the average intervals of the produced bubbles
on applied current for a) No.1 and b) No.4 bubble generators. The error bars

show the standard deviation.

4.2.3.3 Effect of external flow on bubble generation
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To examine the effect of the external flow on bubble formation, bubble
generators were tested in the centre of the vertical channel, where the bubbles
are exposed to hydrodynamic forces generated by the circulation of electrolyte
flow. The average diameter and interval of generated bubbles under different
electrolyte Reynolds numbers for bubble generators No.1 and No.4 with zero
retraction distance are plotted in Figures 4-11 and 4-12, respectively. As can
be seen, both the bubble diameter and the intervals between the bubble
formation reduce with the increase of the electrolyte velocity. This is because
the departure of Hz bubbles from the bubble generator is accelerated due to the
induced drag force on the bubbles by the electrolyte flow around the nozzle.
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Figure 4-11. Average diameter of generated bubbles under different
electrolyte flow velocities and applied voltages for a) No.1 and b) No.4 bubble

generators with zero retraction distance.

149



Chapter 4 Bubble formation from microelectrode

1400 . . ‘
—©—-U=9Vv
— x—-U=18V
1200 _ - £— - U=30V |
—_— - ~
%) b S _
E l T
g 1000 | . T~ .
GJ -~ ~ 4 [}. - — -
E | T T TR
© i ~~_ 1 -~ T
s 800 -1 S
o 1 ~<_ i
o 1 = 4
o _ - Tl L
& 600 N ke
o
> b~ — _ i
< T — _— -
400 + TP - - —— - - i
- - f - T~ -
200 1 L 1 L L _
0 0.02 0.04 0.06 0.08 0.1 0.12
Electrolyte velocity at channel centre, (m/s)
(a)
1200 T T T T
T —©—-U=9v
— X—-U=18V
1000 [k — $—-u=30v
T | T~ -
é 1 ~
— e N 1
g 800 . ~ B
3 =~ N T
c T R - s
@ AR AU |
2 600 I~ .
a 4 + L ~_ Tk
3 [ A
8) + T—
@ 400 T - 1
[} — Q- _ _
z B it ST SR
200F L . 1
0 1 | 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12
Electrolyte velocity at channel centre, (m/s)
(b)

Figure 4-12. Average diameter of generated bubbles under different
electrolyte flow velocities and applied voltages for a) No.1 and b) No.4 bubble

generators with zero retraction distance.
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4.2.4 Discussion

The bubble formation is significantly influenced by the geometries of the bubble
generators. When the microelectrode is pulled out from the nozzle, a
continuous stream of electrolytic bubbles is formed at the microelectrode
surface, as shown in Figure 4-13. That is, the mechanism of the formation of
continuous electrolytic bubbles in the proposed bubble generator relies on the
coalescence of fine bubbles in the vicinity of the electrode, which has been
extensively discussed in the literature (Vogt 1989, Yang et al. 2015, Vogt 2017,
Bashkatov et al. 2019). By retracting the microelectrode back into the nozzle,
continuous bubbles are still produced until the top of the microelectrode is

aligned with the opening of the nozzle, i.e., the retraction distance equals zero.

e
I,,= 20 mA 0.5mm L= 10mA 0.5mm
De=0-2mma : l D,=0.2mm J} l I
T Large " <  Small
continuous ; c%ntti)rz)tljous
Wire tip 3 bubbles y ubbles

Quartz tube

() (b)

Figure 4-13. Photos of continuous stream of bubbles formed at the top of the
microelectrode which were pulled out from the nozzle under an average

current of (a) 20 mA and (b) 10 mA in a stagnant electrolyte.

At zero retraction distance, bubble generators No.1 and No. 4 produce single
bubbles when a minimum current is applied, while continuous bubbles are
generated by other bubble generators regardless of the applied current. This is

because the ratios of nozzle diameter to electrode diameter (D,,/D,) for bubble
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generators No.1 and No. 4 are relatively small (1.5 and 1.2, respectively). Also,
the gaps between the microelectrode and the inner nozzle wall are smaller than
those of other bubble generators. With a high applied current, large bubbles
tend to form at the microelectrode surface. When the neck of a large bubble is
in contact with the nozzle, the surface tension force will resist its departure.
Then the bubble will sit on the tip of the nozzle and gradually grow until it
reaches a large departure diameter (Figure 4-14a). However, with the decrease
of applied current, the size of bubbles at the microelectrode reduces until the
bubbles are too small to stay in contact with the nozzle; hence they depart
immaturely. Consequently, a continuous stream of bubbles is produced (Figure
4-14b). It is worth mentioning that bubble generators No.2, 3, 5-8 have D,,/D,
of 2, 3, 1.6, 4, respectively. This contributes to large gaps between the
microelectrode and the inner nozzle wall. This gap prevents the contact
between the growing bubbles and the nozzle so that the continuous bubbles
are formed regardless of applied current (Figure 4-14c). Furthermore, only
bubble generators using a thin microelectrode can produce single bubbles
under experimental conditions. Bubble generators no. 9 and 10 have
microelectrode with a diameter of 0.5 mm, which can only produce continuous
large bubbles at h=0 (Figure 4-14d).
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Figure 4-14. Photos of (a) single bubble and (b) continuous bubbles formed
from the tip No.1 bubble generator, continuous bubbles produced by (c) No.3
and (d) No.9 bubble generators under different currents in a stagnant

electrolyte.

With a further increase in the retraction distance, a very small recess is formed
between the microelectrode and the nozzle. This geometry controls the process
of bubble growth, as schematically shown in Figure 4-15. If the retraction
distance is small, a bubble can grow inside the nozzle without being deformed
(Figure 4-15a), and hence, there is no pressure force on the bubble from the

wall (F,,=0). The surface tension force F; can be calculated as:

Fr = Dymio . (4-4)

where ¢ is the surface tension of the electrolyte.
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With an increase in the retraction distance, the bubble is slightly deformed
(Figure 4-15b). Due to the surface tension forces, the wall applies a pressure
force (Fy,) to the bubble at its neck. The Y-component of the pressure force can

be presented as:

F,y = —Fr(cosa — sinf) . (4-5)

The contact angle S is determined by the surface characteristics of the nozzle.
In addition to the nozzle surface, the contact angle « is also affected by the
retraction distance. Since the bottom surface of the bubble adheres to the top
of the microelectrode (or the microbubble carpet (Bashkatov et al. 2019)), «
reduces with the increase of h until h < 0.5D,, (Figure 4-15c). Hence, F,y
increases with the increase of h, which promotes bubble departure, resulting in
a decrease in the average bubble diameter (Figure 4-9). Further increasing of
h leads to the reduction of a and the formation of a Taylor bubble inside the
nozzle (Figure 4-15d and 15e). This could be the reason for the plateau of the
average bubble diameter in Figure 4-9 at large h values. Further investigation
is needed to better understand the mechanism of bubble formation in the
proposed bubble generator.
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0.5mm

t
F Fy
T 'E(\J — X
-
2 Fr [ Propagating
D, A bubble neck
D Microelectrode tip
(d)
1
Frip ./Zx
ha
F, |~ Taylor bubble

- Microelectrode tip

/
N

(e)

Figure 4-15. Schematics and images of different scenarios of pressure force
applied to a growing bubble by the nozzle wall with various retraction
distances (h): (a) Bubble deformation is negligible for h ~ 0.1D,,; (b) A slightly
deformed bubble for h~0.3D,,; (c) Half of the bubble is formed inside the
nozzle where h =0.5D,, ; (d) Taylor bubble formed inside the nozzle with a
further increase of h; (e) Long Taylor bubble formed inside the nozzle with h

greater than 2D,,.

The electrolytic bubble generator relies on the coalescence of small fine
bubbles and can only produce single bubbles at certain diameter conditions
and applied voltages. The coalescence of the fine bubbles can bring
randomness in bubble growth so that a relatively large deviation in bubble

departure diameter is observed for certain diameter conditions and applied
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voltages. Based on the discussions above, the conditions for an electrolytic
bubble generator to produce single bubbles with controllable sizes and

frequencies are summarized:

The microelectrode should be sufficiently small (D, < 0.25 mm) to ensure only
single bubble is formed. The microelectrode surface that is in contact with the

electrolyte should be electrolytically insulated except its tip.

The nozzle diameter (D,,) should satisfy % < 1.5 to minimise the gap between

the electrode and the nozzle. This prevents the fine bubbles from leaving the

nozzle without coalescence.

The retraction distance (h) should be less than 0.3 D,,. A larger retraction
distance can lead to more significant deviations in the sizes and frequencies of

the produced bubbles.

Once the geometric parameters are determined, the sizes and frequencies of

the bubbles should be adjusted by the voltage applied to the bubble generator.

It should be noted that the proposed bubble generator utilizes water electrolysis
to generate hydrogen or oxygen bubbles, which may limit the application of this
method where air or other gas bubbles are required. Also, the performance of
the proposed bubble generator can be further improved. Some areas for
improvement include introducing programmed control over the current applied
to the microelectrode to manipulate the bubble frequency, increasing the
hydrophobicity of the nozzle to enhance bubble departure, reducing the size of
microelectrode and nozzles to further decrease the bubble size, and improving
the manufacturing quality of the microelectrode and nozzle, especially for their

tips.
4.2.5 Conclusion

An electrolytic bubble generator, consisting of a microelectrode installed inside
a tube, is presented in this paper. The concept of this simple bubble generator
is to combine the advantages of both the gas-injection and microelectrode

bubble generators with the aim to control the growth and departure of the
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generated bubble with a nozzle, providing a low-cost method for bubble
generation with controlled size and frequency.

The proposed bubble generator is easy to fabricate and able to produce single
bubbles without any dedicated control system, which may have a potential
application in the fundamental research on bubble behaviour. While the paper
introduces this concept and analyses it, further work is needed to improve the

performance of the proposed bubble generator.

This work also expanded the understanding of the effect of the geometry of
embedded microelectrode on the formation of electrolytic bubbles. By
increasing the retraction distance of the microelectrode, smaller bubbles were
formed at lower frequencies. The mechanism of single and continuous bubbles
formation from an electrolytic bubble generator with different geometric

parameters was also discussed.
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Chapter 5

Bubble rising behaviour in an electrolyser

channel

5.1 Chapter overview

This chapter investigates the forces acting on rising bubbles in a vertical
electrolyser channel. In a membrane-free water electrolyser (MFE), the rising
H2 and O2 bubbles are subjected to three dominant forces: buoyancy, lift and
drag. The buoyancy and drag forces determine the rising velocity of the bubbles,
while the lift force primarily dictate their transverse motion, thus playing a vital

role in the separation of H2 and Oz bubbles in an MFE.

Existing literature extensively explores lift forces on solid particles and large
bubbles (D,>1 mm) in simple shear flow. However, there exists a notable lack
of experimental data regarding the lift force on a spherical microbubble rising in

parabolic flow. The research undertaken in this chapter aims to address this

gap.

In this chapter, an experimental study on electrolytic H2 bubbles rising in a
vertical electrolyser channel with fully developed laminar flow is conducted.
Utilising the microbubble generator developed in Chapter 4, Hz2 bubbles with
diameters of 0.3 mm-1.0 mm are introduced into the electrolyser channel. A
bubble visualisation technique is employed to track the bubbles within the
channel and acquire their rising trajectories. The lift and drag forces on the

rising bubbles are subsequently assessed.

The results reveal that the lift force, induced by the flow's velocity gradient,
directs the bubbles toward the wall region. As a bubble approaches this region,
its transverse velocity increases, while its vertical velocity decreases. Moreover,
by positioning the bubble release point closer to the wall, increasing the bubble

diameter, and applying a higher flow Reynolds number, the bubbles can reach
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the wall region more swiftly. Based on the experimental data, a new correlation
is proposed to calculate the shear-induced lift force on a microbubble rising in
a vertical channel with a parabolic flow, bridging a gap in the existing studies.
This chapter advances the knowledge of lift force on a microbubble rising in a
wall bounded flow with a parabolic velocity profile, which fulfills the third
research objective.

5.2 Microbubble rising in an electrolyser channel

This section consists of the following journal article:

Yang, B., M. Jafarian, N. Freidoonimehr, and M. Arjomandi, Trajectory of a
spherical bubble rising in a fully developed laminar flow. International Journal
of Multiphase Flow, 2022. 157. DOI: 10.1016/j.ijmultiphaseflow.2022.104250.

This article is identical to the submitted version, with the exception of the
numbering and positioning of figures, tables, and equations.
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Trajectory of a spherical bubble rising in a fully developed laminar flow
Bo Yang, Mehdi Jafarian, Navid Freidoonimehr and Maziar Arjomandi
Abstract

The rising trajectory of bubbles subjected to shear-induced lift force in a vertical
channel is of great interest for designing and optimising a variety of
electrochemical equipment. In this work, the rising trajectory of a spherical
microbubble with a diameter of 0.3-1.0 mm in a vertical channel with a fully
developed laminar flow is investigated experimentally. Subsequently, the lift
and drag forces on the bubble are assessed. Due to the limitation of the existing
correlations for lift force coefficient, a new correlation is developed, which can
be used to estimate the trajectory of a bubble in a vertical channel. The effect
of flow velocity gradient and bubble diameter on the bubble motion is discussed
to control bubble rising trajectory. It is concluded that the lift coefficient for a
spherical microbubble in vertical channels with a fully developed laminar flow is
slightly higher than the reported shear lift coefficient for larger bubbles rising in

a highly viscous liquid.
Keywords

Lift coefficient; Bubble trajectory; Bubble hydrodynamics; Shear-induced lift
force; Bubble image velocimetry

Nomenclature

A Area, m?

a Half of channel width, m

C, Lift coefficient

Cp Drag coefficient

D Diameter, m

E Voltage, V

F Force, N

g Gravitational acceleration, 9.8 m/s?
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The gap between copper wire tip and quartz tube

h .
opening, m
I Current, A
Ji Current density, A/m?
n Amount of substance, mol
P Pressure, Pa
R Gas constant, 8.3145 J/mol-K
T Temperature, K
t Time, s
U Velocity, m/s
/4 Volume, m?3
w Velocity gradient, s
Dimensionless numbers
4y - gD,l,;pr Archimedes number
Fo = (pr — Pg) gDy’ Eotvos number
o
Mo — (pr — Pg)gus* Morton number
,0f203
Re — psUD Reynolds number
Hr
Sy = wD, Shear rate
|Up — Uy
Subscripts
av Average
B Buoyancy
b Bubble
D Drag
L Lift
f Liquid flow
S Slip velocity
stk Stokes
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t Terminal

w Wall

X Axial

y Translational

Greek letters

a Virtual mass coefficient, 0.5 for spherical bubbles
Q@ Gas holdup
o Surface tension, N/m

Dynamic viscosity, kg/m-s
Velocity gradient, s

The angle between drag force and x-axis

>~ © & =™

Aspect ratio

5.2.1 Introduction

Gas flow regimes exist widely in electrochemical, physical, petrochemical and
biochemical industries (Mudde 2005). In these systems, bubbles typically move
in a restrained liquid with solid boundaries. The bubbles are either injected into
the liquid through nozzles or evolved from physical or chemical reactions, or
even generated at the surface of a submerged electrode within the liquid.
Examples of this include the air-lift reactors (Upham et al. 2017), heat
exchangers (Basatakoti et al. 2019), bubble columns (Kantarci et al. 2005,
Jafarian et al. 2017), liquid chemical looping combustion/gasification (Sarafraz,
Jafarian et al. 2018) and electrolysers (Brauns and Turek 2020). In these
applications, the diameter of the bubbles can range from a few micrometres to
centimetres. Depending on bubble diameter and liquid properties, the shape of
the bubbles can be spherical, oblate, or skirted (Clift 1978, Fernandez et al.
2014, Zhou et al. 2020). The presence of bubbles in the liquid induces
momentum, augments turbulence and mixing, and consequently enhances the
rate of heat and mass transfer. In general, in any system where bubbles are
involved, the characteristics of the bubbles, e.g. their size distribution, shape
and density, together with their motion greatly influence the system efficiency.
Therefore, understanding the bubbles’ movement and trajectory within the

liquids under different flow regimes is vital for design and optimisation of

168



Chapter 5 Bubble rising behaviour in an electrolyser channel

systems that involves gas flow regimes. Since the bubble trajectory in liquids is
dominated by the forces acting on the bubbles, there is a need to understand
and characterise the significance and impact of these forces. The overall

objective of this paper is to meet this need.

Figure 5-1 shows a schematic of a gas bubble rising in a vertical channel with
a fully developed laminar flow and the forces acting on it. The velocity of the
flow in the channel is represented as Uf(y), and the bubble is subjected to
buoyancy (Fg), drag (Fp), and lift (F;) forces. The bubble centre is located at a
distance of S from the wall, such that S is significantly greater than the bubble
diameter (D). Therefore, the lubrication effect is neglected (Takemura et al.
2002). The bubble motion can be described by Newton’s second law as follows
(Tomiyama et al. 2002, Mehdi and Kim 2015):

(pg + apf)Vb% = (b1 = pg)gVbex — CLpsVs(Up — Uy) x %— = CopsDy*(Uy = Up)|Up = Up . (5-1)

—_—
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Figure 5-1. Schematic representation of a bubble in a fully developed laminar
flow in a vertical channel. The bubble is rising through the flow and far from
the channel wall. The buoyancy, drag and lift forces are shown in the figure.
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Where Uy, Ur, pg, py are the bubble velocity, liquid velocity, gas density and

liquid density, respectively, V, is the bubble volume, and e, is the unit vector in
x-direction. Moreover, C, and C, represent the drag and lift coefficients,
respectively. The virtual mass coefficient, a, is assumed as 0.5 for spherical
bubbles (Kolev 2007).

The drag coefficient for bubbles in a bubbly flow regime has been intensively
studied. Various correlations for estimating the drag force on bubbles with
different diameters have been proposed (Schiller and Naumann 1933, Mei and
Klausner 1994, Tomiyama et al. 2002). One of the widely used models was
presented by Tomiyama et al. (2002):

(5-2)

"3Eo + 41

Cp = max [min {g (1+ O.15Re°'687),;—2} 8_Eo
Evaluating the lift force term in Equation 5-1 is more complicated than the drag
force term mainly because the lift force can be generated by both the flow
distribution referred to as shear-induced and the wall-induced force. The shear-
induced force is in the direction of dominant relative velocity, pushing the bubble
towards the wall in particular where (S/D, <1) (Saffman 1965, McLaughlin
2006, Shi et al. 2020). On the other hand, the wall-induced force on a bubble is
more complex: it always pushes a contaminated bubble away from wall (Zeng
et al. 2005, Amini et al. 2014), and for clean bubbles with Re;,, <35 were found
to be repelled by the wall, whereas a clean bubble with Re, >35 is attracted
(Takemura and Magnaudet 2003). More recent studies show that the motion of
rising bubbles in the wall region (S/D, <1) is dominated by the wall effect
(Takemura and Magnaudet 2009, Takemura et al. 2009, Zeng et al. 2009).
However, the wall-induced forces reduce significantly when the bubble is
outside the wall region (Shi and Rzehak 2020, Shi et al. 2020).

The transverse motion of bubble under the wall- and shear-induced lift forces
have been the focus of a large number of studies. Cox and Hsu (1977), Asmolov
(1999) and Yahiaoui and Feuillebois (2010) developed theoretical models for
the lateral inertial migration of a solid spherical particle suspended in laminar

flow. Legendre and Magnaudet (1997) studied the shear-induced lift force on a

170



Chapter 5 Bubble rising behaviour in an electrolyser channel

spherical bubble in a low-Reynolds-number shear flow and derived an
analytical expression for C,. Direct numerical simulation (DNS) of the motion of
particle or drop in laminar flow have also been conducted. In the work of Feng
et al. (1994), it is found that the motion of a circular particle in a Poiseuille flow
is affected by wall lubrication, shear slip, particle rotation and velocity profile
curvature. Mortazavi and Tryggvason (2000) found that the motion of a
deformable drop in a Hagen Poiseuille flow depends on the Reynolds number,
viscosity ratio and the deformability of the drop. Also, drops undergo oscillatory
motion with the increase of flow Reynolds number. Later, Legendre and
Magnaudet (1998) studied the lift force on a spherical bubble in a shear flow
with 0.1<Re,<500 using direct numerical simulation. They found that with the
increase of Rey, the lift force coefficient reaches the minimum value of 0.3 at
Re, =5, then gradually increases to 0.5. More recently, Shi et al. (2020)
numerically studied the effect of bubble Reynolds number, slip velocity, shear
rate, and wall distance on the lift forces experienced by spherical bubble, with

the mechanisms of the wall- and shear-induced lift forces discussed in detail.

High-fidelity experimental data pertained to the lift force on bubbles is limited in
the literature, as summarised in Table 5-1. Tomiyama et al. (2002) studied the
trajectories of air bubbles rising in a simple shear flow generated by a rolling
belt. In their work, bubbles were generated by injecting air into a submerged
nozzle. The trajectories of air bubbles with a diameter of 2.8mm to 5.7mm rising
in highly viscous liquid (water-glycerol solution of various concentrations) were
obtained under a range of Morton (Mo) and E6tvés numbers (Eo) (5.5
<log,o Mo < - 2.8 and 1.39 < Eo <5.74) and a velocity gradient of less than 8.3
s1. A force-balance model describing the motion of a rising bubble was
proposed, and the lift force coefficient was derived by fitting the estimated
bubble trajectories with the experimental data. They proposed three possible
regions for the lateral migration of the bubbles depending on the bubble
diameter including (1) wall-focusing (0.4 mm < D, <5 mm), (2) core-focusing
(D, >5 mm) and (3) neutral (5 mm< D, <6 mm and D, <0.4 mm). Tomiyama et
al.’s experimental database was later expanded to -6.6 < log,, Mo< - 3.2 and

0.022 < Eo < 5.0 by Aoyama et al. (2017) using a similar experimental setup.
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Lietal. (2016) and Xu et al. (2021) investigated the motion of oblate bubbles in
a downward simple shear water flow generated by a curved screen. Bubbles
with a diameter of 1-20 mm were generated by injecting air through a nozzle.
The drag and lift forces were calculated based on the trajectories of bubbles.
However, the study lacks the investigation of lift force on microbubbles (D,<1.0
mm). In addition, more recent studies on the lift force on gas bubbles rising in
water have implicated that most of the available existing lift models for bubbles
in high-viscosity fluids may not apply to the prediction of lift force in low-viscosity
liquids (Ziegenhein et al. 2018, Lee and Lee 2020).

To the best of author's knowledge, experimental data for the shear-induced lift
forces on microbubbles (D, < 1.0 mm) rising in low viscous liquid is not studied
in the literature. The challenges associated with the investigation of the lift force
on microbubbles include both the generation of single microbubbles with
controllable size and accurate measurement of the trajectory microbubbles
within the channel (Kim et al. 2021). To investigate the shear-induced lift force
on microbubbles, a novel technique is introduced to generate single
microbubbles in a vertical channel with a fully developed laminar flow. The
current research establishes a model for the shear-induced lift force on
microbubbles under the following conditions: 280<Re; <1000, 4.5<Re;, <112.4,

0.005 < Eo <0.134,0< Sr <0.22 and log;o Mo=-11.
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Table 5-1. Empirical correlations for shear-induced lift force on a rising bubble in a simple shear flow.

Velocity
_ o _ Bubble Bubble shape and
Author Correlation Conditions gradient _ _
_ generation diameter
generation
C = {min[0.288 tanh(0.121Re), f(E0)], Eo <4
_ L= f(Eo), 4 <Eo <10.7 -55<log;oMo<- o
Tomiyama et _ Gas injected
2.8,1.39<Eo Moving belt Oblate, 2.8-5.7 mm
al-(2002) * £(Eo) = 0.00105 Eo® — 0.0159E0% — 0.0204E0 & 74 o<1 <8.3 s through a nozzle
+0.474
—-6.6 <log;o Mo< - o _
Aoyama et al. _ Gas injected  Spherical to Oblate,
- 3.2,0.022 < Eo < Moving belt
(2017) through a nozzle 0.34-5.7 mm
5.0,0<w<7.9s?
loglo MO= - 1 1,
Li et al. (2016) 0.82<E0<15,0.4< Curved Gas injected Oblate, 2.24-3.04
ietal. -
w <0.57 st screen through a nozzle mm
counterflow
C, = max (—6.3(1 — 2.1 £%?)tanh (2.8(Eo log;o Mo= - 11, 1<
Xu et al. — 1.3&;), —3.65exp(—0.05e%2E0 Eo <55, 0.28<w Curved Gas injected Oblate. 1.20 mm
(2021) —02¢,)) <0.51 s, screen  through a nozzle ’
counterflow
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Sr
— 0.5’ = (STR 0.5
e = (20) %%,z = (STRe)

Ziegenhein et
al. (2018)

Legendre and CL

Magnaudet < 6 2.255 )2 s (1 Re + 16
(1998) J\w%VSrRe(1 + 0.2Re/Sr)15 2Re +29
C, = 0.5 — 2.8%20h
Lee (2020)

Oh = u/(pud)®®

;

Bubble

log,o Mo = - 10.6, induced Gas injected Oblate, 2.45-6.4

0.62< Eo0 <3.83 circulation in a through a nozzle mm
tank
_ Solid spherical
0.1<Re, <500, Numerical _ _
- particle or spherical
0<Sr<1 method
bubble
Sharp
90°bend with o
log,o Mo=-10.6 _ Gas injected
uniformly Oblate, 2-12 mm
0.63<Eo0 <54.8 o through a nozzle
distributed
vanes
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5.2.2 Methodology
5.2.2.1 Experimental setup

Figure 5-2 shows a schematic of the experimental setup used in this study for
the investigation of the lift force on a microbubble rising in a vertical channel
with a fully developed laminar flow. The vertical channel of the experimental rig
was fabricated from a 1.7 m long acrylic channel with a square cross-section of
16 mm x 16 mm. In this work, hydrogen bubbles are generated using an
electrolysis method (Rocha et al. 2021). The cathode was used as a hydrogen
bubble generator, which was fabricated from a 0.25 mm enamel copper wire
inserted into a 20mm long quartz tube with an inner diameter of 0.3 mm (Figure.
5-2 (b)). The gap between the quartz tube opening and the copper wire tip (h)
was fine-tuned to enable the generation of single bubbles with controllable size.
The bubble generator was installed in the channel at a distance of 1.2 m from
the channel inlet, where the flow was fully developed under the experimental
condition of this work (Re; <1000). The initial location of the bubbles in the
channel is determined by the y-coordinate of the bubble generator. The anode
(2 mm x 10 mm nickel plate) was installed close to the channel outlet, enabling
the product oxygen bubbles, over the anode electrode, to leave the channel
directly. This avoids any interference of oxygen and hydrogen bubbles, and the
latter are used in our observations and measurements. The flow circulation
system consists of a 12V DC pump (4 L/min), a 10 L tank, valves and pipes.
Dilute NaOH aqueous solution (0.1 wt%) is stored in the tank as the electrolyte.
This solution provides better electrical conductivity and maintains similar
density, viscosity and surface tension compared with water. The electrolyte

properties and instrumentation features are summarised in Table 5-2.
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Table 5-2. Summary of electrolyte properties and parameters of the main

instruments used in this work.

Item Properties / Instrument parameter
Temperature 20+2°C
Electrolyte 0.1 wt%s NaOH solution, p=999 kg/m3, u=1.02 mPal/s,
0=0.07 N/m (Don and Robert 2008)
Power supply DC1 PS-3005, 0-30 V
Power supply DC2 Manson 3402, 0-30 V
Digital multimeter Klein mm400
Pump 4L/min, 0-12V
Camera SONY RX10IV
Lens Raynox m250
Backlight DC5V LED
Tank 0L
Channel 16 mmx16 mm cross-section acrylic channel
o — -
o= —1 _: ©
Ty O
®| A 57
| @

-
|
[
-
~t

06@

(a) (b)

Figure 5-2. A schematic of (a) the experimental setup used in this study,
which includes: 1- Channel, 2- Bubble generator, 3- Power supply DC1, 4-
Switch, 5- Anode plate, 6- Camera, 7- Rising bubble, 8- Backlight, 9- “Mirco-
wire”, 10- Tank, 11- Pump, 12- Power supply DC2, 13- Valve, 14- Inlet mesh.
(b) A detailed view of the bubble generator.
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The power supply (DC 1, PS-3005, 0-30 V) provided the required potential to
form hydrogen bubbles at the copper wire tip of the bubble generator, as shown
in Figure 5-2. The frequencies and sizes of the Hz bubbles were determined by
the current, which is controlled by the voltage output of the power supply (Vogt
1989, Vogt 2017). During the experiment, the current was measured using a
digital multimeter. According to Faraday’s Law, the volumetric flow rate (m?/s)
of Hz is calculated as (Zhou et al. 2020):
RT . RTJA

Vip = p ", = 5 op (5-3)

where R is the gas constant (8.3145 J/mol-K), P and T are the operating
pressure (Pa) and temperature (K), respectively, F is the Faraday constant
(96485 c/mol), J is the current density (A/m?), and A is the surface area of the
electrode (m?). The Hz gas holdup, ¢,, can be calculated as:

Vi

—i—, (5-4)
Vi, + V5

Pp =

where V; is the volumetric flow rate of the electrolyte in the channel. The flow

rate in the channel was controlled by adjusting the two valves as well as the
power supply of the pump (DC 2).

5.2.2.2 Flow velocity profile in the channel

The velocity field of the electrolyte in the channel was measured using a Bubble
image Velocimetry (BIV) setup (Ryu et al. 2005). A nickel micro-wire (d =0.02
mm) was installed at the inlet of the channel to generate seeding bubbles.
During the experiment, the power supply (DC 1) and the micro-wire were turned
on, and the seeding H2 bubbles (D, ,,=0.083 mm) were released into the
channel. In addition, the output of the power supply was adjusted to ensure a
similar size distribution of the bubbles was achieved for different flow rates in

the channel.
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A camera (SONY RX10lV) was used to record the motions of bubbles in the
channel 100 mm above the level of the bubble generator tip (1.3m above the
channel inlet). A macro lens (Raynox m250) was equipped to the camera to
achieve a narrow depth of field and a field of view of approximately 0.5 mm and

20 mmx13.2 mm, respectively. The camera was set to focus on the plane of

the symmetry of the channel (z =0). The motion of the bubbles illuminated by a
LED backlight was recorded at 500fps (Figure 5-3). The resolution of the videos
was approximately 200 pixels/mm. The videos were processed with PIVLab
software to calculate the velocity distribution of the flow (Raffel 2018, Thielicke
and Sonntag 2021). An example of the calculated mean velocity field of 1000

frames is presented in Figure 5-4.

.“ #
(@) (b)

Figure 5-3. Raw video frame (a), background frame (b) and the filtered frame

(©)

of seeding bubbles in the channel (c), which was calculated by subtracting the
background frame from the raw frame. The bubbles were recorded at 500 fps
with a LED backlight source at Re;=800.
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Figure 5-4. Hydrogen bubble flow visualisation results for the mean flow

velocity field in the vertical channel at Re;=800.
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Since the seeding Hz bubbles are buoyant, the actual flow velocity (Uf) of the

electrolyte was derived using the following correlation (Holland and Bragg
1995):

Uy = Uy — U = Up(1 = )" ™. (5-5)

where U; is the slip velocity, U, is the bubble rising velocity derived from
hydrogen bubble flow visualisation, and ¢, is the gas holdup, which can be
estimated using Equation 5-3 and 5-4, U, is the terminal velocity of gas bubbles
in the stagnant water. In this work, U, was calculated according to Nguyen et al.
(1997) and Nguyen (1998) based on the average diameter of the seeding
bubbles:

Ar/96

Ut = Ustk 1+ (1 + 0.079147'0'749)0'755 (5_6)

2

In equation 5-6, Uy, = p’i‘:i” , and Ar is the bubble Archimedes number:
1
D 3 2
ar =922 00 (5-7)
Kr

The value of n in Equation 5-5 is 4.2, as suggested by Holland et al. (Holland
and Bragg 1995). Nevertheless, the maximum ¢,was less than 0.1% under all
experimental conditions so that the gas holdup in Equation 5-5 can be

neglected.

To obtain the diameter distribution of the seeding Hz bubbles, the camera was
set to slow continuous shooting mode (4Hz) with a shutter speed of 1/4000s.
The images were taken at 50 mm above the level of the bubble generator. For
each flowrate, 50 images of the seeding bubbles were obtained with a pixel size
of 1.8 ym. The images were then processed using an in-house MATLAB code
to obtain the diameters of the bubbles. The bubbles were identified using
Circular Hough Transform (CHT) based algorithm (Yuen et al. 1990, Atherton
and Kerbyson 1999, Davies 2005), as shown in Figure 5-5.
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Figure 5-5. (a) Image of seeding bubbles in the vertical channel used as
tracers at Re; = 800 and =2 A/cm? (b) Bubbles identified by MATLAB code.

The detected “bubbles” outside the dashed lines were not included. (c)
Probability distribution of bubble diameter.

Figure 5-6 shows the measured velocity profile inside the channel for various
values of Re; using the BIV method. For comparison, velocity profiles of a fully

developed laminar flow for various values of Re; were also calculated using the

following Equation:
Uy = Umax(1 - (}’/a)z) . (5'8)

It can be seen that the measured velocity profiles in this work provide a good
agreement with the calculated profiles for Res< 1000 with an error of less than

10%. However, as shown in Figure 5-6, the measured velocity profiles for Rey>
1000 significantly deviate from the ones determined using Equation 5-6, which

is not in the range of Reynolds number used in this study.
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Figure 5-6. Flow velocity profiles obtained at 1.25 m above the inlet of the

channel under various Re.
5.2.2.3 Visualisation of bubble trajectory

After the validation of the flow profile in the channel and its comparison against
the fully developed laminar flow, the micro-wire was disconnected, whereas the
bubble generator was switched on. For visualisation of the generated H:
bubbles in the channel, the same camera and backlight were used. To validate
the experimental data, the measured slip velocities of bubbles with different
diameters were compared against the correlation proposed by Gaudin (Gaudin
1957) and Nguyen (Nguyen 1998). To ensure the vertical movement of bubble
is stable, the bubble generator is placed at the centre of the channel, and the
camera is positioned 100 mm above the bubble generator to capture the videos

of rising bubbles. The videos were taken at 500 fps with a pixel size of Sum.
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The bubble rising velocity was calculated based on the vertical distance that a
bubble rose in a certain number of frames divided by the total time interval of
the frames. Since the velocity profile of the channel flow is known, the bubble

slip velocity can be subsequently calculated based on Equation 5-5.

The measured dependence of the slip velocities of bubbles on their diameter
for various bubble diameters is shown in Figure 5-7. It can be seen that the slip
velocity of the microbubbles increases almost linearly with their diameter, and
the experimental measurements of this work are in agreement with Gaudin
(Gaudin 1957) and Nguyen (Nguyen 1998) with a deviation of + 10%.

F— L I LA—— L T 2
020 O This work 4
812 Gaudin, clean bubble 3
"~ t|— — — - Gaudin, contaminated bubble
0.14 [|— — — -Nguyen, contaminated bubble ]
0.12 H Schiller and Naumann, solid sphere
» 01§ Mei et al., clean bubble =]
E ' ]
> 0.08 | ]
g
g 0.06 - .
a
) i
0.04 - .

0.3 0.4 0.5 0.6 0.7 08 09 1
Bubble diameter (mm)

Figure 5-7. Dependence of slip velocity of bubbles on bubble diameter (Clift
1978). Correlations for slip velocity given by Gaudin (1957), Nguyen (1998),
Schiller and Naumann (1933) and Mei et al. (1994) was provided as a

comparison.

Experimental works studying wall-induced lift force on bubbles commonly focus
on large bubbles rising in a highly viscous liquid (Takemura and Magnaudet
2003, Takemura et al. 2009). This can reduce bubble rising velocity, making it

possible for a camera to track one particular bubble. However, using the same
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technique is quite challenging when studying microbubbles in water, where the
magnification of camera becomes the priority to visualise microbubbles.
Meanwhile, the camera should still retain a reasonably wide field of view.
Otherwise, the fast-rising bubbles could not be successfully recorded.
Therefore, to study the trajectory of the hydrogen bubbles in the channel,
images of bubbles were taken at every 50 mm in the vertical direction above
the level of the bubble generator, as shown in Figure 5-8. The camera was set
to slow continuous shooting mode (4Hz) with a shutter speed of 1/4000s. For
each location, 600 images were taken. The pixel size of the images was 1.8

pm.
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Figure 5-8. Bubble rising trajectory obtained from bubble visualisation method.
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Using the same image processing technique as explained in section 5.2.2.2,
the coordinates and diameters for all the bubbles were recorded. The data were
then categorised into different groups based on bubble diameter, with a bin size
of 20 ym. For example, the group “D,= 400 mm” include bubbles with 390
mm<D,<410 mm. The averaged coordinate and diameter in each group were
used to calculate the forces acting on the bubbles. Considering p; > p, and

3
v, = ”i" , Equation 5-1, which describes the forces acting on a bubble rising

in a vertical channel, can be decomposed into x and y directions in the simplified

form (Aoyama, Hayashi et al. 2017):

dU,, 3C U,y
= ﬁ(ub — U;)|Up — U] cos 6 + 2¢, (U, — Uf)a—yysme +2g, (59)
dU,, 3C , U,
dty = ﬁ(ub — U;)|Up — U] sin6 + 2¢, (U, — Uf)a—yycos 0, (5-10)
Fp

where tan 6 = o To solve for the unknown C;, and 9, first assume sin8 = 0
D

so the bubble is rising in x-direction at its terminal velocity, U, , = Us + U;. Then
Equation 5-9 can be solved for C,. The time interval (t,,+; — t,,) for a bubble
travel from c,,, (X, Vi) 10 i1 (Xm+1, Yms+1)CanN be calculated by:

Xm+1 — Xm
b1 —tn =

) 5-11
be,m ( )

where 1< m <9. The transverse velocities of the bubbles at different locations

can be estimated by:

2(Ym+1 = Ym)
Uby,m+1 =mi Ub,y,m . (5-12)

tm+1 - tm

Note that Uy, ; = 0. After obtaining the transverse velocities, one can solve for
C, using Equation 5-10. Then the obtained €, can be used to calculate 6 using
Equation 5-9 so that the accurate values for C; and 6 can be derived iteratively

until the residuals for C; and 0 are less than 0.1%.

5.2.2.4 Uncertainty analysis
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An uncertainty analysis was conducted to identify the reliability of the
experimental data, as summarised in Table 5-3. The error for each parameter

was calculated using the technique proposed by Moffat et al. (Moffat 1985):

%Q = \/<a6x_9i1)2 + (b i—?)z + -t (Ni—?)z R = x.%,0 .. x, V. (5-13)
Table 5-3. Summary of uncertainties of this work.
Parameter Maximum uncertainty
Temperature +1.0%
Viscosity, fluid +4.5%
Surface tension, fluid 13.2%
Density, fluid Negligible
Density, H2 bubble Negligible
Channel width +3.1%
Channel cross-section area 16.3%
Bubble diameter +8.0%
Bubble displacement +4.0%
Velocity, H2bubble +4.0%
Velocity, fluid +4.0%
Acceleration, H2 bubble +5.6%
Drag coefficient +8.9%
Lift coefficient 18.9%
5.2.3 Results

5.2.3.1 Bubble size

Figure 5-9 shows the dependence of average bubble diameter on current
density applied to the bubble generator under flow Reynolds numbers of 300,
500, 800 and 1000. It was found that the average bubble diameter increases

linearly with the increase of applied current density. At a higher current density,
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a higher volumetric flow rate of Hz is achieved at the electrode tip so that a
larger bubble can be formed before it leaves the tip of the bubble generator
(Zhang and Zeng 2012). A higher flow Reynolds number can result in a reduced
average bubble diameter. For example, at a current density of 2.4 A/cm?, an
average bubble diameter of 0.86mm is achieved at a flow Reynolds number of
300. However, the average bubble diameter is decreased to 0.68 mm when the
flow Reynolds number is increased to 1000. This is because, at the higher flow
Reynolds numbers, the velocity of the flow surrounding the bubble increases,
leading to higher drag force which promotes bubble departure (Raj et al. 2017,
Mazzocco et al. 2018).
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Figure 5-9. Dependence of average bubble diameter on the applied current

density over the bubble generator under various flow Reynolds numbers.

187



Chapter 5 Bubble rising behaviour in an electrolyser channel

Figure 5-10 shows the size distribution of H2 bubbles in the channel at a flow
Reynolds number of 500 for current densities of 2.3, 1.7 and 1.3 A/cm?,
respectively. It can be seen that the probability of the formation of Hz bubbles
with a larger diameter is increased with the increase of current density at the
copper wire tip of the bubble generator. Also, the average diameter of H2
increases with the increase of current density. Examples of images for bubbles
with various diameters just separating from the tip of the bubble generator are

shown in Figure 5-11.
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Figure 5-10. Bubble size distribution under different current densities at a flow

Reynolds number of 500.
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(a) (b) (©) (d)
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Figure 5-11. Images of bubbles with various diameters 2ms after jump-off
from the tip of bubble generator under different current densities and with
different gaps between the tip of enamel copper wire and quartz tube opening.

5.2.3.2 Bubble rising trajectory

Figure 5-12 shows the measured trajectory of bubbles at different sizes of 0.4
mm, 0.6 mm and 0.8 mm, released from various locations i.e. y/a = 0.2, 0.4,
0.6 and 0.8 in the channel at Re; = 500. Consider the size of bubbles in the
system, y/a 20.875 was defined as the wall region (Shi and Rzehak 2020, Shi,
Rzehak et al. 2020). As can be seen, in all assessed cases, the bubbles move
towards the wall. In addition, the vertical distance that a bubble travels in the
channel before it reaches the wall region is related to the initial position of the
bubble. For example, a bubble with a diameter of 0.8 mm released at y/a = 0.8
reaches the wall region at H = 0.1 m, whereas the H is increased to 0.31 m
when the bubble is released at y/a = 0.4. This is because, compared to the
latter, bubble released near the channel centreline has not only a higher rising
velocity but also a longer distance for it to migrates into the wall region.
Commensurate with this, it is also found that when released at the same

position in the channel, even with higher rising velocities, the larger bubbles
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reach the wall faster than the smaller ones. For example, a D,=0.8 mm bubble
reaches the wall at H =0.3 m when released from y/a =0.6, whereas a D,=0.4
mm bubble released from the same position reaches the wall at H=0.34 m. This
indicates that larger bubbles experience much stronger lift force than the
smaller ones. In addition, once bubbles enter the wall region, they slide at the

wall surface and never leave the wall region.
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Figure 5-12. Rising trajectories of bubbles with diameters of 0.4 mm, 0.6 mm
and 0.8 mm, released from y/a =0.2, y/a =0.4, y/a =0.6 and y/a =0.8 in the
channel at a Re; = 500.

The measured transverse velocities (Up,) for bubbles released at y/a =0.2 and
y/a =0.6 at the same Re;=500 as a function of their distance from the channel
wall are plotted in Figure 5-13. It can be seen that U,,, increases as the bubbles

move towards the wall region, which indicates the shear-induced lift force

dominates the transverse motion of bubbles. Furthermore, larger bubbles have
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a higher transverse velocity than small ones. For example, bubbles with D, =
0.8 mm have a transverse velocity of approximately 0.0053 m/s at y/a =0.6.

However, the measured Uy, for bubbles with D, = 0.4 mm is 0.0031 m/s. This
is possibly because a larger bubble has a higher slip velocity (U,-Uy), resulting
in a greater lift force. In addition, a higher U,,, is achieved when bubbles are

released closer to the channel centreline, which indicates the lift force on

bubbles is always directed to the wall side.
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Figure 5-13. Measured dependence on the transverse velocities of bubbles
with diameters of 0.4 mm, 0.6 mm and 0.8 mm when released from y/a =0.2
and y/a =0.6 in the channel at Re;= 500.

The dependence of the ratio of the transverse velocity (U, ) to the vertical

velocity (Up,) on the distance from the channel wall (y/a) for bubbles released
from y/a = 0.2 and y/a = 0.6 and for Re,=500 is plotted in Figure 5-14. The

values of Uy, /Uy, increase as bubbles move towards the wall region (y/a >
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0.875), which is caused by both the increase of Uy, due to the dominating shear-
induced lift force and the decrease of U,,, due to the reduced local flow velocity.
Compared to bubbles released near the wall, bubbles released closer to the
channel centreline will experience a stronger impulse due to the shear-induced
lift force, leading to a higher value of Uy, /U,,. Importantly, the bubble diameter

has no prominent effect on Uy, /U,.
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Figure 5-14. Measured dependence of the ratio of the transverse velocity and
vertical velocity of bubbles with diameters of 0.4 mm, 0.6 mm and 0.8 mm on
the normalised distance from the channel wall, when released from y/a =0.2

and y/a =0.6 in the channel at a Re; = 500.

Figure 5-15 shows the trajectory of 0.6 mm bubbles (in x-direction) as a function
of normalised distance from the channel wall and for four releasing points of
y/a=0.2,0.4,0.6 and 0.8 and various values of Re; = 300, 500 and 800. It is

found that the locations at which the bubbles enter the wall region (y/a > 0.875)
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are significantly dependent on the Re;. For example, when a bubble is released
aty/a =0.4, the bubble enters the wall region at H = 0.28 m when Re; is 800,
while it enters the wall region at H = 0.36 m when Rey is 300. This is because

bubbles rising in the channel with a higher flow Reynolds number are subjected
to a stronger shear-induced lift force due to the increased shear rate, regardless
of their initial position.
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Figure 5-15. Measured rising trajectory of a single bubble with a diameter of
0.6 mm versus its normalised distance from the channel centre for the
normalised release locations of y/a =0.2, 0.4, 0.6 and 0.8 in the channel with
Rey= 300, 500 and 800.

The measured transverse velocity (Up,) of bubbles with a diameter of 0.6 mm

versus their normalised distance from the channel centre (y/a) for bubbles
released from y/a =0.2 and y/a =0.6 and for the flow Reynolds numbers (Rey)

of 300, 500 and 800 is shown in Figure 5-16. It can be seen that the transverse
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velocity increases with Res. For instance, a bubble primarily released at y/a
=0.2 achieves an Uy, =0.0023m/s at y/a = 0.4 for Re;= 300, while it achieves

a U,y = 0.004 m/s for Re; = 800. This is because as Rey is increased, the
au
velocity gradient (a—yf) at the same y/a also increases, which leads to a greater

shear-induced lift force on the bubble.
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Figure 5-16. Measured variations of the transverse velocity of a single bubble
with a diameter of 0.6 mm versus its normalised distance from the channel
centre for bubbles released from y/a =0.2 and y/a =0.6 and for Re; = 300,

500 and 800.

The ratio of transverse velocities (U,) to vertical velocities (Uy,) for bubbles
with D,=0.6 mm released from y/a =0.2 and y/a =0.6 under Re; of 300, 500
and 800 is plotted in Figure 5-17. It can be seen, Uy, /Uy, slightly increases as

bubble Ref increases. For instance, bubble released from y/a =0.6 at Re;=300
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reaches Uy, /U,,=0.03 when it moves to y/a =0.8. However, Upy/Unx increases
to approximately 0.06 when Rey is increased to 800. Also, at Re; = 500 and Rey
=800, a greater value of Uy, /U, can be achieved by releasing bubbles nearer
to the channel centreline. However, for a lower Rey, a greater Uy, /Uy, is found

when a bubble is released nearer to the wall.
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Figure 5-17. The ratio between transverse velocity and vertical velocity of
bubbles with a diameter of 0.6 mm when released from y/a =0.2 and y/a
=0.6 in the channel at Ref of 300, 500, and 800.

5.2.3.3 Lift coefficient

Figure 5-18 presents the calculated C, for bubbles with various diameters under
different curvatures of the flow velocity profile. The value of C, increases with
the increase of the flow Reynolds number and the decrease of bubble Reynolds
number. The calculated C.in this work is slightly higher than that proposed by

Tomiyama et al. (Tomiyama et al. 2002) and Aoyama et al. (Aoyama et al. 2017),
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where the C, is derived experimentally from larger bubbles rising in a highly
viscous liquid with a simple shear flow. Based on the calculated data, the
following correlation is provided for €, for microbubbles (D, <1.0 mm) rising in a
vertical channel with a fully developed laminar flow and a dimensionless shear

rate of 0< Sr <0.22:
C, = 0.04Re, *"7Res* (5-14)

where Re, and Rey are the bubble Reynolds number and flow Reynolds

number, respectively.
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Figure 5-18. Lift force coefficient (C,) for spheric microbubbles derived from
experimental data. Experimental results by Aoyama et al. (2017), correlations
proposed by Legendre and Magnaudet (1998), Shi and Rzehak (2019) and
Loth (2008) are presented.

The trajectory for a bubble rising in a vertical channel can be estimated using
the proposed correlation for C,. Figure 5-19 shows the estimated trajectories

for bubbles with diameters of 0.4-0.9 mm released from various locations in the
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channel under different Re;. The results show that the proposed correlation for
C, can provide a good prediction for the rising trajectory of a bubble in a vertical

channel with a deviation of + 10%.
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Figure 5-19. Comparison between experimentally derived bubble rising

trajectories and estimated trajectory based on the proposed correlation for C;.
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5.2.4 Discussion

The experimental data suggests that the trajectory of a rising bubble in a vertical
channel is determined by the bubble diameter, the location of the releasing
point as well as the flow Reynolds number. It is also found that the shear-
induced lift force has a more significant effect on bubbles of larger diameters.
The behaviour of the rising bubbles can be characterised by their Stokes
numbers:

tpUs

Stk =5~ (5-15)

where the relaxation time of bubble (t,) is calculated as (Schiller and Naumann
1933):

_(pp + aps)Dy” 24
18u; Re,Cp '

b (5-16)
Using the correlation for drag coefficient (Cp) in Equation 5-2 (Tomiyama et al.
2002), the calculated Stokes numbers for microbubbles rising in the vertical
channel at their terminal velocities are plotted in Figure 5-20. It can be seen
that Stokes number increases approximately linearly with the increase of
bubble diameter. Bubbles with diameters of less than 0.1 mm have Stk<0.1,
which closely follow the streamline of the flow in the channel. However, with the
increase of bubble diameter, the effect of shear-induced lift force becomes
more dominant, and the transverse motion of bubbles are more significant.
Bubbles investigated in this work have 0.1< Stk < 2. Hence, with the decrease
of bubble diameter, bubble’s response to the velocity gradient in the channel is

gradually reduced.
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Figure 5-20. Stokes number of microbubbles (D, <1 mm) rising in 20°C water

in a vertical channel at their terminal velocities.

Due to wall- and shear-induced lift forces, bubbles rising in a vertical channel
with a fully developed laminar flow reach their equilibrium position in y-direction,
if the channel is long enough. The results of experiments in this work show that
for 280<Re; <1000 and 4.5< Re, <112.4, once bubbles enter the wall region
(v/a 2 0.875), they start sliding against the wall and never leave this region until
they reach to the end of the channel. Oscillation of bubbles (Mortazavi and
Tryggvason 2000) in the channel are not detected. Nevertheless, to be able to
accurately investigate the wall effect and also the oscillating of the bubbles in
this region the length of the channel needs to be further extended (Asmolov
1999, Shi et al. 2020).

5.2.5 Conclusion and recommendation

The trajectory of microbubbles rising in a vertical channel with a fully developed
laminar flow was evaluated, and the lift force coefficient for microbubbles was

investigated. The experiments were conducted under the conditions of 280<Rey

<1000, 4.5<Re;, <112.4, 0.005 < Eo <0.134, 0< Sr <0.22 and log,o Mo=-11.
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The velocity profile of the flow in the channel was investigated using a BIV setup
with a micro-wire installed at the channel inlet to generate seeding bubbles. The

following conclusions were obtained:

e Bubbles rising in the vertical channel moves to the wall region under the
lift force induced by the velocity gradient of the flow. The bubble
transverse velocity increases as the distance between the rising bubble
and the electrode increases, whereas the bubble vertical velocity
decreases as the bubble moves towards the wall.

e Bubbles rising in a vertical channel move to the wall region faster by
means of a) moving the bubble releasing position nearer to the wall, b)
increasing bubble diameter, and c) increasing flow Reynolds number.

e A new correlation for the lift coefficient for microbubbles was proposed
based on the results of flow visualisation experiments. This correlation
can be used to predict the trajectory of a microbubble rising in a vertical

channel with a fully developed laminar flow.

This work revealed the trajectory of a buoyant object in a vertical channel can
be customised by controlling the velocity profile of the flow in the channel. This
technique can be applied to various applications such as: the isolation and
separation of cells with different sizes in pharmaceutical industries; boiling heat
exchangers and conventional water electrolysers, where bubbles are preferred
to be separated from the wall; novel membrane-less electrolysers, where

bubble trajectory management is critical.

References

Aoyama, S., K. Hayashi, S. Hosokawa, D. Lucas and A. Tomiyama (2017). Lift
force acting on single bubbles in linear shear flows. International Journal of
Multiphase Flow 96: 113-122.

Asmolov, E. S. (1999). The inertial lift on a spherical particle in a plane
Poiseuille flow at large channel Reynolds number. Journal of Fluid Mechanics
381: 63-87.

Atherton, T. J. and D. J. Kerbyson (1999). Size invariant circle detection. Image
and vision computing 17(11): 795-803.

200



Chapter 5 Bubble rising behaviour in an electrolyser channel

Clift, R. (1978). Bubbles, drops, and particles. New York, Academic Press.

Davies, E. R. (2005). Machine vision: theory, algorithms, practicalities.
Burlington, Elsevier Science & Technology.

Don, W. G. and H. P. Robert (2008). Perry's Chemical Engineers' Handbook,
Eighth Edition. New York, McGraw-Hill Education.

Gaudin, A. M. (1957). Flotation. New York, McGraw-Hill.

Holland, F. A. and R. Bragg (1995). 7 - Gas-liquid two-phase flow. Fluid Flow
for Chemical Engineers (Second Edition). F. A. Holland and R. Bragg. Oxford,
Butterworth-Heinemann: 219-267.

Kolev, N. I. (2007). Bubble departure diameter. Multiphase Flow Dynamics 2:
Thermal and Mechanical Interactions. N. I. Kolev. Berlin, Heidelberg, Springer
Berlin Heidelberg: 417-438.

Legendre, D. and J. Magnaudet (1998). The lift force on a spherical bubble in
a viscous linear shear flow. Journal of Fluid Mechanics 368: 81-126.

Loth, E. (2008). Lift of a spherical particle subject to vorticity and/or spin. AIAA
Journal 46(4): 801-809.

Mazzocco, T., W. Ambrosini, R. Kommajosyula and E. Baglietto (2018). A
reassessed model for mechanistic prediction of bubble departure and lift off
diameters. International Journal of Heat and Mass Transfer 117: 119-124.

Mei, R., J. F. Klausner and C. J. Lawrence (1994). A note on the history force
on a spherical bubble at finite Reynolds number. Physics of Fluids 6(1): 418-
420.

Moffat, R. J. (1985). Using Uncertainty Analysis in the Planning of an
Experiment. Journal of Fluids Engineering 107(2): 173-178.

Mortazavi, S. and G. Tryggvason (2000). A numerical study of the motion of
drops in Poiseuille flow. Part 1. Lateral migration of one drop. Journal of Fluid
Mechanics 411: 325-350.

Nguyen, A. V. (1998). Prediction of bubble terminal velocities in contaminated
water. AIChE journal 44(1): 226-230.

Nguyen, A. V., H. Stechemesser, G. Zobel and H. J. Schulze (1997). An
improved formula for terminal velocity of rigid spheres. International journal of
mineral processing 50(1): 53-61.

Raffel, M. (2018). Particle Image Velocimetry: A Practical Guide. Cham,
Springer International Publishing.

Raj, S., M. Pathak and M. K. Khan (2017). An analytical model for predicting
growth rate and departure diameter of a bubble in subcooled flow boiling.
International Journal of Heat and Mass Transfer 109: 470-481.

201



Chapter 5 Bubble rising behaviour in an electrolyser channel

Rocha, F., Q. de Radigues, G. Thunis and J. Proost (2021). Pulsed water
electrolysis: A review. Electrochimica Acta 377.

Ryu, Y., K.-A. Chang and H.-J. Lim (2005). Use of bubble image velocimetry
for measurement of plunging wave impinging on structure and associated
greenwater. Measurement Science and Technology 16(10): 1945-1953.

Schiller, L., Naumann, A (1933). Uber die grundlegenden Berechnungen bei
der Schwerkraftauiereitung. Zeitschrift des Vereins Deutscher Ingenieure 77:
318-320.

Shi, P. and R. Rzehak (2019). Lift forces on solid spherical particles in
unbounded flows. Chemical Engineering Science 208: 115145.

Shi, P. and R. Rzehak (2020). Lift forces on solid spherical particles in wall-
bounded flows. Chemical Engineering Science 211: 115264.

Shi, P., R. Rzehak, D. Lucas and J. Magnaudet (2020). Hydrodynamic forces
on a clean spherical bubble translating in a wall-bounded linear shear flow.
Physical Review Fluids 5(7): 073601.

Takemura, F. and J. Magnaudet (2003). The transverse force on clean and
contaminated bubbles rising near a vertical wall at moderate Reynolds number.
Journal of Fluid Mechanics 495: 235-253.

Takemura, F., J. Magnaudet and P. Dimitrakopoulos (2009). Migration and
deformation of bubbles rising in a wall-bounded shear flow at finite Reynolds
number. Journal of Fluid Mechanics 634: 463.

Thielicke., W. and R. Sonntag. (2021). Particle image velocimetry for MATLAB:
accuracy and enhanced algorithms in PIVlab. Journal of Open Research
Software 9(1): 12.

Tomiyama, A., H. Tamai, I. Zun and S. Hosokawa (2002). Transverse migration
of single bubbles in simple shear flows. Chemical Engineering Science 57(11):
1849-1858.

Vogt, H. (1989). The problem of the departure diameter of bubbles at gas-
evolving electrodes. Electrochimica Acta 34(10): 1429-1432.

Vogt, H. (2017). The quantities affecting the bubble coverage of gas-evolving
electrodes. Electrochimica Acta 235: 495-499.

Yuen, H. K., J. Princen, J. lllingworth and J. Kittler (1990). Comparative study
of Hough Transform methods for circle finding. Image and vision computing
8(1): 71-77.

Zhang, D. and K. Zeng (2012). Evaluating the behavior of electrolytic gas

bubbles and their effect on the cell voltage in alkaline water electrolysis.
Industrial & Engineering Chemistry Research 51(42): 13825-13832.

202



Chapter 5 Bubble rising behaviour in an electrolyser channel

Zhou, D., P. Li, W. Xu, S. Jawaid, J. Mohammed-Ibrahim, W. Liu, Y. Kuang
and X. Sun (2020). Recent advances in non-precious metal-based electrodes
for alkaline water electrolysis. ChemNanoMat 6(3): 336-355.

203



Chapter 6
Flow control for bubble management

6.1 Chapter overview

This chapter explores the application of flow control to manage bubble
distribution in a membrane-free water electrolyser (MFE). In the previous
Chapter, the critical role of the electrolyte velocity field in controlling the
distribution of bubbles within an MFE is highlighted. When the electrolyte
maintains a parabolic velocity profile, H2 and Oz bubbles will rise near the
electrode due to the shear-induced lift force. However, this can only occur when
the void fraction is relatively low so that the bubble-induced velocity is negligible.
As the void fraction increases, bubbles near the electrode induce a high local
velocity, disrupting the velocity field in the electrolyte. This high velocity near
the electrode generates a lift force that propels bubbles towards the channel
centre, leading to gas crossover. This implies that relying solely on electrolyte
flow is inadequate for the effective separation of H2 and Oz gases in an MFE.

The research conducted in this chapter aims to address this challenge.

In this chapter, a novel flow controller is developed to control the flow field within
the MFE. This flow controller consists of two sets of thin, porous plates
positioned between the anode and cathode. A three-dimensional computational
fluid dynamics (CFD) model of an MFE is developed using Ansys Fluent
software. This CFD model is validated by comparing the simulated distribution
of bubble curtain thickness against experimental results. Based on the CFD
model, the impact of flow controller geometry and its position in the channel on
the electrolyte flow field, and the distribution of gases in the electrolyser channel
is numerically investigated. Furthermore, a prototype of the flow controller is
fabricated via 3D-printing from ABS plastic with a wall thickness of 0.4 mm. The
flow controller is tested within an MFE channel with a 6 mmx6 mm cross-section
and a height of 134 mm at various flow Reynolds numbers and applied current

densities.
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The results show that the flow controller can significantly mitigate gas crossover
in the MFE by maintaining a W-shaped velocity field within the channel. This
tailored velocity field ensures that the shear-induced lift forces consistently
direct H2 and Oz towards the electrodes where they evolve. The optimal position
of the flow controller was found to be at approximately 0.25w from the channel
wall (where w represents the channel width). The experimental result of the
prototype flow controller demonstrated its capability to significantly reduce gas
crossover in an MFE without compromising cell efficiency. The findings of this
chapter reveal that flow controllers can generate an optimal velocity field in an
MFE, which effectively mitigates gas crossover. Consequently, this

accomplishes the fourth research objective.

6.2 Flow control in membrane-free water electrolyser

This section consists of the following journal article:

Yang, B., Jafarian, M., Freidoonimehr, N., & Arjomandi, M. (2024). Flow control
for bubble management in a membrane-free electrolyser. International Journal
of Multiphase Flow, 174, 104770.

This article is identical to the submitted version, with the exception of the

numbering and positioning of figures, tables, and equations.
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Flow control for bubble management in a membrane-free electrolyser
Bo Yang, Mehdi Jafarian, Navid Freidoonimehr and Maziar Arjomandi

Abstract

Gas crossover is an important feature affecting the overall performance of
membrane-free water electrolysers, as it may lead to compromised product
quality and safety risks. In this paper, the concept of using flow control device
for reduction of gas crossover in membrane-free water electrolysers is
introduced. A numerical study is conducted to investigate the influence of flow
controller on the H2 bubble curtain thickness in a vertical flow-by membrane-
free electrolyser under various operating conditions, and the effect of flow
controller geometry on the H2 bubbles is systematically studied. An
experimental rig is developed to validate the numerical model and to test the
performance of a flow controller prototype. The results show that the proposed
flow controller can effectively alleviate the crossover of gases in the electrolyser
cell without compromising the cell efficiency.

Keywords
Water electrolysis; Shear-induced lift force; Bubble behaviour

Nomenclature

C Lift coefficient

Cp Drag coefficient
Diameter, m
Force, N

Gravity acceleration, 9.8 m/s?
Current, A

Current density, A/m?

Molar weight, g/mol

mass, kg

Pressure, Pa

Gas constant, 8.3145 J/mol-K

o v I T~ ~@ WU
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T Temperature, K
t Time, s

u Velocity, m/s

/4 Volume, m3

Dimensionless numbers

Re = prUD Reynolds number
Hr
S = wDj Shear rate
|Ur — Uy
Subscriptions
B Buoyancy
b Bubble
D Drag
L Lift
f Liquid flow

Greek letters
a Volume fraction
Density, kg/m?
Surface tension, N/m

U Dynamic viscosity, kg/m-s

6.2.1 Introduction

Hydrogen generated from renewable resources is a versatile energy carrier with
non-toxic emissions and a high heating value (120 MJ/kg) (Zohuri 2019). It also
has various applications in chemical industry, hydrocarbon and metallurgical
processes, fuel cell technology and transportation sectors (Abbasi et al. 2019).
Although currently, most of the global Hz production is from either steam
reforming or coal gasification, water electrolysis powered by renewables is
gaining increasing support since it is a more sustainable alternative (Manzotti
et al. 2022). Alkaline and proton exchange membrane water electrolysers are
the main commercially available technologies. In a modern alkaline electrolyser
cell, a membrane is installed between the anode and cathode to isolate the Oz

and H2 gases (Paidar et al. 2016). Although the membrane plays a crucial role
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in separating the produced gases, it introduces resistance in the electrolyser
cell which reduces the cell efficiency. Also, the membrane can be susceptible
to degradation over time especially at high temperatures (>70 °C), which limits
the operating temperature of the water electrolyser and increases the
maintenance cost (Vincent and Bessarabov 2018).

To eliminate the membrane to reduce capital and maintenance costs of the
electrolysis cell, there has been a growing interest in developing membrane-
free water electrolyser (MFE) (Manzotti et al. 2022, Swiegers et al. 2022).
However, due to the lack of a physical barrier to separate the produced H2 and
Oz, the gas crossover has been found as a substantial technical challenge that
affects the product purity and operating safety of membrane-free water
electrolysers (Esposito 2017). Therefore, there is a need to develop methods
for mitigating gas crossover in an MFE.

Tabe 6-1 presents a few representative concepts of MFE in the literature, with
flow-through and flow-by emerging as the predominant cell designs. Figure 1(a)
shows a schematic of the flow-through MFE, in which the porous anode and
cathode are located at the exit of the electrolyte so that the product H2 and O2
are directed to different exits. Additionally, in this concept, a minimum
electrolyte flow is required to effectively remove bubbles from the electrodes,
which results in considerable energy consumption by the pump et al. 2015,
O'Neil, Christian et al. 2016).

Table 6-1. The concepts of MFE from recent works.

Gas cross

Type Cell specification Re over Performance Reference
n=73% at 500
Flow- 30mm-diameter mA/cm?; Can Gillespie et
through POrous electrodes - >0.17% operate at high al (2815)
9 placed 2.5 mm apart current density
up to 4 A/lcm?
Flow- o n=72.5% at O'Neil et al.
through 5 mmx6 mm channel 0-50 >2.8% 100m Alcm? (2016)
horizontal 1 mmx1 ~1% at 700 ,
Flow-by mm electrolyser 78-312 high Re n_?A/;C?rtlfoo I-;?s(g%nlwls)e t
channel (>150) '

Electrolyte: NaOH(aq)
Buoyancy with 3D printed
electrode

~5% at n=65% at 50  Bui et al.
50cm?/mA cm?/mA (2020)
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Porous electrodes » . Porous electrode
E F,
Electrolyte flow g 7 W
® Gravity » Growing bubble
Electrolyte
() (b)

Figure 6-1. (a) A schematic of a flow-through MFE, where the Oz and Hz are
collected from separate channels. (b) Surface tension force and drag force

acting on a growing bubble at the surface of the porous electrode.

In a flow-by MFE (Figure 6-2), the anode and cathode are positioned parallel to
each other, while the electrolyte passes over their surfaces. As a result, the
produced Hz and Oz bubbles are carried by the electrolyte along the surface of
electrodes, as shown in Figure 6-2(a). This type of electrolyser can only operate
when the flow is laminar. It is crucial to maintain a parabolic velocity field in the
channel such that the shear-induced lift forces (Fg;) on the bubbles can force
them to stay adjacent to the electrode where they evolve (Segré and Silberberg
1961, Esposito 2017).

. F.
X Gravity st
Anode | | [ |
¢ u AN
lectrolyte £ Bubble
WL
: I Gravity

Cathnde

(@) (b)

Figure 6-2. (a) A schematic of a flow-by membrane-free water electrolyser
cell design where the anode and cathode are placed in parallel. (b) The
shear-induced lift force (Fs;) and wall-induced lift force (F,,;,) on a bubble in a

horizontal flow-by membrane-free water electrolyser.
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In general, the shear-induced force is proportional to the velocity gradient of the
electrolyte flow (Legendre and Magnaudet 1998, Aoyama et al. 2017, Shi and
Rzehak 2019). Since the working principle of a flow-by MFE is based on the
shear-induced forces for separation of the H2 and Oz gases, the magnitude of
the velocity gradient of the electrolyte is critical to the separation effectiveness
(Hashemi et al. 2015, Shi et al. 2020). In a horizontal flow-by MFE, the gas
bubbles tend to accumulate at the top section of the electrolyser channel, where
only a diminishing velocity gradient exists. In this case, the shear-induced lift
force may become too weak to prevent the crossover of H2 and O2 bubbles
(Legendre et al. 2008). Therefore, the width of the electrode of the horizontal
flow-by MFE is restricted to a few millimetres (Hashemi et al. 2015, Hashemi et

al. 2019), which limits its scaling-up.

Figure 6-3 shows a schematic of a vertical MFE. Compared to its horizontal
counterpart, the vertical MFE overcomes the electrode width limitation, as it
allows bubbles to exit the electrolyser freely. In a vertical MFE, when a parabolic
flow profile is applied at the channel inlet, the bubbles near the inlet tend to
move to the wall under the shear-induced lift force (No.1 bubble in Figure 6-3),
which is favourable for an MFE. With the increase of channel length, as the H2
and Oz bubbles lead the flow, they induce flow velocity and eventually create a

W-shaped velocity profile, as shown in Figure 6-3 (Hreiz et al. 2015) .

Since bubbles rise at their terminal velocities, the directions of the transverse
motions of bubbles under the shear-induced lift forces depend on the sign of

the velocity gradient (Z—:): bubbles experiencing a positive velocity gradient

move toward the wall (No. 2 and 4 bubbles in Figure 6-3), and bubbles in the
zone with a negative velocity gradient move toward the channel centre (No0.3
bubble in Figure 6-3) (Yang et al. 2022). Consequently, the W-shaped velocity

profile can also prevent gas crossover.

Nevertheless, the W-shaped velocity profile cannot be self-maintained. With a
further increase in channel length, the bubble-induced velocity increases, and
the position of the maximum bubble-induced electrolyte velocity moves towards
to the channel centre, forming a V-shaped velocity profile in the electrolyte bulk.
As a result, the bubbles subjected to a positive velocity gradient stay in the near
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wall region (No.6 bubble in Figure 6-3), while bubbles experiencing a negative
velocity gradient move towards the channel centre, leading to the gas crossover
(No.5 bubble in Figure 6-3). In other words, increasing the channel length can

escalate the crossover of H2 and Oz gases.

Boundary of
bubble curtain

“V” shape velocity profile.
The central velocity peak
diminishes.

“W” shape velocity profile.
The central velocity peak
prevent bubble crossover.

Undisturbed
electrolyte flow

l Anode 4  Cathode
Electrolyte

Figure 6-3. A schematic of a vertical flow-by membrane-free water
electrolyser with a fully developed laminar flow at the channel inlet. Due to
bubble-induced velocity, “W” shape and “V” shape electrolyte velocity profiles
are formed at the middle and top sections of the electrolyser channel,

respectively, resulting in crossover of H2 and O2 bubbles.
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As discussed above, the transverse motion of bubbles, as well as the
accumulation of bubbles on the surface of the electrodes, contribute to the
thickening of the H2 and Oz bubble curtains and promoting gas crossover in
MFE. In this paper, we propose to use flow controllers to maintain the W-
shaped velocity profile in the electrolyser channel to minimise the gas crossover,
as shown in Figure 6-4. The flow controllers are placed between the anode and
cathode and divide the channel into three subchannels. In this paper, the effect
of flow controller geometry and its position in the channel on the distribution of

gases in the electrolyser channel is numerically and experimentally studied.

Outlet
|
|
50mm | Flow controller
| o
Anode -
.
50mm ™ Cathode
: Gravity
| |
24mm |
I X
4 £
7z Y‘. Amm

emm
Inlet

Figure 6-4. A membrane-free water electrolyser equipped with flow

controllers.

6.2.2 Methodology
6.2.2.1 Numerical model

Figure 6-5 presents the key components of the proposed membrane-free
electrolyser (MFE), which consists of a square channel with a cross-section of
6 mmx6 mm and a height of 124 mm. The anode and cathode are located

24mm above the channel inlet. These dimensions are chosen according to the
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experimental rig described in Section 6.2.2.2 of this paper. Ansys Fluent 2022
R2 software is used to simulate the gas-liquid two-phase flow in the channel.

In the CFD model, bubbles were introduced as volumetric mass sources in the
two regions adjacent to the anode and cathode, respectively (Rodriguez and
Amores 2020). The thickness of the regions equal to the bubble diameter
defined in the model. In actual electrolysers, H2 and Oz bubble diameters can
vary from a few millimetres to hundreds of millimetres. This variation depends
on factors such as electrode surface characteristics, applied current density,
electrolyte properties, and flow field (Vogt 1989, Zhang and Zeng 2012).
However, for simplicity, this study assumes a constant bubble diameter of
0.15mm, which is within the range of values frequently utilised in similar
research contexts (Abdelouahed et al. 2014, Hreiz et al. 2015, Zarghami et al.
2020). Two sets of flow controllers were placed in the channel between the
anode and cathode to generate a W-shaped electrolyte velocity profile. The
flow controller has a fixed thickness of 0.2mm. The control parameters in the
numerical study are the length (L), spacing (P) and the non-dimensional
distance of flow controller to the wall (k), where h = s/w and s represents the
distance of the flow controller to the wall, while w denotes the channel width
(Figure 5). Note that although the quantity of flow controller pieces varied for
different combination of the spacing, the flow controlling length shall cover the
entire electrode section. The origin of the coordinate system is at the symmetry
axis of the channel, with gravity acting in the negative x-direction. Two groups
of different CFD models were simulated in this work: the baseline where the
electrolyser was not equipped with flow controller, and the variants where flow

controllers were present.
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Pressure outlet

60mm

. | No-slip wall
Outlet section

' Flow controller array

50mm
Electrode section

NI TL i
N 150um! %_.
| N |

24mm
Inlet section i A

I E

-
velocity inlet

No-slip wall

Figure 6-5. A cross-section view of the 3D model on the symmetry plane
(y=0).

The system was assumed to be operated at 20 °C and 1 atm. A 0.1 wt% NaOH
solution was used as the electrolyte. The density, viscosity and surface tension
of the electrolyte were assumed p;=1000 kg/m3, 4;=1.02 mPa/s and ¢;=0.07
N/m, respectively (Don and Robert 2008). The density of H2 and Oz were py,=
0.07 kg/m?® and p,,= 1.30 kg/m3, respectively. Steady, laminar and three-
dimensional Eulerian-Eulerian multiphase model was used to study the effect
of the flow controller in the electrolyser channel. Three phases were defined for

the electrolyte, H2 and Os2.

The governing continuity equations for the i-th phase can be written as:

V- (aipivy) = Si, (6-1)

where a,p and v are the volume fraction, density and velocity vector,
respectively. The sum of the volume fractions for all phases equals one, i.e.,
Y. a; = 1. S is the volumetric source term for the mass added into the system.
The H2 and O2 were added into the system as volumetric mass sources at the

thin layer adjacent to the electrode surface. This ensures the initial velocity of
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these bubbles is zero. Conversely, applying conventional boundary conditions,
such as fixed gas superficial velocity, can potentially interfere the propagation
of bubble curtain (Hreiz et al. 2015, Abdin et al. 2017). The flow rate (kg/s) of

H2 and O2 were calculated according to Faraday’s Law (Zhou et al. 2020):

IMy,
2F
IMo,
4F

my, = My, njj, = —2, (6-2)

mp, = Mo,no, = : (6-3)

where My,and My, are the molar weight (kg/mol) of H2 and Oz, respectively.
Also I is the current (A), and F is the Faraday constant (96485 c/mol). For the
sake of simplicity, it is assumed that both Hz and Oz exist solely in the gas phase.
Furthermore, the coalescence and breakup of bubbles were not observed in
the bubble curtains; therefore, these phenomena were not considered in the
scope of this paper. Since the volume fraction of gas phase in the channel was
very small (< 1%), the effect of bubbles on the current distribution along the
electrodes was neglected (Zarghami et al. 2020). Therefore, Hz2 and O2 were

assumed to be uniformly released into the channel from the electrodes.

The momentum e for the i-th phase is:

V- (apuu) = —a;Vp + V-1, + a;pig + (Fp; + Fop s + Feg + Fyuyp), (6-4)
The stress-strain tenor (t) is defined as:
2
T = Qi i (VU + V) + e (Vg + V) — S pikl, (6-5)

where u,, is the molecular dynamic viscosity. The dispersed gas phases are
assumed to be laminar (Liao et al. 2020). The turbulent viscosity (u;) and
turbulent kinetic energy (k) for the liquid phase are solved by the following

turbulent transport equations:

V- (pwk;) = P, — B pikyw; + V- [(m1 + owtie )k (6-6)
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Y
V- (puw,) = ﬂ_zpk — Bpikiw? + V- [(m1 + 0whter) V]
t,

(6-7)
ZPZUwz

w

+ (1 - Fl) Vkl: V(J)l,

and the turbulent viscosity (u,,;) and the production rate of turbulence (P;) are

given as:
_ a1 piky
Kol = hax (a,w;, SF,)’ (6-8)
Pk = min(szl«lt,l, 10plﬁ*kla)l) . (6'9)

Here, a4, B, B*, v, 0x and g, are the standard model constant (ANSYS 2022).
F; and F, are the blending functions, and S is the magnitude of shear strain
(Menter 1994).

The forces considered in the model include drag force (Fp), shear-induced lift
force (F.), turbulent dispersion force (F.;;) and virtual mass force (Fyy). The
drag force due to the electrolyte flow over gas bubbles is expressed as:

nd,’
Fp = 8p plCD(ul - ug)|ul - ug|, (6-10)

Since the bubbles in the electrolyser were mostly spherical due to their small
size and low Eotvos numbers (Shi et al. 2020), Schiller and Naumann (1933) ’s

relation for the drag coefficient C,, was adopted:

24

Cp =
D Reb

(14 0.15Re%87), (6-11)

where Re,is the bubble Reynolds number. The shear-induced lift force is
calculated based on the Legendre-Magnaudet model (Legendre and
Magnaudet 1998):

rd,>
F, = CLplTb(ul — ug) X (VX ), (6-12)
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where the lift force coefficient is determined by both the Reynolds number of
the bubble and the non-dimensional shear rate (Sr) (Legendre and Magnaudet
1998):

2 2
¢, = (% 2.255 ) N (lReb + 16) ’ (6-13)
< /SrRe, (1 + 0.2Rey, /ST)15 2Rep, +29

The turbulent dispersion force is calculated according to Burns et al. (Burns et
al. 2004):

Fiy = —a ﬂ@w —uy| i+l Va (6-14)
td 94p, Sc "t N\a, )Y

where the turbulent Schmit number (Sc) is set to 0.9.

The virtual mass force is given by:

(6-15)

du; duy
dt dt )

ndp3
Fym = TplCVM

and the virtual mass coefficient (Cy, ) is set to 0.5 for spherical bubbles
(Abdelouahed et al. 2014).

The equations above were solved implicitly using pseudo transient method. The
Coupled scheme was selected for the pressure-velocity coupling. The
momentum and volume fraction are discretised using the QUICK scheme, and

the Second-Order scheme was used to discretise the pressure gradient.

A fully developed laminar flow profile was applied to the channel inlet, and a
constant pressure was set to the channel outlet. The other boundaries of the
channel were set as no-slip walls. The ranges of the Reynolds numbers of the
electrolyte and the current density used in this study were 45 — 510 and 0.1-
0.58 Alcm?, respectively.

The electrolyser channel was meshed with hexahedral structured cells created
by Ansys meshing. In the channel stream wise direction (x-direction), mesh

sizes of 0.5mm and 0.2mm were applied at the inlet and outlet section, and
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electrode section, respectively. For the channel span wise direction (y-
direction), a 0.125 mm of mesh size was applied to the entire domain. The mesh
size for the volumetric mass source cells was set to 0.03 mm in the channel

transverse direction (z-direction).

A mesh dependency study was carried out by choosing different refinement for
three subchannels in the electrode section in the channel width direction (z-
direction). Figure 6-6a shows the dependence of the average liquid phase
volume fraction at the outlet of electrode section (x=74 mm) to the number of
nodes in the x-direction within the sub-channel (N;) for a current density (i) of
0.1 A/cm? and an electrolyte flow Reynolds number (Re) of =360. As can be
seen, the deviations in the volume fraction for N; larger than 18 is less than 1%.
For the sake of computational efficiency, N;=18 is adopted for this study. It is
also found that the refinement for the leading edge of the flow controller has
little effect on the overall flow field. Therefore, a mesh size of 0.04 mm was set
to the leading edge of the flow controller. A detailed slice view of the numerical

mesh at Y=0 plane is shown in Figure 6-6b.
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Figure 6-6. (a) Average fluid phase volume fraction at x
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sub-channel. (b) Detailed slice view of the numerical mesh at Y

6.2.2.2 Experimental setup

A test rig was developed in this work, as shown in Figure 6-7. The experiment

setup includes the proposed MFE, an electrolyte tank, a pump, valves, piping

and two sets of DC power supplies, as shown in Figure 6-7a. A 0.1 wt% NaOH

solution is used as the electrolyte. A lab-scale MFE with a 6 mmx6 mmx220

mm square channel was fabricated from clear acrylic to allow the optical access

for flow visualisation purposes, as shown in Figure 6-7b. The two nickel

electrodes were installed 6mm apart in parallel. The electrodes are located

150mm upstream from the inlet of MFE channel. During the experiment, the

was positioned vertically. The voltage applied to the

electrolyser cell

electrolyser was controlled by a power supply (DC1), and the current was

measured using a digital multimeter. The volumetric flow rate (m?/s) of H2 was

calculated according to Faraday’s Law (Zhou et al. 2020). The flow rate in the

channel was controlled by the valves as well as the power supply of the pump
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(DC2). The maximum Reynolds number of the electrolyte was set at 400 to

ensure the flow was fully developed at the entrance of electrode section.

H, outlet

;] @
@ ©
1
o
®
() (b)

Figure 6-7. (a) A block diagram of the experimental setup used in this study:
1- Membrane-free water electrolyser, 2- Camera, 3- Power supply DC1, 4-
LED backlight, 5- Gas/liquid separator (Hz2), 6- Gas/liquid separator (Oz), 7-

Electrolyte tank, 8- Pump, 9- Power supply DC2, 10- Valves, and (b) Photo of

the membrane-free water electrolyser.

6.2.2.3 Validation

The MFE without flow controller was used for validation of the numerical model.
For flow visualisation, a camera (SONY RX10IV) was set such it is focused on
the centreline of the channel. The camera is equipped with a macro lens
(Raynox m250) to achieve a field of view of approximately 0.5mm depth and
15mmx9.8mm area. Since the electrolyte velocity and the bubble velocity were
different in the electrolyser channel, the velocity fields of the electrolyte and the
bubbles in the channel were measured using Particle Shadow Velocimetry
(PSV) (Khodaparast et al. 2013, Pang et al. 2020). Hollow glass microspheres
(10 ym) were added to the electrolyte as the tracers, and a continuous LED

backlight was used to illuminate the particles and bubbles. The tracers and

222



Chapter 6 Flow control for bubble management

bubbles were recorded by the camera at 500 fps with a pixel size of
approximately 10 um (Figure 6-8). The videos were taken at three locations: at

the inlet, middle and outlet of the electrode section.

PIVLab software was used to calculate the velocity distribution of the two-phase
flow from the video frames using cross-correlation techniques (Raffel 2018,
Thielicke. and Sonntag. 2021). For each operating condition, over 1000 video
frames were collected. A representative snapshot from these frames is
provided in Figure 8a. To get the velocity of the electrolyte, a small interrogation
window (IW) (32x32 pixels) was used. The small window size ensures that the
bubbles are not captured so their effect on the calculated velocity field are
minimised. On the other hand, large IW (128x128 pixels) was chosen to
calculate the velocity of bubbles near the electrodes. The video frames were
also processed using an in-house developed code in MATLAB to identify the
bubbles using Circular Hough Transform (CHT) based algorithm (Yuen,
Princen et al. 1990, Atherton and Kerbyson 1999, Davies 2005), as shown in
Figure 6-8b. The bubble size distribution is shown in Figure 9. As can be seen,
the average bubble diameter is about 0.15 mm.
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Figure 6-8. Examples of (a) shadow image of MFE for calculating velocity
field using cross-correlation technique and (b) identified bubbles using CHT

method. The images were obtained at 0.2 A/cm? and Re = 200.
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Figure 6-9. Probability density distribution of diameter of bubbles generated

from the experimental rig in this work.

The bubble detection algorithm also calculated the distribution of bubbles in the
MFE channel, which were subsequently used to determine the bubble curtain
thickness. Figure 6-10 shows the thickness of bubble curtain and electrolyte
velocity derived from both the CFD simulation and the experimental results at
j=0.4 Alcm? and various flow Reynolds numbers. Analysis reveals that 98% of
the fluid phase volume fraction, as determined by the CFD simulations, aligns
with the bubble curtain thickness observed in experiments (as shown in Figure
6-10a). Also, the velocity profile of the electrolyte near the electrode matches
the experimental data, showing a maximum deviation of less than 15% (Figure
6-10b).
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Figure 6-10. Comparison between CFD and experimental result for (a) the
effect of Reynolds number on Hz bubble curtain thickness under j=0.4 A/lcm?,
and (b) the electrolyte velocity profiles at X=48 mm and X=72 mm under
Re=180 and j=0.4 A/lcm?.

In vertical flow-by MFE, Hz is produced about twice as much as Oz. Therefore,
managing H2 bubble curtain thickness is the key to prevent gas crossover (Lee
et al. 2019, Zarghami et al. 2020).

6.2.3 Numerical results
6.2.3.1 Effect of flow Reynolds number

Figure 6-11a and 6-11b show the estimated thickness of O2 and H2z bubble
curtains, respectively. The MFE is operated at j=0.4 A/cm? and various flow
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Reynolds numbers (Re) for the variants, where the 1 mm-long flow controllers
are set at h=0.15 and spaced 4mm apart. The results show that with the
increase of Re, the thickness of both O2 and Hz bubble curtains reduce. The
reasons are not only because bubbles leave the channel faster due to an
increased rising velocity, but also a stronger shear-induced lift force generated
at higher Re that restrict bubble transverse movement. The result for the
baseline with no flow controller is also provided for comparison. It is clear that
the presence of flow controller effectively limits the thickening of the bubble
curtain. For example, at Re =180, the Hz bubble curtain grows to a thickness of
about 0.85 mm at the outlet of the electrode section (X=74 mm) when the flow
controllers are absent. While it is reduced to 0.47 mm with flow controllers in

place under the same operating conditions.
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Figure 6-11. CFD results of bubble curtain thickness for (a) O2 and (b) Ha.
The MFE was operated at j=0.4 A/lcm? and various flow Reynolds numbers.

The parameters for the flow controller are: L=1 mm, P=4 mm and h=0.15.
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6.2.3.2 Effect of current density

Figure 6-12 shows the dependence of calculated Oz and H2 bubble curtain
thickness for the baseline and the variants equipped with 1 mm-long flow
controllers set at h=0.15 with spaced at 4 mm apart. The simulation is
conducted under a flow Reynolds number of 180 and at various current
densities. The results show that with the increase of current density, the
thickness of bubble curtain increases. Also, Hz bubble curtain presents a higher
growth rate than that of Oz bubble curtain. Specifically, as current density
increases from 0.1 A/cm? to 0.4 A/lcm?, the thickness of Oz bubble curtain
increases from 0.24 mm to 0.32 mm, whereas the thickness of Hz bubble curtain

exhibit a more pronounced growth, expanding from 0.26 mm to 0.47 mm.
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Figure 6-12. Calculated thickness for (a) Oz and (b) H2 bubble curtains. The
MFE was operated at Re=180 and various current densities. The parameters

for the flow controller are: L=1 mm, P=4 mm and h=0.15.
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6.2.3.3 Effect of flow controller geometry
6.2.3.3.1 Positioning of flow controller

Figure 6-13 shows the thickness of bubble curtains for the MFE operated at
j=0.4 Alcm? and under a flow Reynolds number of 180. In these variants, the 1
mme-long flow controllers are spaced 4mm apart, with different values of h. The
results show that when h is reduced from 0.28 to 0.15, there is a corresponding
decrease in bubble curtain thickness. This is because moving the flow controller
towards the wall can direct more flow towards the channel centre. This results
in a more pronounced velocity gradient, facilitating enhanced bubble separation.
The optimum h is about 0.15, where the bubble curtain is at its thinnest.
However, further reducing h causes an increase in the bubble curtain thickness.
For instance, when h is reduced from 0.15 to 0.1, the H2 bubble curtain
thickness is increased from 0.32 mm to 0.56 mm at X=72 mm. This
phenomenon can also be observed from the contour plots of the liquid phase
at the top of electrode section, as shown in Figure 6-14. The results indicate
that the flow controller should be located at a specific distance from the wall,

preventing bubbles from escaping towards the channel centre.
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Figure 6-13. Bubble curtain propagation along the electrode for (a) O2 and (b)
H2. The MFE is operated at j=0.4 A/cm? and Re=180, with 1 mm-long flow

controllers installed at 4 mm apart and various h values.
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Figure 6-14. Effect of h on the liquid phase volume fraction at the top of

electrode section.

6.2.3.3.2 Spacing

Figure 6-15 shows the dependence of the propagation of bubble curtain
thickness along the electrode on the spacing of flow controllers (P). The results
reveal that the bubble curtain thickness grows with the increase of flow
controller spacing. This occurs because wider spacing between flow controllers
results in less effective flow regulation, thereby diminishing the efficacy of the
flow controllers. Furthermore, when the flow controllers are spaced at intervals
of 8mm apart, they lose their effectiveness in controlling bubble distribution
within the MFE. The contour plots of the liquid phase at the top of electrode

section are shown in Figure 6-16.
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Figure 6-15. Numerical results for the (a) Oz and (b) H2 bubble curtain

thickness along the electrode with different flow controllers spacing and

h=0.15. The electrolyser cell is operated at j =0.4 A/cm? and Re =180.
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Figure 6-16. Impact of flow controller spacing (P) on the liquid phase volume

fraction at the top of electrode section.

6.2.3.3.3 Length

Figure 6-17 presents the thickness of O2 and H2 bubble curtains for the MFE
operated at j =0.4 A/cm? and Re =180. Flow controllers, with a length (L)
varying from 1 mm to 4 mm, were positioned at h=0.15 with a spacing of 4mm.
The results indicate that increasing L leads to a reduction in the thickness of
both Oz and Hz bubble curtains. However, the rate of reduction of the thickness
of both curtains appears to plateau as L approaches 2 mm. This suggests that
increasing L beyond this point may inadvertently increase ohmic overpotential
without substantial benefits in reducing bubble crossover. Consequently, it is
crucial to fine-tune the length of the flow controller to achieve compromise

between minimising bubble crossover and preserving high cell efficiency.
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Figure 6-17. Calculated thickness of (a) Oz and (b) H2 bubble curtains in the
MFE operated at j =0.4 A/cm? and Re =180. The flow controllers have a
spacing of 4 mm and h=0.15.

6.2.4 Discussion
6.2.4.1 Flow velocity profile

The primary objective of the flow controllers in the vertical flow-by membrane-
free water electrolyser (MFE) is to sustain the W-shaped electrolyte velocity
profile. This design leverages the positive velocity gradient at the channel
centre to produce the shear-induced lift force on bubbles in the wall direction.
Figure 6-18 provides a comparison of the electrolyte velocity profiles for the
electrolyser with (dashed line) and without (solid line) flow controllers across

varying X values. The simulation is conducted for j =0.05 A/cm? and under a
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flow Reynolds number of 180. The parameters for the flow controller were set
at P=4 mm and h=0.36. From the results, it's evident that in the absence of a
flow controller, the electrolyte velocity at the channel's centre diminishes
significantly as X increases. The positive velocity gradient vanishes past X=59
mm, which results in the electrolyte losing its ability to control the bubble's
transverse movement towards the channel centre. However, with the
introduction of flow controllers, the W-shaped velocity profile at the channel

centre is retained, which is crucial to prevent bubble crossover.
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Figure 6-18. Numerical result for the electrolyte X-velocity at different
electrode length (H) for the electrolyser with (dashed line) and without (solid

line) flow controller.

6.2.4.2 Experiment of prototype flow controller
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The CFD simulation demonstrates that the flow controlling technique can
effectively mitigate gas crossover in an MFE. To assess the influence of the
flow controller on cell efficiency, prototypes were 3D-printed from ABS plastic
with a wall thickness of 0.4 mm. To facilitate installation, additional parts have
been added to the flow controllers to join them as one single piece, as depicted
in Figure 6-19a. Subsequently, the flow controller was integrated into the
electrolyser rig, as detailed in section 6.2.2.3 (Figure 6-19b).
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(a) (b)
Figure 6-19. (a) Structure of the prototype flow controller and (b) the MFE

installed with a flow controller.

The electrolyser rig was tested at Reynolds numbers of 100, 200 and 400 and
at various applied current densities. Figure 6-20 shows the distribution of
electrolytic bubbles at the exit of electrode section of the MFE. It was found that,
without flow controller, gas crossover can occur at low Reynolds numbers (Re
<120) and elevated current densities (j > 0.2 A/lcm?). However, with the

installation of flow controller, no gas crossover was observed.
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Figure 6-20. Comparison of bubble distribution at the exit of electrode section

of the MFE for the (a) baseline and (b) MFE equipped with flow controllers.
The MFE was operated at Re =100 and j = 0.2 A/lcm?.

Figure 6-21 shows the polarisation curve for both the baseline — the
electrolyser without a flow controller — and the variants, which include the flow
controllers. Although the non-conductive flow controller introduced certain
electrical resistance between the electrodes, the cell voltage for the test case
was marginally lower than the base case. This indicates that the flow controller
has limited impact on the performance of the MFE. Possible reasons for this
include: the flow controller increasing the flow velocity in the subchannels and,
as a result, facilitating bubble departure due to the amplified drag force; the
textured surface of the flow controller generating local turbulence in the

electrolyte, which boosts ionic mass transport.
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Figure 6-21. Polarisation curve for the MFE operated under various flow

Reynolds numbers with and without flow controller.

The proposed flow controller has the potential to alleviate crossover in an MFE
by generating a tailored flow field. This ensures that the shear-induced lift force
on the bubbles directs them toward the electrode where they evolve. It is
conceivable that enhancements in fabrication quality and installation accuracy
could significantly improve the performance of the flow controller. However,
such optimisation falls beyond the scope of this work.

While implementing flow controllers can potentially improve the purity of product
Hz, it is crucial to acknowledge a key consideration for an optimised MFE — the
reduction of the gap between electrodes. As the electrode gap decreases, the
influence of flow controllers on pumping power and overall cell performance

becomes a critical factor that demands careful consideration.

6.2.5 Conclusion

This paper proposed a new concept to reduce gas crossover in an MFE. This
is achieved through the implementation of a flow controller, comprising an array
of thin plates. Numerical study found that the flow controller can preserve the

W-shaped velocity profile of the electrolyte, which is essential in harnessing the
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shear-induced lift force to effectively manage bubble distribution in an MFE.
The simulation results show that properly positioned flow controllers can
remarkably supress the propagation of both Oz and Hz bubble curtains. This
indicates the application of flow control technique can potentially increase the

electrode length for the same gap in a vertical MFE, facilitating its scaling up.

Preliminary testing on a prototype flow controller shows that the proposed
design can successfully mitigate gas crossover in a vertical flow-by membrane-
free electrolyser without compromising the cell efficiency. Enhancing the
fabrication and installation quality of the flow controller could offer potential for

better performance.
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Chapter 7

Conclusion and future work

This thesis aims to develop knowledge about bubble behaviour in a membrane-
free water electrolysers (MFE) and the technique of using flow control to
mitigate gas crossover in an MFE. The thesis started by reviewing the recent
developments in Hz energy, water electrolysers, and bubble behaviour in an
MFE. It then demonstrated the feasibility of using MFE for industrial-scale liquid
H2 production. The thesis also investigated bubble formation and departure
from a microelectrode bubble generator, the forces acting on a free rising
bubble in an electrolyser channel, and the effect of bubble diameter and flow
field on the distribution of bubbles in an MFE. Finally, the technique of using a

flow controller for bubble management in an MFE was developed.

7.1 Industrial application for membrane-free water electrolyser

Membrane-free water electrolyser (MFE) is a novel electrolyser cell design with
the advantages of low cost, improved efficiency and capability to operate at
elevated temperatures and pressures. The disadvantage of MFE, compared to
the conventional alkaline water electrolyser (AWE), is its low H2z purity levels
due to the lack of a membrane to physically separate Oz and Ha.

As detailed in Chapter 3, this research demonstrates that MFE is a promising
alternative Hz source for liquid H2 (LH2) production. This chapter develops
mathematical and simulation models to study Hz generation through AWE and
MFE. It particularly focuses on the impact of electrolyser operating conditions
and raw H:z purity on power consumption for LH2 production. Findings reveal
that the operating conditions, particularly pressure, significantly influence power
consumption, with higher pressures leading to improved overall efficiency due
to reduced bubble coverage over the electrodes. Higher operating
temperatures, while reducing reaction potential, bubble coverage, and
electrolyte resistance, simultaneously lead to an increase in activation

overpotential and cell voltage, particularly at temperatures over 120 °C.
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This chapter shows that MFE is a viable alternative Hz source for Hz liquefaction
plants as cryogenic cooling enables efficient removal of Oz, yielding high-purity
LH2 (>99.9%). Compared to AWE, MFE can reduce power consumption for LH2
production by up to 10% when operated at elevated temperatures and
pressures. The findings of this chapter contribute to the industrial application of
MFE technology.

Furthermore, this chapter has demonstrated that improving the purity of raw Hz
can remarkably reduce the energy consumption in the production of LHz, while
simultaneously addressing safety concerns. Therefore, effectively mitigating
gas crossover is essential for the performance and safety of MFE. This goal
can be achieved by developing a comprehensive understanding of bubble

behaviour and innovating novel techniques for bubble management in an MFE.

7.2 Bubble formation and departure from a microelectrode bubble
generator

Generating bubbles with controllable size and frequency is critical for the
fundamental study of bubble behaviour. Traditional bubble-generation methods
predominantly rely on submerged nozzle gas injection, requiring precise control
and sophisticated systems for gas flow. In contrast, the microelectrode single
bubble generator presented in Chapter 4 offers a simple and economical
solution. The proposed bubble generator is fabricated by embedding a
microelectrode within a small nozzle to regulate bubble size and frequency
through applied current and its geometrical parameters.

The formation and departure of H2 bubbles from the microelectrode bubble
generator are systematically investigated. It is denoted that a microelectrode,
when fully submerged in an electrolyte, predominantly produces continuous,
small bubbles (<0.2 mm). However, when placed within a nozzle, the same
microelectrode tends to form single bubbles. The dimension of the
microelectrode is critical, as larger diameters (>0.25 mm) favour continuous
bubble formation. Moreover, concealed microelectrodes tend to produce
continuous bubbles under low currents. As the current increases, these bubbles

coalesce and form a large, expanding bubble, which eventually detaches from
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the nozzle upon reaching a critical diameter. Notably, a thinly concealed
microelectrode can produce bubbles ranging between 0.3-1.4 mm at a
frequency of approximately 1 Hz. This innovation serves as a fundamental step

for subsequent studies on bubble behaviour within an electrolyser channel.

7.3 Effect of flow field on bubble rising trajectory

Membrane-free water electrolyser (MFE) utilises shear-induced lift force to
separate Hz and Oz bubbles. The understanding of the effect of bubble diameter
and flow field on the shear-induced lift force holds the key to enhancing bubble
management in an MFE. Chapter 5 includes an experimental study on the
trajectories of microbubbles rising in a vertical electrolyser channel with a fully
developed laminar flow. The primary forces, including buoyancy, lift, and drag,
on the behaviour of bubbles with diameters ranging from 0.3 mm to 1.0 mm are

assessed.

It is concluded that bubbles, under the influence of lift force induced by the
flow’s velocity gradient, move towards the wall region despite their diameters.
Releasing bubbles closer to the wall, increasing bubble diameter, and elevating
flow Reynolds number can accelerate this movement. As a bubble moves
towards the wall, its transverse velocity increases, and its vertical velocity
decreases. Furthermore, the effect of wall-induced lift force is negligible on the

bubble rising trajectory outside the wall region.

Based on the experiment results, a new correlation was proposed for evaluating
the lift coefficient for microbubbles subjected to a fully developed laminar flow.
This relationship highlights the dependencies of shear-induced lift force on
bubble Reynolds number and flow Reynolds number. Specifically, the lift
coefficient is inversely proportional to the bubble Reynolds number, with a
negative exponent of -0.17. In contrast, the lift coefficient is directly proportional

to the flow Reynolds number, with a positive exponent of 0.5.

The insights gained from the work signify that the trajectory of buoyant objects

in vertical channels can be managed by controlling the flow's velocity profile,
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with potential applications in various fields, especially for managing bubble
distribution in an MFE.

7.4 Mitigating gas crossover in membrane-free water electrolyser

The distribution of H2 and Oz bubbles is critical to the performance and safety
of a membrane-free water electrolyser (MFE). Literature suggests employing a
fully developed laminar flow at the electrolyte entrance of an MFE, which
generates a lift force that separates Hz and O2 bubbles. However, as MFE
scaling up, solely on electrolyte flow is inadequate for the effective separation
of H2 and Oz gases. In Chapter 6 of this thesis, a flow controller is developed to
enhance the separation of H2 and Oz in an MFE.

The flow controller used in this work consists of two groups of thin, porous
plates positioned between the anode and cathode. The results show that the
flow controller can successfully maintain a W-shaped velocity field within the
channel, which ensures the shear-induced lift forces consistently direct H2 and
O:2 towards the electrodes where they evolve. This reduces the bubble layer
thickness and consequently mitigates bubble crossover. It is found that the
bubble layer thickness is highly related to the geometrical parameters of the
flow controller. As the gap of the flow controller reduces, the thickness of bubble
layer decreases. Also, the optimal position of the flow controller is at
approximately 0.25w from the channel wall (where w represents the channel
width). Elevated flow Reynolds number can also mitigate gas crossover, as

bubble layer thickness reduces with the increase of flow Reynolds number.

An experimental study on an MFE equipped with a flow controller is conducted.
The flow controller prototype is fabricated via 3D printing from ABS plastic with
a wall thickness of 0.4 mm. The results show that the flow controller can
significantly reduce gas crossover in an MFE without compromising cell

efficiency.
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7.5 Recommendations for future work

The research presented in this thesis contributes to the understanding of bubble

behaviour in a membrane-free water electrolyser (MFE) and the industrial

application of MFE technology. The following possible directions are

recommended for future study:

Process optimisation of Hz liquefaction process with MFE as H2 source

Chapter 3 of this thesis introduced an Hz liquefaction process using Aspen
HYSYS software. This existing model, based on a series of simplifications
and assumptions, employs single-stage heat exchangers for Oz and H2
liquefaction and fixed coefficient of performance (COP) values for cryogenic
coolers, resulting in elevated projections for energy consumption. For
enhanced accuracy and reliability, subsequent research should consider
incorporating a helium refrigeration cycle as the cold stream for H2
liquefaction (Krasae-in et al. 2010, Yin and Ju 2020). To improve system
efficiency, the process optimisation should focus on the integration of multi-
stage heat exchangers throughout the precooling, Oz liquefaction and H2
liquefaction stages. The refined model can provide a more accurate

evaluation of an industrial LHz liquefaction plant with MFE as the H2 source.

Development of high-pressure MFE operating at elevated temperatures

As discussed in Chapter 3, operating an electrolyser at elevated pressure
can lower its power consumption for both raw H2 and LH2 production. By
pressurising the electrolyser, it becomes possible to raise the operating
temperature to an optimal level, thereby maximising cell efficiency.
Consequently, it is suggested that future research focus on developing a
high-pressure MFE. It is also important to note that bubble behaviour can
vary significantly at high pressures compared to atmospheric pressure.
Therefore, an in-depth understanding of bubble behaviour in a high-

pressure MFE is crucial for improving both cell performance and H: purity.
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Bubble swarm behaviour in a water electrolyser

Chapters 4 and 5 detailed experimental studies focusing on the evolution,
departure, and rising of single microbubbles within an electrolyte. However,
within water electrolysers, bubbles usually exist in swarms, where the
interactions between bubbles can significantly influence their behaviour.
This is especially important for MFE cells, where controlling bubble
distribution is crucial for mitigating gas crossover. Developing a technique
capable of capturing the three-dimensional flow field within an electrolyser
and tracking bubble distribution within this flow field can facilitate the further

investigation of bubble swarm behaviour in a water electrolyser.

Experimental study on flow controller in a scaled-up MFE

Chapter 6 of the thesis introduces the concept of employing a flow controller
for bubble management in an MFE. Although a prototype flow controller has
been developed, there is still room for improvement, including improving
fabrication and installation quality. Consequently, further studies are needed
to conduct comprehensive evaluations of the flow controller's performance.
Such studies should aim to not only assess its performance in lab-scale
MFE but also validate its effectiveness in mitigating gas crossover in a
scaled-up MFE.

Enhancement of bubble departure from electrodes

As mentioned in section 2.4, bubble coverage over the electrode surface
can reduce the active area of the electrode and decrease cell efficiency.
Therefore, developing an effective and economical technique to remove
bubbles from the electrode surface is both crucial and presents a significant
challenge. Several studies have explored techniques to expedite bubble
departure utilising external fields, which include strategies like rotating
electrodes, supergravity, magnetic force, and ultrasonics (Wang et al. 2014,
Granados Mendoza et al. 2017, Scott 2018). Employing higher flow
velocities can also be advantageous as it can enhance bubble departure by
leveraging drag force (Mazzocco et al. 2018, Zhou et al. 2020).
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Artificially inducing the formation of large bubbles at the bottom of the
electrode can be particularly effective; as these larger bubbles rise, they
may collide with adhering bubbles, dislodging them from the electrode
surface. Additionally, the presence of large bubbles can induce high local
velocity near the electrode, swiftly sweeping off the adhering bubbles. To
the author’s knowledge, such a technique has yet to be investigated in

existing literature.
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