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Visualisation of electrolyte flow fields in
an electrolysis cell
SYNOPSIS
The performance and efficiency of an electrochemical system with gas evolution can be related to
the mass transfer effects which are influenced by the resulting two-phase flow. The aim of this
investigation was to develop a better understanding in the effects of current density, anode height
and inter-electrode spacing on the electrolyte flow patterns and to validate Computational Fluid
Dynamic (CFD) model predictions of the electrolyte flow patterns. The CFD model was developed
in a previous study and was applied to the experimental rig developed for this study, in which the
electrolysis of copper sulphate was studied.
A direct flow visualisation technique was used as the method of investigation in the experimental
work. To facilitate the visual observation of the electrolyte flow patterns, O2 gas bubbles evolved
on the anode surface were used as the flow followers to track the electrolyte flow patterns. At the
bottom of the anode where there was no gas evolution, polyamide seeding particles (PSP) were
used as the flow followers. A Photron FASTCAM SA4 high speed camera with a capability of
recording up to 5000 fps was used to record the electrolyte flow patterns and circulation. The
Photron FASTCAM Viewer (PFV) camera software was used for the post analysis of the
recordings and for measuring bubble size, bubble speed and the speed of the PSP tracking particles.
The experimental results were then compared with the results obtained from the CFD model
simulation in order to validate the CFD model. The electrolysis cell was approximated by a
simplified planar two-dimensional domain. The fluid flow patterns were assumed to be affected
only by the change in momentum of the two fluids. To simplify the model, other physical, chemical
and electro-magnetic phenomena were not modelled in the simulation. The Eulerian multiphase
flow model was used to model the multiphase flow problem investigated.
The flow fields observed in the experiments and predicted by the model were similar in some of the
positions of interest. The gas bubble flow field patterns obtained in the experiment and model were
similar to each other in Position A (the top front of the anode), C (the area at the bottom of the cell
i
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below the anode), and D (the gap between the anode and the diaphragm), with the only exception
being Position B (slightly above the anode top back). The experimental results showed an
accumulation of the smaller gas bubbles in Position B with a resulting circulation loop across that
region. On the other hand, the model predictions did not show this gas bubble accumulation and
circulation in Position B.
All the flow patterns predicted for the electrolyte flow illustrated similar flow patterns to the ones
observed in the experimental results, including the circulation loop in Position B. The bubble
speeds measured at Position A in the experimental work had a reasonable agreement with the
bubble speeds predicted by the model. The error between the two results ranged from 6% to 29%
for the various cases which were tested.
An increase in the current density generated more gas bubbles which resulted in an increase in the
bubble speed. Increasing the anode height increased the amount of gas bubbles generated as well as
bubble speed while the bubble speed was decreased with an increasing inter-electrode distance.
KEYWORDS: electrolysis cell, direct flow visualisation, bubble size, bubble speed, electrolyte
flow patterns, CFD model
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1. INTRODUCTION
The Council of Scientific and Industrial Research (CSIR) is researching ways to develop a
more economical process to produce the titanium metal via the reduction of TiCl4 with an
alkali or alkaline earth metal. The cost of producing these metals is a significant fraction of
the total cost of producing the titanium metal. As a result, the CSIR is studying alternative
cell designs that can be used to economically produce alkali/alkaline earth metals by molten
salt electrowinning.
In the course of the CSIR’s studies, a novel electrolysis cell design was proposed and a patent
application filed to seek protection of the intellectual property (Van Vuuren, Terblanche &
Swanepoel, 2013). In contrast to the conventional Downs cell design (Downs, 1924), the
CSIR cell design employs planar electrodes instead of cylindrical electrodes with the
electrodes arranged in a sequence of anode-cathode-anode assemblies. One particular
advantage of this arrangement is that the electrolyte flow is induced to flow upwards between
the electrodes and then over the anodes rather than over the cathodes as in the Downs cell. It
is believed that with this flow pattern fewer gas bubbles will be collected with the liquid
metal product above the cathodes than in the Downs cell design resulting in higher current
efficiencies.
In a previous confidential study, a CFD model was developed and used to predict the flow of
a molten salt electrolyte inside an electrolysis cell with planar electrodes (Baloyi et al., 2014).
However, due to the complexity of the system and all the simplifying assumptions that had to
be made, it was uncertain whether or not the predictions were realistic. It was therefore
decided that in order to validate the model predictions an experimental investigation must be
conducted using a simpler system whereby the flow patterns can be observed and measured
(Baloyi et al., 2014). Typically, there is insufficient validation of the predictions made by
CFD models because of inadequate experimental data (Hreiz et al., 2015). Thus, it is
important to obtain experimental data to validate model predictions.
To obtain the required experimental observations and measurements it was required to have
an electrolysis cell that would enable visual observation. As part of this work, an electrolysis
cell that allowed optical visualisation and subsequent study of the flow patterns was designed
1
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and constructed. The details of this experimental electrolysis cell design will be presented
later in the document.
In a gas-evolving electrolysis cell where an aqueous salt solution is electrolysed, gas bubbles
evolve on the surface of one or both of the electrodes depending on the electrolyte used
(Pletcher & Walsh, 1990b: 1-55; Hreiz et al., 2015). The gas bubbles evolved in these
electrochemical systems create a buoyancy induced two-phase flow in the area next to the
electrode surface (Mandin et al., 2014). The electrolysis of some molten salts can also
produce gas bubbles which induce such a two-phase flow (Kuhn, 1971: 177-178). Gas
evolving electrochemical cells are widely used in industrial operations for the production of
various chemicals and metals (Pletcher & Walsh, 1990b: 1-55). However, there are few
experimental studies investigating the two-phase flow in electrolysis cell reported in literature
(Mandin et al., 2014). As a result, there are a number of gaps in the knowledge about the
effects of gas evolution and subsequent two-phase flow on the cell performance and
efficiency.
Various design parameters such as electrode material, dimensions, electrolyte type, operating
conditions and cell configurations have an effect on cell performance and on the
determination of flow patterns in an electrolysis cell (Abdelouahed et al., 2014a; Ashraf Ali
& Pushpavanam, 2011a; Hine et al., 1980; Sillen et al., 1982). The cell configuration and
operating conditions have been identified as important parameters for reducing the gas void
fraction, voltage drops and subsequently improve efficiency in gas evolving electrolysis cells
(Hine et al., 1980; Abdelouahed et al., 2014b; Nagai et al., 2003b).
The main aim of this study was to visualise and measure the flow patterns inside an
electrolysis cell with planar electrodes by using an experimental setup. Furthermore, to
validate the CFD modelling approach used in previous work with the aim to use the model in
future design and optimisation studies.
To achieve these aims the objectives were to:


Design and construct an electrolysis cell that enables visual observation of the flow
patterns inside the cell.



Identify techniques to qualitatively and quantitatively study the flow patterns.
2
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Test the effect of current density, anode height and inter-electrode spacing on the
flow patterns and electrolyte circulation rates.



Apply the developed CFD model on the system investigated and validate the
modelling approach by comparing the experimental results with the model results.



Test the effectiveness of the diaphragm design that was used in preventing the gas
bubbles from entering the channel between the diaphragm and the cathode.

This study focused on a particular cell design with the aim of getting a better understanding
of how the cell operates in order to able to make improvements on the functionality and
design of the electrolysis cell. Therefore, the focus of this investigation was based on
studying the flow patterns inside the electrolysis cell. This was done by observing, measuring
and analysing electrolyte flow patterns and circulation caused by gas evolution on the anode
surface. Direct flow visualisation was used as the method of study whereby a high speed
camera was used to capture the electrolyte flow field for measurements and analysis.
Furthermore, the experimental results were compared to the results obtained from a CFD
model in order to validate the modelling approach.
The structure of the dissertation is as follows: Chapter 1 presents the introduction of the
thesis whereby the background, problem statement and objectives of the research work are
laid out. Chapter 2 gives an overview of the relevant theory related to this work. This looks at
the factors that affect electrolysis cell performance with a focus on gas evolving cells.
Chapter 3 presents the electrolysis cell design, experimental setup and experimental
procedures. Chapter 4 presents the results obtained from the experimental work together with
discussion of the findings. Chapter 5 presents the results obtained from the CFD model
simulations, and Chapter 6 presents the conclusions drawn from the findings and
recommendations for future studies.

3
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2. LITERATURE REVIEW
2.1. Introduction
This chapter presents the theoretical framework, principles and techniques which underpin
this study. To introduce the theory a brief background on the field of the study is presented
and then more details are unpacked in the main section.
Electrochemical processes are based on electrolysis, where an otherwise non-spontaneous
chemical reaction is driven by the application of an electric potential across an electrolyte
(Pletcher & Walsh, 1990b: 1-55). In electrochemical reactions, a chemical change is brought
about by the passage of current; the electrochemical reactions occur at the surface of
electrodes immersed in an electrolyte (Sandenbergh, 2014c). For electrolysis to occur,
electrons must pass from the anode to the cathode through an external electric circuit
connecting the electrodes (Pletcher & Walsh, 1990b: 1-55). The electrolyte between the
electrodes must complete the circuit by providing a mechanism for charge transport within
the cell (Pletcher & Walsh, 1990b: 1-55; Goodridge & Scott, 1995: 1-16).
Electrolysis is used in various industrial applications for the production of chemicals and
metals. The most commonly used electrolytic processes include metal electrowinning,
electrorefining,

electrodeposition,

electroplating,

hydrodimerization

and

inorganic

electrolytic processes (Pletcher & Walsh, 1990b: 1-55). Depending on the application,
various molten salts (in metal production) and aqueous salt solutions can be used as the
electrolyte in these electrolytic processes.

2.2. Gas-evolving electrolysis cells
Electrolytic gas evolution is an important phenomenon in most electrochemical processes in
applied electrochemistry (Janssen, 1989). Some of the widely used and most popular
electrochemical processes which involve gas evolution are presented below.
2.2.1. Chlor-alkali process
The chlor-alkali process is an electrochemical process used for the production of chlorine gas
from NaCl. A direct current is passed through an aqueous solution of NaCl to decompose the
NaCl into Cl2, H2 and NaOH solution (Schmittinger, 2003: 186-215). There are three
common industrial processes used to produce Cl2. These are the diaphragm cell process,
mercury cell process and membrane cell process (Pletcher & Walsh, 1990b: 1-55;
4
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Schmittinger, 2003: 186-215). These processes each represent a different approach of
separating the Cl2 produced at the anode from the NaOH and H2 produced at the cathode. The
electrolysis of an aqueous solution of NaCl results in the evolution of Cl2 and H2 gas at the
anode and cathode respectively (Schmittinger, 2003: 186-215).
Chlorine can also be produced electrochemically via the electrolysis of hydrochloric acid,
molten alkali metal and alkaline earth metals where Cl2 is a by-product (Schmittinger, 2003:
186-215). The membrane cell process has been the most favoured and dominant process due
to its environmental and financial benefits. As a result, all new plants are using the membrane
cell process for the production of chlorine gas (Schmittinger, 2003: 186-215).
2.2.2. Molten salt electrolysis
Molten salt electrolysis is mainly used for the electrowinning of reactive metals where the
potential required to reduce the metal cation to the metal is so negative that the
decomposition of water cannot be avoided (Sandenbergh, 2014e). Electric conductivity,
electrode reaction rate and high decomposition potential of the electrolyte are the main
advantages of using molten salts in electrolytic systems. Molten salts are good conductors of
electricity and their high conductivity is of great importance in the efficiency of electrolytic
processes (Grjotheim et al., 1998: 42-71).
The conductivity of molten salts is much higher than the conductivity of the same salts in
aqueous solution and also higher than that of organic electrolytes (Mantell, 1960: 1-13;
Grjotheim et al., 1998: 42-71). The high conductivity helps to limit the ohmic voltage drop
(Sandenbergh, 2014e). The high temperatures in molten salt electrolysis contribute in making
the process have fast electrode reaction rate and less polarization (Grjotheim et al., 1998: 4271).
Furthermore, as a result of these advantages molten salts have been used in various
electrochemical processes. Amongst others, they have been used in metal production, metal
refining, electroplating and deposition, inorganic chemicals production, and organic
chemicals production. The Hall-Heroult process is used almost exclusively for the production
of aluminium metal (Grjotheim et al., 1998: 42-71; Sandenbergh, 2014d).

5
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2.2.3. Alkaline water electrolysis
Alkaline water electrolysis is a process used to produce both very pure hydrogen and oxygen
gas (Pletcher & Walsh, 1990c: 256-268). Alkaline water electrolysis is widely used for the
large scale production of hydrogen gas (Pletcher & Walsh, 1990c: 256-268; Nagai et al.,
2003a). However, this is an expensive route to produce the H2 gas compared with the
separation of CO and H2 from synthesis gas produced by coal gasification (Pletcher & Walsh,
1990c: 256-268).
Typically, an alkaline solution of NaOH, KOH or LiOH is usually used as the electrolyte in
hydrogen and oxygen production (Mantell, 1960: 1-13). A direct electric current is passed
through the alkaline solution between the electrodes and forces a reaction that splits the water
molecule into its elements. During water electrolysis, oxygen and hydrogen gas bubbles are
evolved at the anode and cathode respectively (Sillen et al., 1982). A diaphragm between the
anode and the cathode is used to separate the two gases formed (Mantell, 1960: 1-13).

2.3. Electrolysis cell performance
The process of optimizing electrochemical systems through improving the cell design and
optimising operating conditions involves a number of factors that need to be understood
thoroughly. This allows a more informed decision making in the design of the cell and
enables relevant modifications to improve performance and efficiency. Some of these design
and operational parameters have been identified and are discussed below.
2.3.1. Gas bubble evolution
Gas evolution in electrolysis cells occurs in three stages, nucleation, growth and detachment
(Matsushima et al., 2013; Zhang & Zeng, 2012). The gas bubble nucleates at the electrode
surface adjacent to the electrolyte solution which is saturated with the dissolved gas species.
The bubble then grows under the mass transport controlling condition for the dissolved gas.
When the buoyancy force is greater than the interfacial tension force, the bubble detaches
from the electrode surface and moves to the bulk solution (Matsushima et al., 2013). The
detached bubbles move upwards under the buoyancy force and this mechanism creates a twophase flow near the electrode surface (Hreiz et al., 2015; Vogt, 1978).
The steps that the bubbles undergo determine both the residence time and the diameter of the
gas bubbles (Zhang & Zeng, 2012). These two factors are important for determining the
6
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resistance effect of the evolved gas bubbles (Zhang & Zeng, 2012). A high bubble population
and residence time increases the gas void fraction resulting in a high electrolyte resistance
(Sillen et al., 1982). The high electrolyte resistance causes an increase in the electrolyte
potential drop and subsequently affects the energy efficiency of the cell (Sandenbergh,
2014c; Sillen et al., 1982).
Parameters such as electrode geometry, electrode material, cell design, type of electrolyte and
operating conditions have been identified as the major factors that affect gas bubble evolution
(St-Pierre & Wragg, 1993; Vogt, 1985). Under certain conditions, the bubbles formed may
coalesce with neighbouring bubbles to form bigger gas bubbles (Matsushima et al., 2013).
The presence of gas bubbles and their motion inside the cell has a significant effect on the
performance of the electrolytic cell (Philippe et al., 2005). Gas bubbles can form a layer at
the electrode surface which can lead to a complete deactivation of the electrode (Sillen et al.,
1982). This bubble layer introduces an additional resistance to mass and ion transport to the
electrode (Zhang & Zeng, 2012). When the kinetics of the system is mass transfer controlled,
the bubble layer formed will significantly lower the electrode kinetics. The main challenge in
operating electrolysis cell with gas evolution is to minimize the resistance caused by gas
bubbles and subsequently improve the electrode kinetics and cell efficiency (Zhang & Zeng,
2012).
Furthermore, as a result of this bubble shielding the reactive surface area and reaction rate of
the electrodes is reduced (Wüthrich et al., 2005; Philippe et al., 2005). Due to the bubble
coverage and the subsequent surface reduction of the working electrode, the cell overvoltage
increases (Hine et al., 1980). All these bubble effects result in a reduction in energy
efficiency and high energy consumption when operating the cell (Zhang & Zeng, 2012; Hine
et al., 1980; Philippe et al., 2005). In addition, the mass transfer rate and the effective cell
performance are significantly reduced as a result of the bubble coverage (Matsushima et al.,
2013; Boissonneau & Byrne, 2000; Eigeldinger & Vogt, 2000; Aldas, 2004). Hence, the
fraction of the electrode surface covered or shielded by adhering gas bubbles has been
identified as the controlling parameter of mass transfer rates in gas-evolving electrodes
(Matsushima et al., 2013; Eigeldinger & Vogt, 2000).
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The electrical and thermal properties of the electrolyte, diffusive transport of electro active
species and current density are all modified by the presence of gas bubbles (Philippe et al.,
2005). This is due to the fact that gas bubbles have zero conductivity and their presence in a
system will thus affect potential and current distributions (Abdelouahed et al., 2014a). As a
result of these modifications, the macroscopic performance of the electrolytic cell is
significantly affected (Philippe et al., 2005). All these changes in the electrical properties of
electrochemical cells have a negative effect on the systems overall performance and
efficiency. Thus, optimization studies are investigating various cell configurations and
designs that can allow a quick removal of gas bubbles from the electrode surface
(Abdelouahed et al., 2014a).
In the light of the above, it is therefore essential to understand the rate of formation, gas
evolution, ion transport, mass transfer and motion of gas bubbles in order to optimize cell
performance and efficiency.
2.3.2. Bubble size and bubble velocity
A number of studies reported in the literature have used different techniques to measure and
calculate bubble size and bubble velocity. The typical values reported in the literature have
been reviewed and will be used as a guide for this investigation in terms of what values can
be expected and which measurement techniques can be used. It should be noted that these
values differ for different electrochemical systems.
The aim of measuring bubble size and velocity in gas-evolving electrolysis cell is mainly to
gain data for modelling studies. Matsushima et al., (2013) measured the bubbles size of O2
gas bubbles formed during alkaline water electrolysis at a current density of 0.3 A/cm2. They
reported an average bubble size of the rising O2 gas bubbles growing on the anode surface to
be between 0.015-0.07 mm. A minimum bubble size of 5 µm was recorded in their
measurements.
Abdelouahed et al., (2014) measured O2 gas bubble velocity along the anode surface and
reported bubble velocities varying from 5-25 mm/s. Model predictions of an electrochemical
cell with gas evolution reported time averaged axial liquid velocities between 0.006-0.2 m/s,
taken at different locations along the electrode and at different current densities (Alexiadis et
al., 2011). Bubble diameters between 0.59 to 1.09 mm at current densities between 3 to 6
8
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A/m2 in a 0.5 M KOH solution have been reported in (Zhang & Zeng, 2012). A study
conducted in an alkaline water electrolysis cell reported bubble velocities ranging from 4-24
cm/s and bubble diameters of 0.01-0.08 mm (Nagai et al., 2003b).
It has been noted that the current density greatly influences the mean bubble diameters and
bubble velocities in an electrolysis cell (Nagai et al., 2003b; Hreiz et al., 2015; Vogt, 1989).
The bubble growth rate increases with an increase in current density (Sillen et al., 1982). On
the contrary, Vogt (1989) states in a stationary electrolyte the diameter at detachment from an
electrode typically decreases with an increase in current density. However, this only applies
to bubbles on the electrode surface and the author acknowledges the fact that moving bubbles
may exhibit a different behaviour, due to bubble coalescence (Vogt, 1989).
Other factors that determine bubble size are electrolyte density, surface tension, contact
angle, surface roughness, electrode potential, pH, flow rate, temperature, pressure and
geometry (St-Pierre & Wragg, 1993; Vogt, 1989). However, in this study only the effects of
current density and cell geometry will be investigated and other variables will remain
constant.
2.3.3. Gas-liquid flow
Gas-liquid two-phase flow in electrolysis cells is induced by the evolution of gas bubbles
along the electrode surfaces (Ashraf Ali & Pushpavanam, 2011b; Alexiadis et al., 2011).
Fluid flow and mass transfer can be forced by electrochemically producing gas bubbles at an
electrode’s surface (Boissonneau & Byrne, 2000). The flow induced by gas evolving
electrodes is very important in determining the mass transfer, electrolyte mixing, gas
distribution, ionic transport and overall cell performance (Mat & Aldas, 2005; Alexiadis et
al., 2011; Vogt, 2011; Liu et al., 2015).
The two-phase flow also influences the macro scale electrolyte motions which are caused by
the density gradients of the gas-liquid mixture (Wedin et al., 2003). In the presence of the
evolved gas bubbles, a vertical electrolyte motion driven by buoyancy force can be observed.
This buoyancy driven flow can be expected to form circulation flow patterns (Alexiadis et al.,
2011). Moreover, the induced electrolyte circulation is mainly responsible for mixing, which
then promotes ion transport and mass transfer (Ashraf Ali & Pushpavanam, 2011a). The
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focus of this study was to get a better understanding of these electrolyte circulation patterns
and the factors that influence them.
The presence of gas bubbles in the fluid causes fluctuations in the electrical conductivity of
the electrolyte which in turn affects the performance and efficiency of the electrolysis cell
(Wedin et al., 2003). It is therefore essential to have an understanding of the strong coupling
effects between the evolved gas bubbles and the electrolyte solution for predicting the overall
electrolyte conductivity and macro scale motions (Wedin et al., 2003). In order to improve
ion transport, mass transport, system optimization and efficiency it is vital to thoroughly
understand the effects of the two-phase flow in electrochemical systems with gas evolution
(Mat & Aldas, 2005).
2.3.4. Mass transfer
In general, mass transport in electrochemical systems occurs in three forms and these are
diffusion, migration and convection (Pletcher & Walsh, 1990b: 1-55). During electrolysis, a
reaction occurs at the electrode surface to form a certain product. This means a boundary
layer develops at the electrode surface in which the reactants concentration is lower than in
the bulk. As a result of this concentration gradient, the reacting species will diffuse towards
the electrode and the products formed will diffuse away from the electrode surface (Pletcher
& Walsh, 1990b: 1-55).
Migration is the movement of charged species which is induced by a potential gradient. It is
the mechanism by which charge passes through the electrolyte (Pletcher & Walsh, 1990b: 155). The migration transport mechanism is driven by electrostatic forces and does not
differentiate between the types of ions to be transported. This leads to a small amount of the
electroactive species being transported by migration.
Convection is the movement of a species as a result of a mechanical force (Pletcher & Walsh,
1990b: 1-55). This represents forced convection and it is usually achieved by agitating an
electrolyte solution or passing it through a cell (Pletcher & Walsh, 1990b: 1-55). On the other
hand, natural convection occurs when a chemical reaction at the electrode surface causes
small differences in the density. At a very low current density, the dissolved gas near the
electrodes is transported to the bulk solution by means of convection and diffusion (Sillen et
al., 1982).
10
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The performance of electrochemical processes which involve gas evolution at the electrode
surface is intrinsically related to mass transfer effects which are influenced by hydrodynamics
(Boissonneau & Byrne, 2000; Riegel et al., 1997). The gas bubbles formed during
electrolysis significantly affects mass transfer which is an important parameter in determining
electrolysis reaction rate (Aldas, 2004).
Mass transfer at gas evolving electrodes is controlled by macro-convective and microconvective mass transfer, acting simultaneously in such electrodes (Vogt, 1978). Macroconvective mass transfer is due to the liquid flow parallel to the electrode surface which
influences mass transfer by the velocity distribution near the wall. Micro-convective mass
transfer is linked with the bubbles adhering to the electrode surface (Vogt, 1978). Adhering
gas bubbles causes micro-convection near the growing bubbles which push away the
electrolyte from the electrode in a radial direction (Matsushima et al., 2013; Vogt & Stephan,
2015). This causes a disturbance of the diffusion layer and an increase in mass transfer (Vogt,
1978).
Furthermore, at certain operating conditions the micro-convection induced by gas bubbles
exerts the controlling action on mass transfer at gas evolving electrodes (Eigeldinger & Vogt,
2000). This can be observed at high current densities as the number of adhering bubbles
increases and hence, the influence of micro-convective mass transfer increases at the expense
of macro-convective mass transfer (Vogt 1978).
An increase in macro-convection has been shown to reduce the departure diameter of gas
bubbles by disturbing the balance between adhesion and buoyancy forces (Vogt 1978). At
certain conditions the macro-convection can superimpose other mass transfer mechanisms
and also interfere with micro-convective mass transfer by reducing the bubble coverage
(Eigeldinger & Vogt, 2000). The bubble coverage represents the fraction of the electrode area
shaded by adhering gas bubbles (Matsushima et al., 2013).
Parameters such as the size of gas bubbles at the moment they detach/depart from the
electrode and bubble coverage have been considered when estimating the mass transfer rates
at gas evolving electrodes (Eigeldinger & Vogt, 2000; Vogt, 1989). Moreover, the
detachment of gas bubbles causes turbulence in the electrolyte boundary layer which
enhances the heat and mass transfer rate (Matsushima et al., 2013).
11
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The fractional bubble coverage is strongly affected by the liquid flow past the electrode
surface (Eigeldinger & Vogt, 2000). Increasing flow reduces the bubble coverage which in
turn affects the mass transfer rates at the electrode surface (Eigeldinger & Vogt, 2000). On
the other hand, the size of the bubbles depends on the concentration and pH of the electrolyte
at the electrode-electrolyte interface, polarity and potential of the electrodes (Vogt, 1989).
2.3.5. Current density
According to Faraday’s law, the amount of electrogenerated gas per unit electrode area is
directly proportional to the current density of the cell (Abdelouahed et al., 2014b; Liu et al.,
2015). When the current density is increased, the supersaturation of the liquid exceeds a
lower limit sufficient for gas evolution and the first gas bubbles are formed at the electrode
(Vogt, 1978; Eigeldinger & Vogt, 2000). Thereafter, any further increase in the current
density results in more gas bubble formation. An increase in current density increases the
number of active nucleation sites and it can cause activation of the smaller nucleation sites.
As a result, this causes an increase in bubble population, bubble frequency and the tendency
of bubbles to coalesce (Sillen et al., 1982). High gas volume fractions can be observed at
high current densities and small bubble sizes (Abdelouahed et al., 2014b; Liu et al., 2015).
High current densities have also been shown to increase the gas production rates (Mat &
Aldas, 2005). These results are similar to the findings reported by (Aldas, 2004; Sillen et al.,
1982; Glas & Westwater, 1964; Abdelouahed et al., 2014b; Liu et al., 2015). The increase in
current density can also increase the velocity of the electrolyte flow (Liu et al., 2015).
However, the electrogenerated gas bubbles can accumulate at the electrode surface and form
a gas bubble layer which reduces the electrode active reaction area (Boissonneau & Byrne,
2000; Wüthrich et al., 2005). Consequently, there is a reduction in the reaction rate of the
electrodes and overall cell performance (Aldas, 2004). This is mainly due to the fact that the
performance of an electrochemical process is highly dependent on the flow of the reacting
species or ions towards the electrode surface (Ashraf Ali & Pushpavanam, 2011a). The
bubble coverage increases with increasing current density as more bubbles are evolved at
high current densities (Matsushima et al., 2013). It has been observed that at high current
densities gas bubble evolution becomes the rate limiting step in the electrochemical process
(Wüthrich et al., 2005).
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Riegel et al., (1997) observed a back flow and an increase in electrolyte resistance at high
current densities. This is expected since at high current densities the gas bubble formation is
enhanced and the increase in the bubble population results in a decrease in solution
conductivity and an increase in resistance. On the other hand, low current densities result in
the two-phase flow being confined to a thin layer along the electrode surface (Riegel et al.,
1997).
Dahlkid (2001) observed that a non-uniform bubble distribution along the electrodes causes a
non-uniform current density distribution and this result was found to be consistent with
existing experimental findings in literature.
Riegel et al., (1997) observed that an increase in current density resulted in a higher void
fraction at the cathode surface. Similar observations were made in the findings of a two-phase
flow model for natural convection developed by (Mat & Aldas, 2005). The void fraction of
gas is another factor that has a hindering effect for electrical current which in turn reduces the
cell energy efficiency (Aldas, 2004). Furthermore, Aldas (2004) showed that the void fraction
of gas increases with increasing electrode height. Therefore, suggesting that there is an
optimal electrode height that can be exploited in the cell design to avoid a large void fraction
of gas.
2.3.6. Cell voltage
The energy consumption of an electrochemical process is highly dependent on the cell
voltage and current efficiency (Pletcher & Walsh, 1990a: 60-141). Therefore, to improve the
overall efficiency of an electrolysis cell, the energy consumption can be minimized by
reducing the cell voltage. Furthermore, the applied current needs to be exclusively used for
reaction purposes only (Pletcher & Walsh, 1990a: 60-141). The voltage of an electrolytic cell
can be estimated by using Equation 2-1 below;
𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑒𝐶 − 𝐸𝑒𝐴 − |𝜂𝐶 | − |𝜂𝐴 | − 𝑖𝑅𝑐𝑒𝑙𝑙 − 𝑖𝑅𝑐𝑖𝑟𝑐𝑢𝑖𝑡

(2-1)

where Ecell is the cell voltage, 𝐸𝑒𝐶 and 𝐸𝑒𝐴 are the equilibrium potentials for the cathode and
anode reactions respectively, ηC is the cathode overpotential, ηA is the anode overpotential,
iRcell is the voltage drop across the cell due to the ohmic resistance of the cell components
with Rcell the internal resistance of the cell and 𝑖𝑅𝑐𝑖𝑟𝑐𝑢𝑖𝑡 the voltage drop across the external
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circuit of the cell, mainly across the electrical connections (Pletcher & Walsh, 1990a: 60141).
Equation 2-1 illustrates that the important parameters that determine energy efficiency in the
cell are the electrode kinetics, electrolyte properties and cell design (Pletcher & Walsh,
1990b: 1-55). The overpotential and iR terms represent energy efficiencies of an electrolytic
process (Pletcher & Walsh, 1990a: 60-141). When charge transfer is the rate limiting step in
the reaction sequence, the rate of electrochemical reactions is very dependent on the potential
gradient next to the electrode surface (Sandenbergh, 2014b). As a result, this affects the
electrode overpotential required to activate the reaction at the electrode surface. To obtain the
required current density to drive an electrode reaction, applying overpotential is necessary.
The overpotential required at the electrodes is essential to enhance electron transfer. When
the terms in Equation 2-1 are minimized and controlled, the cell will operate at optimal
energy efficiency.
The cell voltage is affected by process parameters such as temperature, electrolyte
concentration, electrolyte flow, electrolyte conductivity, electrode material, electrode
configuration and surface conditions (Pletcher & Walsh, 1990a: 60-141). In the design of an
electrolytic cell, all these parameters need to be considered as they play a role in determining
cell voltage and subsequently cell performance and efficiency.
2.3.7. Overpotentials
When a large enough direct current voltage difference is applied across a cell to cause
electrochemical reactions to occur at the electrodes, current flows through the system. In the
system there are various resistances to the current flow which results in voltage drops over
and above the minimum decomposition voltage required for the electrochemical reaction.
These voltage drops are called overpotentials. The processes that lead to overpotentials are
ohmic (IR) drop, concentration overpotential and activation overpotential (Gabrielli et al.,
2005).
One of the important factors that affect the voltage balance of an electrolytic cell is the IR
drop in the electrolyte across the anode-cathode gap (Hine et al., 1980). The anode-cathode
gap has been found to be the most significant parameter when it comes to the reduction of the
electrolyte IR drop in a cell (Hine et al., 1980). This is partly due to the fact that the anode14
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cathode gap strongly affects the gas void fraction and subsequently the electrolyte
conductivity and resistivity. In gas evolving electrolytic cells, the presence of gas bubbles
dispersed in the electrolyte result in an increase in the electrolyte resistance and IR drop
(Hine et al., 1980). The electrolyte resistance varies due to the formation of gas bubbles
(Sillen et al., 1982).
The voltage drop across the electrolyte is proportional to the resistance of the electrolyte. The
electrolyte resistance on the other hand is proportional to the inter-electrode distance and
inversely proportional to the area of the electrode (Sandenbergh, 2014c). Equation 2-2
illustrates this relationship.
𝑅=𝜌

𝑙
𝐴

(2-2)

where R is the electrolyte resistance, ρ is the electrolyte resistivity which is the inverse of
conductivity, l is the inter-electrode distance and A is the area of the electrode.
Perforated electrodes have been shown to effectively remove the evolved gas bubbles from
the electrolysis gap, hence, minimizing the IR drop by reducing the gas fraction in the anodecathode gap (Hine et al., 1980). Another way to minimize IR drop is by the recirculation of
electrolyte. Circulating the electrolyte reduces the gas void fraction in the electrolysis zone.
As a result, the conductivity of the two-phase electrolyte mixture in the electrolysis gap is
improved and the electrolyte resistance reduced (Hine et al., 1980). Electrolyte circulation
also plays a role in the mass transfer and electrolyte mixing in a gas evolving electrolysis
cells (Hine et al., 1980). Therefore, optimizing this parameter may lead to an efficient and
optimally operating electrolytic cell.
2.3.8. Cell configuration and electrode design
2.3.8.1. Electrode design
The electrode material and electrode geometry affect the maximum current density in an
electrolytic cell (Sillen et al., 1982). The electrode surface roughness on the other hand has a
significant effect on the bubble population. This is due to the fact that a rough surface
promotes more nucleation as compared to a smooth surface (Sillen et al., 1982; Matsushima
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et al., 2013). The bubble nucleation stage prefers to take place on the pits and scratches on
which the electric field line converges (Matsushima et al., 2013).
Nagai et al., (2003) investigated the effect of electrode height on water electrolysis
efficiency. Their findings showed that the electrodes with the larger height produced a higher
void fraction between electrodes as compared to the smaller height electrodes. The larger
electrodes have a greater surface area and the electrodes with a larger surface area possess
lower resistance for the current flow (Mazloomi et al., 2012). Furthermore, a lower current
resistance can be related to higher currents and subsequently more gas bubble evolution.
Therefore, high void fractions can be expected in systems with electrodes that have a large
surface area as reported in Nagai et al. (2003).
Using vertical electrodes has been reported to yield higher efficiencies. This is due to a
reduced ohmic resistance that is caused by an optimal higher bubble departure rate
(Mazloomi et al., 2012). The above studies are among the various studies that have been
reported in literature which investigated different cell and electrode designs (Sillen et al.,
1982; Glas & Westwater, 1964). All these studies show that the electrode material, design
and configuration have a significant effect in determining cell performance.
2.3.8.2. Inter-electrode distance
The inter-electrode distance is a significant parameter in determining the terminal cell voltage
in an electrochemical cell. A narrow inter-electrode distance results in a reduction in
electrolyte resistance which in turn causes a decrease in the electrolyte IR drop. This can be
illustrated with reference to Equation 2-2 above.
Since R is proportional to L, reducing L will reduce R. Hine et al., (1980) identified an
optimal inter-electrode distance of 5-7 mm for the electrolysis of caustic soda; this was
dependent on the operating conditions such as current density and electrolyte concentration.
Another optimal distance between the electrodes was identified and it was found to be
dependent on the current density (Nagai et al., 2003a). This optimal distance measured was
1-2 mm which corresponded to a current density greater than 0.5 A/cm2 in a water
electrolysis system (Nagai et al., 2003a).
When distance between electrodes is small and the current density high, the void fraction
between the electrodes becomes high (Nagai et al., 2003a; Abdelouahed et al., 2014a). This
16
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is because the high current density generates a large number of bubbles and since the
electrode spacing is small the gas bubbles tend to accumulate quickly. A high gas void
fraction in the inter-electrode gap increases the electrolyte IR drop by decreasing the
conductivity and subsequently increasing the solution resistance and (Hine et al., 1980). As a
result, this causes a decrease in the cell energy efficiency as more energy needs to be supplied
to overcome the increase in electrolyte resistance (Nagai et al., 2003a).
An increase in the inter-electrode space results in a decrease in gas volume fraction but it also
increases electrolyte resistance (Nagai et al., 2003a; Abdelouahed et al., 2014b). A narrow
inter-electrode distance results in a reduction in internal cell resistance (Pletcher & Walsh,
1990a: 60-141; Mazloomi et al., 2012). An optimal electrode-diaphragm configuration can
lead to a reduced ohmic resistance (Sillen et al., 1982). A reduced overall cell resistance
results into reduced losses in the electrolytic cell. The optimal inter-electrode differs from
system to system and it is an important parameter to identify and optimise.

2.4. Flow regimes in electrolysis cell
2.4.1. Types of flow and flow behaviour
Two-phase flow in an electrolysis cell is evident when there are gas bubbles forming and
detaching from the electrode surface (Dedigama et al., 2014). The rising gas bubbles causes
shear forces that result in an upward liquid motion near the electrode surface (Vogt, 1978).
The resulting gas-liquid flow forms a distinct flow field pattern that can be observed in the
area near the electrodes. The flow field patterns come into effect as a result of the cell
configuration, design and operating conditions.
The most commonly observed flow regimes in two-phase flow is bubbly flows, slug flows,
churn flows and annular flows (Dedigama et al., 2014; Ito et al., 2010). The flow regime
varies depending on the superficial velocity of each phase which is related to the mass
transport (Dedigama et al., 2014; Ito et al., 2010). These different flow regimes are
graphically shown in Figure 2.1. The type of flow regime that can be expected in the type of
electrochemical cell investigated would be the bubbly flow.
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Figure 2.1: Different types of flow regimes in a vertical channel commonly found in two phase flow
(Dedigama et al., 2014).

Fluid flow in electrolysis cells is dependent on the evolution of gas bubbles at the electrode
surface, which in turn depends on the cell design and configuration (Philippe et al., 2005).
One of the transport mechanisms of the electrolyte motion in a cell is due to the natural
convection created by the gas evolution (Boissonneau & Byrne, 2000). In addition to the
evolution of gas bubbles and detachment, the coalescence of bubbles adhering to the
electrode surface causes a flow of the electrolyte solution (Janssen & Barendrecht, 1985).
Shear forces caused by departing and rising bubbles along the electrode also contribute to the
motion of the electrolyte solution (Vogt, 1978).
Fluid flow in electrolysis cells with bubble evolution can transform from a laminar to a
turbulent behaviour throughout the length of the cell (Boissonneau & Byrne, 2000). Model
predictions have reported similar transitions in the fluid flow, whereby it was predicted that
the presence of small gas bubbles brings about a transition from a quasi-steady to a pseudoturbulent regime in a cell with gas evolution (Alexiadis et al., 2011).
Bubbly flows are evident at low current densities and as the current density increases the flow
regime then changes to slug flow (Dedigama et al., 2014). This change is partly due to the
increase in the bubble population, speed and bubble size as the current density increases
(Sillen et al., 1982; Dedigama et al., 2014; Mat & Aldas, 2005). Furthermore, this change in
18
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flow regime has been shown to enhance mass transport as the electrolyte mixing and mobility
of ions is enhanced (Dedigama et al., 2014).
However, as the bubble population increases a layer or shield is formed at the electrode
surface (Eigeldinger & Vogt, 2000; Boissonneau & Byrne, 2000; Matsushima et al., 2013).
Consequently, the reactive surface of the electrode and the cross sectional areas of pure
electrolyte for mass and current transport are reduced (Eigeldinger & Vogt, 2000; Dahlkild,
2001). Therefore, mass transfer will increase until the point where there is bubble shielding
and then it will eventually stop increasing. This again shows that current density plays a
significant role in determining the flow patterns in gas evolving electrolysis cells.
When the supersaturation of dissolved gas in the liquid adjacent to the electrode surface is
sufficiently high, gas bubbles form nucleation sites on the electrode surface (Dahlkild, 2001).
When the sum of the buoyancy force of the gas bubbles and the shear forces of the liquid are
greater than the interfacial tension force by which the bubbles adhere to the electrode surface,
the gas bubbles leave their nucleation sites (Dahlkild, 2001).
2.4.2. Factors affecting flow patterns
2.4.2.1. Electrode design
Kim & Fahidy (1989) used different anode materials in their experiments and observed that
the flow patterns generated at graphite, lead and durichlor 51 plate anodes of the same size
were almost identical. It was further concluded that the anode material of construction is not
an important factor for determining flow patterns (Kim & Fahidy, 1989). On the other hand,
it was shown that the shape of the electrode affects the distribution of the electric current and
hence, plays a significant role in determining the flow patterns (Kim & Fahidy, 1989).
In another study four different cathode materials were used and it was observed that the
growth rate of gas bubbles is not affected by the electrode material (Glas & Westwater,
1964). In another study, five different electrode designs were used and different circulation
patterns of the flow field for each of the electrode designs was observed (Ashraf Ali &
Pushpavanam, 2011b). The maximum circulation and mixing was achieved with a
configuration that included three small (1cm x 31cm) electrodes placed in parallel to one
another and separated by a spacing of 3 mm (Ashraf Ali & Pushpavanam, 2011b).
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These findings show that the combination of electrode design and configuration has a
significant impact in determining the circulation flow patterns in electrolysis cells. Therefore,
it can be expected that different electrochemical cells with unique designs and operating
conditions will yield different flow patterns.
2.4.2.2. Current density and cell voltage
It has been shown that an increase in current density increases gas evolution (Sillen et al.,
1982; Aldas, 2004; Mat & Aldas, 2005; Glas & Westwater, 1964; Wüthrich et al., 2005). The
enhanced gas bubble evolution has an effect on the flow patterns since the fluid flow in gas
evolving electrolysis cells is induced by gas evolution. Vogt (2012) noted that the bubble
volume reached at departure from the electrode depends on the shape, size and direction of
the operating electrode. Moreover, the bubble volume was shown to be largely affected by
the conditions of the gas-liquid flow near the electrodes (Vogt, 2012).
An increase in voltage results in an increase in the current which then increases the
production rate of the gas bubble. This causes an increase in circulation and consequently
good electrolyte mixing (Ashraf Ali & Pushpavanam, 2011b).

2.5. Flow visualisation techniques
This section presents some of the widely used flow visualisation techniques. Flow
visualisation is one of the most effective ways to analyse flow and it has played an important
role in improving the understanding of complex fluid flows (Lim & Smits, 2000c: 1).
2.5.1. Direct flow visualisation
Direct flow visualisation can be used as a simple tool to establish a flow field as a basis for
mathematical models (Kline, 1969). A number of studies in literature have used the direct
visualisation technique to gain a better understanding of various aspects of the two-phase
flow generated during electrolysis with gas evolution.
Direct observation of the two-phase flow with a high speed camera (Phantom Dantec
Dynamics) was used to take photographs for the purpose of measuring bubble size, bubble
velocity and gas volume fraction (Abdelouahed et al., 2014a; Abdelouahed et al., 2014b).
The Matlab image processing tool was then used to analyse the images and also to convert
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the real images to binary images for measurements and calculations (Abdelouahed et al.,
2014b).
Similarly, (Eigeldinger & Vogt, 2000) used a video camera to record the bubble population
and diameter of adhering bubbles. The recorded videos were analysed with software and the
fractional bubble coverage was also determined using the software.
Two cameras, one in each electrode were used to record bubble evolution during alkaline
water electrolysis. The behaviour of the gas bubbles was recorded at a frame rate of 30 fps
and the recordings were analysed offline using a computer (Zhang & Zeng, 2012).
A dark violet colour of electrochemically produced Mn (III) ions was observed using direct
visualisation with the aid of a Canon video camera and still photographs were taken with a
Nikon camera (Kim & Fahidy, 1989).
Microscopically enhanced visualisation was used to investigate the two-phase flow regime
and measure bubble size inside a small electrolysis cell (Boissonneau & Byrne, 2000). The
visualisation arrangement included a charge coupled device (CCD) video camera connected
to a microscope on the front of the cell. A bubble counting method was used to measure
bubble size and concentration.
A similar approach was used to study the growth of H2, O2, Cl2 and CO2 gas bubbles on
platinum, nickel, copper and iron electrodes at constant current density (Glas & Westwater,
1964). Measurements of the gas bubbles were conducted using high speed motion picture
photography through a microscope. Analysis of the motion pictures produced bubble size and
the contact angle at electrode surface (Glas & Westwater, 1964).
Four CCD video cameras were used to observe the gas bubble formation at the electrode
surfaces; two cameras per electrode were placed at a 30 degree angle to the electrode surface
to avoid bubble screening (Mandin et al., 2013). The cameras were used to gain direct
visualisation of the bubbles in order to measure bubble diameter and population density
during alkaline (NaOH) water electrolysis. The video sequences were decomposed to images
and analysed using the Virtual_Dub software.
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Matsushima et al., (2013) studied the effects of a magnetic field on bubble evolution, growth
and coverage. A high speed digital camera was used to gain visual access to the bubble
evolution at the electrode surface at a frame rate of 2000 fps.
Dedigama et al., (2012) conducted visualisation of bubble formation and flow patterns by
using a high speed video system (Photron SA-5, Photron, USA) and a solarc light source for
illumination. The images were captured at a frame rate of 7000 frames per second at a 1024 x
1024 resolution. The images were digitally analysed using Phantom camera control software.
These studies show evidence that indeed the technique has been widely used and trusted in
studies involving two-phase flows. This technique is simple, relatively cheap and it gives out
detailed information of the system studied. As a result, direct flow visualisation was chosen
as the preferred method for this investigation.
2.5.2. Flow followers
The use of a flow follower is a technique commonly used to identify flow patterns. The
movement of a particular particle is recorded and flow patterns are deduced from its trace.
Flow followers can be simple particles which are made distinct by colouring and their
movement is tracked visually and recorded with a camera (Mavros, 2001).
Flow followers in the form small, neutrally buoyant rhodamine coated particles of poly
methyl metha acrylate were used to track flow fields and measure circulation times (Ashraf
Ali & Pushpavanam, 2011b). Amongst other uses, the technique of using flow followers has
been used to observe flow patterns or to measure circulation times, which were then used to
validate the predictions theoretical models (Mavros, 2001).
Dye visualisation is another technique which has been widely used in flow visualisation
studies (Lim & Smits, 2000a: 43-69). In the technique, a food dye is commonly used as the
flow follower. Food dyes are used because they are safe to handle, easily accessible and come
in various colours (Lim & Smits, 2000a: 43-69). In terms of the colour choice, it has been
noted that the green, blue and red colours produce better picture contrasts compared to other
colours (Lim & Smits, 2000a: 43-69).
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2.5.3. Particle image velocimetry (PIV)
PIV is a technique that involves using a powerful light source for illumination and taking
images of a plane cutting through the vessel at short time intervals. PIV is both a quantitative
and qualitative technique. It has capabilities to use the captured picture frames to yield
velocity vector components and to provide a map of the flow in the illuminated plane.
Software is required to analyse the picture frames and use them to calculate the particle
velocities (Mavros, 2001).
Recent software developments have resulted in very detailed flow maps and calculations of
flow characteristics such as vorticity and turbulence amongst others (Mavros, 2001). Novel
extensions of the PIV technique include the holographic PIV, which records the 3-D velocity
distribution. Another extension is the three dimensional particle tracking velocimetry, in
which all the three velocity vector components are determined as a function of time (Mavros,
2001).
Typically, PIV uses a set of lasers and cameras and provides instantaneous global views of
the bubble layer behaviour along the electrodes (Boissonneau & Byrne, 2000). The technique
has been used to visualize the global behaviour of a two-phase flow with a focus on finding
the transition point where laminar flow transferred to turbulent flow (Boissonneau & Byrne,
2000).
Ashraf & Pushpavanam (2011) used PIV to quantitatively analyse the flow field in an
electrolytic system. The electrolyte was seeded with tiny, neutrally buoyant rhodamine coated
particles of poly methyl metha acrylate, PMMA (ρ=1000 kg/m3, size 10 µm). Since the
particles possessed similar densities as the electrolyte, they were assumed to follow the flow
behaviour faithfully.
To conduct the measurements, a double pulsed Nd-YAG laser beam is passed through an
optical arrangement in the system and the reflection from the particles is captured with a high
speed camera. This allows one to obtain the velocities of the particle which then translates to
the velocity of the liquid (Ashraf Ali & Pushpavanam, 2011b).
The PIV technique enables visual observation of fluid flow fields for qualitative flow analysis
and as an added advantage it also has the ability to provide quantitative data. For this reason,
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the PIV technique has been a very popular measurement tool in fluid flow investigations
(Lim & Smits, 2000a: 43-69).
2.5.4. Laser Doppler Velocimetry (LDV)
The development of the laser technology in the 1960s resulted in a new measuring technique
for velocities, the laser doppler velocimetry (Mavros, 2001). In the LDV technique, the
measuring probe lies outside the vessel of interest and hence does not interfere with the flow
pattern inside.
The working principles of LDV involves a laser beam splitting which results into two
coherent beams that are made to cross at a point inside the vessel. In the intersection volume,
parallel interference fringes are formed. When a particle crosses this small volume, it scatters
light which is captured by a photodetector (Mavros, 2001).
The velocity of the particle crossing the intersection volume is measured by analysing the
change in intensity fluctuations on the photodetector (Mavros, 2001). The LDV technique
also has the ability to measure velocity vector components. The only disadvantage of the
LDV technique is the need for the fluid to be transparent (Mavros, 2001).
Boissonneau & Byrne (2000) used LDV to measure the fluid and bubble velocities in the
channel between electrodes at different heights along the length of the cell. The aerometrics
LDV instrument used in the experiments separated green light (514 nm) from blue light (488
nm) and enabled a two component velocity measurement.
LDV uses light scattered from the bubbles to calculate velocity. Amongst the methods used
in their experiments, (Boissonneau & Byrne, 2000) concluded that LDV was the most robust
method for measuring the hydrodynamics of gas evolving systems.
2.5.5. Other techniques
There are some advanced techniques which have not been commonly used in flow
visualisation but have been reported in certain studies in literature. These include nuclear
magnetic resonance (NMR) imaging, neutron imaging, micro-tomography, and fluorescence
microscopy. These techniques have mostly been used for liquid water visualisation in
hydrogen fuel cells (Bazylak, 2009). Another advanced method that has been used in bubble
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columns and crystallizers is the computer assisted radioactive particle tracking technique. An
alternative to this is the positron emission particle tracking technique (Mavros, 2001).

2.6. Conclusions
Several design and operational factors that affect electrolysis performance and efficiency
have been identified and discussed. These include gas bubble evolution, gas-liquid flow,
mass transfer, current density, electrode configuration and design. Hence, every cell design
will have a unique way in the manner in which it performs. With that said, it is important to
have a thorough understanding of the effects caused by these factors on the cell performance.
This is what this investigation is aiming to achieve in the system being investigated.
The most commonly used method for flow visualisation was found to be the direct flow
visualisation technique. Direct flow visualisation is the simplest and cost effective way to
observe fluid motion and provides valuable insight into the phenomena occurring in fluid
flows. As a result, for the purpose of this work direct flow visualisation was chosen as it
proved to be sufficient for the study at hand. Other powerful techniques such as PIV and
LDV were considered; however, due to the financial constraints of the project these
techniques were ruled out as options because they were not as cost effective as the direct flow
visualisation technique.
Most of the work reported in the literature use a mathematical approach to study the
operating parameters and associated factors in electrochemical systems. There are few studies
that focus on experimental work to determine effects of design parameters on flow patterns
and electrolysis cell performance. Hence, this study investigated the effect of a specific cell
design on the flow patterns and cell performance. The effect of parameters such as the
electrode configuration, electrode dimensions and current density on the flow patterns was
tested.
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3.1. Introduction
The electrochemical cell that was used in the experimental work was based on a pilot plant
scale electrochemical cell design for electrolysing a molten salt electrolyte. The aim of the
laboratory scale cell was to verify the CFD model used for modelling the pilot plant scale
electrochemical cell. The focus was on the gas bubble induced electrolyte flow patterns
around the anode and the factors that affect the electrolyte flow. Hence, the laboratory scale
cell was designed to simulate the pilot plant cell, particularly the electrolyte flow patterns.
There were notable differences between the two systems, as the pilot plant cell was designed
for molten salt electrolysis and the laboratory scale cell was designed for the electrolysis of
an aqueous solution. The main differences in the two systems were the applied current
density, electrolyte, electrolyte conductivity, amount of gas evolved, and temperature.
Despite the differences between the two systems, the laboratory cell was still a good physical
model that would provide valuable insight on the operation and design of the cell
investigated. This is mainly because the physical cell designs had a lot of similarities. Since
the design and configuration of the two cells was similar, the resulting flow patterns were
expected to be similar too. Hence, the laboratory scale cell design provided a good model to
simulate the pilot scale cell and test the CFD model even though it was operated in a different
electrolyte.
Due to the fact that not all the factors and parameters were emulated in the laboratory cell,
some trade-offs were made in the design of the laboratory cell. The parameters that were
considered in the cell design were the physical properties of the electrolyte, cell dimensions
and configuration, gas evolution, current density and cell voltage. The laboratory cell was
designed such that the cell configuration was similar to the pilot cell as this affects the
electrolyte flow patterns. Moreover, the cell was designed such that the amount of gas
evolved was appreciable and can lead to similar flow phenomena observed in the pilot plant
cell.
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3.2. Electrolysis cell design
Figure 3.1 below presents the design drawing of the electrolysis cell used in the experimental
work for this investigation. The electrochemical system included a transparent electrolysis
cell, electrodes, diaphragm, and supporting structure.
The cell consists of a supporting structure which houses the electrolysis cell in place with all
the cell components attached to it. Because of the size of the electrolysis cell, the supporting
structure was designed to enable ease of handling and transportation of the cell. The inner
components of the electrolysis cell i.e. anode, cathode and diaphragm were required to be
adjustable within the cell. For that reason, the supporting structure was designed to have rails
at the top to allow for the anode, cathode and diaphragm to be moved horizontally in order to
adjust the distances between them as required in the experimental work. The supporting
structure also allowed easy removal of the electrode and diaphragm from the cell.
The diaphragm can also be removed and replaced with a different diaphragm design to test
the effectiveness of the diaphragm type used in relation to separating the anode gas bubbles
from entering the cathode half. However, only one diaphragm design was tested in this study.
The electrodes were attached to hangers which were electrically isolated; these are presented
by label 3 in Figure 3.1. The electrode hangers were positioned on the rails of the supporting
structure. This enabled the electrodes to be moved on the rails to adjust the inter-electrode
spacing and also interchange the electrodes when required.
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Figure 3.1: Design drawing of the electrolysis cell design
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Figure 3.2 presents a schematic diagram of the experimental setup which included the
electrolysis cell as shown in Figure 3.1, aqueous electrolyte solution, a high speed camera
connected to a laptop and a DC power supply. The high speed camera system included
external lights and tripod stands. The set up arrangement included the high speed camera
positioned on the front side of the cell with the tripod stand used to adjust the camera level of
view and angle. The external lighting was positioned from the top, back and on the side of the
cell.
Computer for data
analysis
DC Power Supply

Data transfer

Diaphragm

Transparent cell

Anode

High speed camera
Cathode
Gas bubbles

Electrolyte solution

Figure 3.2: Schematic diagram of the experimental setup

Figure 3.3 shows a photograph of the experimental setup, indicating some of the key
components of the setup. Further details of each of the components of the cell are presented
in the following subsections.

29

© University of Pretoria

CHAPTER 3

EXPERIMENTAL SETUP

Black bags for
background
High speed camera
DC power supply

Tripod stand

Laptop connected
to camera

Figure 3.3: Photograph of the experimental setup with all its components
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3.2.1. Anode
The anode is an important element in the electrochemical system; it is the electrode at which
the oxidation reaction occurs (Sandenbergh, 2014c). In this electrochemical system, the
oxidation of water to O2 occurs at the anode and oxygen gas bubbles are evolved at the anode
surface.
The oxidation half-cell reaction follows the following reaction equation;
2𝐻2 𝑂 ↔ 𝑂2 + 4𝐻 + + 4𝑒 −
The O2 gas evolved at the anode surface induces a two-phase flow pattern in the space next to
the surface of the anode. The focus of this study was to observe, measure and analyse this
two-phase flow in particular and how it contributes to the electrolyte circulation around the
anode. It was therefore essential to get an appreciable amount of gas evolution and
subsequent electrolyte circulation for observation and analysis. For this reason, the anode was
designed in such a way that it will enable large enough currents to generate large amounts of
O2 gas bubbles. This is due to the fact that the amount of gas produced is proportional to the
applied current density.
One side (backside) of the anode was coated with an epoxy resin to isolate that side from the
electrolyte. This was done to ensure gas evolution occurred only on one face of the anode and
prevent any gas generation on the backside of the anode. Any gas at the back of the anode
would subsequently affect the electrolyte circulation around the anode. Therefore, it was
important to eliminate it in order to effectively study the electrolyte circulation caused by the
O2 gas evolution at the electrode surface facing the cathode.
When designing this electrochemical system it was desirable to have an anode that was a
good conductor of electricity to limit IR losses, and also a low overpotential for the water
oxidation to O2 reaction in order to reduce the energy requirements of the electrochemical
reaction (Sandenbergh, 2014c). The aqueous solution selected for this investigation was
copper sulphate. Lead alloys are typically used as anodes in industrial copper electrowinning
plants. The popular Pb-6%Sb alloy was considered as a possible anode material. However,
due to procurement challenges in the acquisition of this alloy, it was not used as the anode.
As a substitute for the lead alloy, a 304 stainless steel was used as the anode. The 304
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stainless steel was chosen because it is a good electrical conductor which means low voltage
drop across the anode, has high corrosion resistance and would be able to withstand the
corrosive nature of the anodic reaction which produces acid.
Three different sized anodes were investigated in this study and this was to test the effect of
the anode height on the electrolyte flow patterns and circulation. Figure 3.6 shows the design
drawing for the different sized anodes which were initially used in the experimental work.
The design for the three anodes used was the same; the only difference was the height.
However, after the commissioning of the electrochemical system it was observed that this
anode design had some restriction to the electrolyte flow. The flow restriction was mainly
due to the middle part of the anode which acted as the hanger and electrical connection. This
middle part was blocking a significant portion of the electrolyte and gas bubbles from
circulating around the top of the anode. This flow restriction was not desired and hence the
anode design had to be changed. Figure 3.4 shows a photograph of the initial anode design
that was modified.
Figure 3.5 shows a photograph of the modified anode design. The design drawings for the
modified anode design are presented in Figure 3.7. The difference in this design is that it had
the hangers running next to the cell wall and hence opening up the space in the middle to
allow the electrolyte circulation and gas bubbles to flow freely at the top of the anode. The
modified anode was made to cover the entire the width of the cell, i.e. 300 mm to eliminate
electrolyte circulation from the side of the anode. The anodes were laser cut to ensure that
they were cut to the specified dimensions. The thickness of all the electrodes was 6.5 mm.
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Figure 3.4: Photograph of the initial anode design

Figure 3.5: Photograph of the modified anode design

33

© University of Pretoria

CHAPTER 3

EXPERIMENTAL SETUP

Figure 3.6: Design drawing of the initial anode for the three anodes of different lengths
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Figure 3.7: Design drawing of the modified anode design for the three anode sizes tested
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3.2.2. Cathode
The reduction of copper ions in solution to form the copper metal occurs at the cathode
surface.
The reduction half-cell reaction follows the following reaction equation:
𝐶𝑢2+ + 2𝑒 − ↔ 𝐶𝑢(𝑠)
As with the anode, the cathode material was required to be a good conductor of electricity,
have a low overpotential for the copper reduction reaction, have a high overpotential for the
hydrogen evolution reaction, i.e. the substrate should not promote the evolution of H2 gas at
the cathode as this would reduce the current efficiency of the cell (Sandenbergh, 2014c).
For this system, the 304 stainless steel grade was used as the cathode. Typically, the 316L
stainless steel grade is used in the industrial electrowinning of copper, however, in this study
the copper plating was not a critical component, hence, the 304 stainless steel was chosen.
Figure 3.10 shows the design drawing for the initial cathode design used in the cell. The
initial design of the cathode was similar to that of the initial anode before the modification. A
photograph of this cathode design can be seen in Figure 3.8. However, when the anode design
was modified the cathode design was also modified. It was made to extend throughout the
width of the cell to eliminate any electrolyte circulation around the cathode. Figure 3.9 shows
a photograph of the modified cathode design. Figure 3.11 shows the design drawing for the
modified cathode.
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Figure 3.8: Photograph of the cathode design used initially

Figure 3.9: Photograph of the modified cathode design
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Figure 3.10: Initial cathode design drawing
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Figure 3.11: Modified cathode design with an increased length and width
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3.2.3. Diaphragm
In the pilot electrolysis cell design, it is desirable to have the products from the anode half
separated from the cathode half. Therefore, a particular diaphragm design was used in order
to investigate the effectiveness it had in preventing the transport of the gas bubbles generated
at the anode from entering the cathode compartment. Separating these two products is
important because the gas may re-oxidize the plated metal to form the original reactant and
this significantly reduces the current efficiency of the system. Figure 3.12 shows the
photograph of the diaphragm design after construction. Figure 3.13 presents the design
drawing of the diaphragm which was used in the study. This diaphragm was designed to
allow only the electrolyte to circulate through the diaphragm slots and to disengage the gas
bubbles as they rise up, to prevent them from entering the cathode half.

Figure 3.12: Photograph of the diaphragm design
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Figure 3.13: Design drawing of the diaphragm tested
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3.2.4. Power supply
Electrochemical reactions are driven by the application of an electric potential to facilitate the
chemical conversions. The external applied potential is used to overcome resistances to
electron flow in electric conductors, spontaneous tendency of the reactions, charge transfer
resistance and resistance to ionic conductance in the electrolyte (Sandenbergh, 2014a). The
power supply used for this system was required to supply the voltage required for the
electrowinning of copper from a copper sulphate solution.
One parameter that was investigated in the study was the effect of the current density on the
electrolyte flow patterns and circulation rates. Three different current densities were applied;
these were 50, 100 and 150 A/m2. The capacity of the power supply used determined the
maximum voltage and maximum current that could be applied. The actual current is a
function of the applied voltage and the total resistance of the system. The power supply that
was used had a maximum voltage of 10 V. The conversions between the current density and
current were calculated by using Equation 3-1 below.
𝐶𝐷 =

𝐼
𝐴

(3-1)

where CD is the current density, I is the current and A is the area of electrode.
3.2.5. Transparent electrolysis cell
Since the study involved optical visualisation of the electrolyte flow patterns inside the
electrolysis cell, the cell was required to be transparent. Glass was chosen as the transparent
material of construction for the electrolysis cell. Clear float glass was used because it has
good transparency, strong, non-conductive and corrosion resistant. The total volume of the
cell and solution was relatively large, as a result 8 mm thick glass was chosen. The glass was
glued together with silicon and since the glass thickness was relatively large it was easy to
apply the silicon and tightly gluing the glass together. Figure 3.14 shows the electrolysis cell
after the glass was glued together with silicon and inserted in the supporting frame.
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Figure 3.14: Transparent electrolysis cell made of glass

3.2.6. Aqueous electrolyte solution
In the molten salt electrowinning process which was simulated in this investigation, there is
gas evolution on the anode surface and molten metal production on the cathode. This
experimental setup was designed to emulate the molten salt electrowinning cell by using an
aqueous solution as the electrolyte in the physical model. The volumetric rate of molten metal
production in the molten salt electrowinning process is relatively small (several hundred
times less than the volumetric rate of gas production) and hence contributes very little
compared to the gas in causing the electrolyte flow. The aqueous solution was therefore
required to have metal production and gas evolution at the cathode and anode respectively.
Furthermore, the aqueous solution was required to be transparent or at least allow a decent
amount of optical visibility for observation of the flow patterns.
Three solutions were identified to have the potential qualities stated above and these were
CuSO4, ZnSO4 and CuCl2. These solutions were tested for transparency and the amount of
gas evolution at the anode surface. All the solutions were prepared to be 1 M in concentration
and tested in a small laboratory electrolysis cell. The small custom made electrolysis cell
consisted of 500 ml glass beaker, graphite plate electrodes, small power supply and the 1 M
electrolyte solutions.
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The ZnSO4 formed a transparent solution; it was clear and allowed good optical visualisation.
The 1 M solution was electrolysed and there was a good amount of gas bubbles generated at
the anode and Zn plating at the cathode. However, the problem with the Zn solution is that
there is also H2 gas evolution which is a major competing reaction at the cathode.
Furthermore, Zn has a low exchange current density for hydrogen evolution so once the first
layer is plated the Zn favours the H2 evolution reaction (Sandenbergh, 2014b). As a result,
there was Zn plating and H2 gas evolution which was not desirable for the system
investigated and thus the ZnSO4 was eliminated.
The CuCl2 formed a green cloudy solution; this was not clearly visible. The CuCl2 solution
was very cloudy and as a result it was very hard to observe what was happening inside the
cell. The chlorine gas evolved at the anode presented another challenge as it was going to
require some form of handling, possibly a gas scrubber or operating under a fume hood. For
this reason, the CuCl2 was ruled out as a potential solution to be used in the experimental
work.
The CuSO4 formed a blue solution; however, the 1M concentration prepared was clear
enough to allow optical visualisation. The 1 M solution of CuSO4 was electrolysed and it was
found to generate an appreciable amount of gas bubbles and it was clear enough to observe
the gas bubbles and the electrolyte flow. This was good for the purpose of this investigation.
The copper sulphate solution proved to be the best option as it satisfied all the requirements
for the desired electrolyte.
The 1 M concentration used in the laboratory experiments was very concentrated and going
towards a dark blue colour. It was decided to reduce the concentration of the solution and use
a similar concentration as used in industrial copper plants. A 100 g/l CuSO4 solution was
prepared and stored in a separate container. The solution was prepared in batches in a 20L
container whereby it was stirred until fully dissolved and then transferred to the storage
container.
3.2.7. Supporting structure
The supporting frame for the electrolysis cell was designed to provide a supporting base for
the cell and to ensure ease of operating and handling of the cell. The electrolysis cell sits on
the bottom of the supporting frame with the electrodes and diaphragm hanging from the top
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and also supported by the frame. The supporting structure was made from aluminium and this
was chosen as the MOC because aluminium is light in weight so the cell can be moved
around with relative ease and it does not rust quickly. Figure 3.15 shows the supporting frame
after the construction was completed. At this stage the glass was being glued together
separately and once glued was slotted in its place at the centre of the frame. Figure 3.16
illustrates the design drawing of the supporting frame.

Figure 3.15: Photograph of supporting frame after construction
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Figure 3.16: Design drawing of the supporting structure
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3.3. Flow followers selected
One of the areas of interest in the electrolysis experiments was the electrolyte flow patterns at
the bottom of the anode. This was the region where the electrolyte circulation could be
observed. However, the circulation pattern could not be observed clearly as the motion of the
electrolyte was not visible. As a result, there was a need to use flow followers in this region
in order to clearly indicate the electrolyte circulation at the bottom of the anode. Two options
were considered as flow followers, namely food dye and seeding particles. After a few
laboratory tests, the food dye was ruled out. This was because, once injected into the
electrolyte the food dye quickly disperses and does not track the flow field accurately. A
review of a number of seeding particles used in flow visualisation studies was done. These
included polyamide seeding particles, hollow glass spheres, solver coated glass spheres and
fluorescent polymer particles. The flow followers were required to have the same density as
the electrolyte solution in order to give an accurate account of the flow fields observed.
The flow followers that were used in this study were polyamide seeding particles (PSP)
which are produced by a polymerisation process and thus have a round but not exactly
spherical shape. These seeding particles are highly recommended for use in water or liquid
flow applications as the density of the PSP is 1.03 g/cm3 which is approximately the density
of water. The polyamide seeding particles had a size distribution of 30-70 microns with a
mean diameter of 50 microns. The PSP have a density of 1.03 g/cm3 which was consistent
with the density of the 100g/l copper sulphate solution (1.06 g/cm3) which was used as the
electrolyte.
The seeding particles were dispersed and suspended in electrolyte solutions prior to use in the
experimental work. Because of the small size of the PSP tracking particles, they were visually
in the form of agglomerated powder. This made it difficult to disperse the particles in the
electrolyte solution as the particles were adhering together in agglomerates and were
extremely hydrophobic. Ultrasonication was used to disperse the PSP tracking particles in the
electrolyte solution. The ultrasonication device used was a Hielscher ultrasound technology
UIP500hd sonicator. Since the PSP tracking particles were extremely hydrophobic, sodium
dodecyl sulphate was used as a surfactant to reduce the surface tension and allow more
dispersion. Applying the surfactant and ultrasonication was successful in dispersing the
particles to form a homogenised dispersion with no agglomerates.
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The PSP tracking particles were added into a beaker containing the electrolyte solution.
Thereafter, a small amount of the surfactant was added in a trial and error manner into the
solution containing the PSP particles. The addition of the surfactant partially dispersed the
particles; however, it was not enough as the solution contained agglomerates. Figure 3.17
shows a photograph of the system used for dispersing the PSP particles in the electrolyte
solution.

Figure 3.17: Photograph of the sonicator with dispersed solution

3.4. High speed camera system
A Photron FASTCAMSA4 high speed camera was used to record the gas bubbles and
electrolyte flow patterns during the experiment work. The FASTCAM SA4 high speed
camera comes with a high performance CMOS sensor technology which provides 3600
frames per second (fps) when operating at 1024 x 1024 pixel resolution. This high speed
camera can go up to a maximum frame rate of 5000 fps. It is worth noting that with an
increase in the frame rate there is a reduction in the resolution and consequently the quality of
the images. Figure 3.18 shows an image of the high speed camera used in the study. Further
details of the FASTCAM SA4 can be found in Appendix A.
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Figure 3.18: Image of the Photron FASTCAM SA4 high speed camera

3.4.1. Lens
The lens was another important element of the setup because it determined the quality and
clarity of the high speed video recordings. The lens was mainly used to adjust the focus and
zoom of the image. A Nikon Micro-Nikkor 55mm f/2.8 was used in the high speed camera.
The lens has high magnification ratio imaging which allows high quality performance at short
focusing range. Figure 3.19 shows an image of the lens used in the experimental work.

Figure 3.19: Micro-Nikkor 55mm f/2.8 lens
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3.4.2. Lighting
Proper lighting is one of the most important aspects of any photography (Lim & Smits,
2000a: 43-69). The lighting was an important feature of the camera setup as it contributed a
lot to the quality of the recordings. Generally, gas bubbles can be observed with the naked
eye; however, good illumination is required to create clear, definitive visualisation images
that can be photographically recorded and analysed (Lim & Smits, 2000b: 27-41). For this
reason, an array of super bright LED lights was used in the camera setup. The camera and the
lens were very sensitive to the light; as a result, additional lighting was required to illuminate
the areas of interest within the electrolysis cell. A series of super bright LED array
technology was used to provide the high intensity illumination required for the high speed
video imaging. High speed cameras require high levels of light for millisecond and
microsecond shutter speed. Figure 3.20 shows the LED lights that were used in the camera
setup.
Gas bubbles are most effectively illuminated by using angled back lighting of the bubble
sheet (Lim & Smits, 2000b: 27-41). The brightness of the illuminated gas bubbles is a
function of the angle formed between the axis of illumination and the line of sight of the
camera (Lim & Smits, 2000b: 27-41). These factors were all considered while setting up the
lighting. There are other factors that affect the illumination of the focus areas and
subsequently the quality of the recordings. These include but are not limited to the visual
access, background, test section being viewed, external illumination, type of camera etc. To
optimize the illumination from the additional lighting, a trial and error approach was used
until a satisfactory image was obtained.
Another critical factor in the lighting was the background. Regardless of the viewing
direction and angle, the presence of a sharply contrasting background is important to capture
good quality images (Lim & Smits, 2000b: 27-41). Typically, a high image contrast is
achieved by using a black background (Lim & Smits, 2000b: 27-41). Taking into account the
electrolysis cell setup and the available space, the black background was achieved by using
black plastic bags. These were attached to the supporting frame of electrolysis cell by using a
sticky tape.
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Figure 3.20: The 4x6 and 3x4 super bright LED lights used in the camera setup

The super bright LED light arrays were connected to an AC and DC controller. The AC
controller worked well as it was directly connected to the power supply; the DC controller on
the other hand had to be charged after four hours of high intensity usage. There was only one
of each of the controllers available for use; hence, both of them were used for the LED lights
in the setup. Figure 3.21 shows a representation of the controllers used in the camera setup.

Figure 3.21: An AC and DC controller was used to power the LED lights

3.5. Parameters tested
To achieve the objectives and aims of this study, the following parameters were tested and
their subsequent effects on the flow patterns were observed and measured. The tests included
a base case as a comparative basis for the parameters investigated. Certain parameters were
changed while keeping others constant. The parameters tested were the current density, interelectrode spacing and anode height.
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Current density
The current density was an important factor in determining the amount of gas bubbles
evolved and thus had an effect on the subsequent electrolyte flow patterns and circulation. In
this investigation the current density was changed from a 50, 100 to150 A/m2 to study the
effect it had on the flow patterns.
Inter-electrode distance
While keeping the other parameters constant at the base case conditions for the investigation,
the inter-electrode distance was changed from 80 mm, 90 mm to 100 mm.
Electrode height
While keeping the other parameters constant at the base case conditions for the investigation,
the electrode height was changed from 500 mm, 700 mm to 1000 mm.
Seven cases were tested in the experimental work. Table 3.1 presents the summary of the
conditions that were tested. These cases include three main parameters, which are the current
density, electrode height and inter-electrode spacing. A base case was established and the
three parameters were changed in relation to the base case. Only one parameter was changed
at a time for each of the cases tested, keeping the other parameters constant and consistent
with the base case.
Test 1 and Test 2 involved the change in current density and the current density change was
50 A/m2, 100 A/m2 and 150 A/m2 with the base case current density at 100 A/m2. Test 3 and
4 involved the change in the anode height. Three different anodes were used in the
experiments, with anode heights of 500, 700 and 1000 mm. The base case anode height was
700 mm. Test 5 and 6 involved the change in inter-electrode spacing and this varied from 80,
90 and 100 mm spacing with 90 mm the base case spacing.
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Table 3.1: Summary of experimental conditions tested

Tests

Current density

Anode height (mm)

(A/m2)

Inter-electrode gap
(mm)

Base case

100

700

90

Test 1

50

700

90

Test 2

150

700

90

Test 3

100

500

90

Test 4

100

1000

90

Test 5

100

700

80

Test 6

100

700

100

Diaphragm design
As stated above, the diaphragm design was tested to investigate its effectiveness in
disengaging the bubbles formed at the anode and prevent them from entering the cathode
half.

3.6. Experimental procedure
This section presents the experimental setup and the procedures used in setting up for the
experimental work.
Camera setup
The critical part of the experimental work was obtaining good quality high speed video
images in order to achieve good analyses of the flow patterns. The high speed camera setup
included the positioning, lighting, image adjustment and calibration. The camera was placed
in four different focus areas; these were Position A, Position B, Position C and Position D.
The details of these positions are presented below. The lights were then connected and
mounted in the required position. Thereafter, the camera zoom, focus, resolution, frame rate,
shutter and lighting were adjusted until a good quality clear image was observed. The image
adjustment step was both the most challenging and important step because it determined the
quality of recordings and the post analysis of the recordings. The image adjustment was
mostly done by trial and error until a good quality image was obtained.
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Before any recordings were taken the camera was placed in the desired focus area and a
camera calibration was done. The calibration was done by placing a ruler in the focus area
and recording it. This was a way of measuring the actual distance covered by a single pixel of
the image. The calibration was very important because it was used in measuring the bubble
sizes as well as the bubble speed.
When recording at the top part of the electrolysis cell, a right angle illumination was used
whereby the lights were positioned on the top of the cell above the flow field and the camera
was positioned in front of the cell forming a right angle with the lights. When recording in the
middle part of the cell, front and back illumination was used where by the lights were
positioned at different angles on the front and back of the cell. A similar setup was used when
recording at the bottom of the electrolysis cell. Below are the details of the camera positions
used during the experimental work.
Position A
Position A represents the top front side of the anode. Figure 3.22 shows the location of
Position A within the electrolysis cell. The camera was placed on the front of the cell at an
angle and focusing on the front face of the anode where the arrow for Position A is pointed.
Position B
Position B represents the area slightly above the anode and between the left wall of the cell
and anode backside. This is the area where the gas bubbles generated on the anode face
accumulate and form a circulation flow pattern. Figure 3.22 illustrates the location of Position
B within the cell.
Position C
The camera was placed in Position C to observe the behaviour of the electrolyte at the bottom
of the cell. The PSP tracking particles were used in this region as the flow followers because
there were no gas bubbles in the region under the anode. The electrolyte was expected to
form a circulation loop around the bottom of the anode. Figure 3.22 illustrates the location of
Position C at the bottom of the cell.
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Position D
The gap between the anode and diaphragm was represented by Position D. The camera was
placed here to observe whether or not the gas bubbles move through the diaphragm and cross
over to the cathode half. Most of the gas bubbles are produced at the top part of the anode and
hence, Position D was at the top part of the anode. Figure 3.22 illustrates the location of
Position D within the electrolysis cell.

Position A

Position B

Position D

Anode front side
Anode backside

Diaphragm
Transparent cell

Cathode

Position C

Figure 3.22: Full view of the electrolysis cell with the labels of camera positions. Positions A, B, C
and D are clearly labelled in bold

Electrolysis cell setup
The electrolysis cell setup included the placement of the inner components of the cell. This
included the electrodes, diaphragm and electrolyte. A measuring tape was used to measure
the inter-electrode distance and also to align the diaphragm to the centre of the cell. Once the
electrodes and diaphragm were aligned and the distances measured, they were tightened in
their positions using the screws on the supporting frame. The desired electrolyte level was
measured and marked on the cell. Thereafter, the electrolyte was transferred from the storage
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container to the cell. The next step was to connect and tighten the power supply cables to the
correct electrode.
The stepwise procedure that was used for setting up the system for experiments and data
collection is as follows:


Setup electrolysis cell (inter-electrode gap and anode height)



Transfer solution to electrolysis cell



Check power supply is disconnected



Connect power supply cables and adjust to desired set points



Setup the camera system



Switch on the camera and computer



Start the Photron FASTCAM viewer (PFV) software



Position camera and lighting in the desired focus area



Adjust the image settings by using PFV and the high speed camera lens



Calibrate the camera in the selected position



Adjust the camera lenses, focus, zoom, shutter rate, fps and resolutions until a clear
image is obtained



Initialise recording on the PFV software



Edit the comments on the software to capture the details of the parameter tested



When required, inject seeding particles into the area of interest. The seeding particles
were mainly used to observe the circulation at the bottom of the anode.



Record and save



View and analyse the data using the PFV software

Current density test
The procedure for the current density test was the same as above. Since different current
densities were tested, the additional step was to adjust the voltage supplied until the desired
current was achieved for a particular current density setting.
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Inter-electrode gap test
To change the inter-electrode spacing, the electrolyte solution was removed from the cell.
This was done by siphoning the electrolyte back to the storage container. Once the cell was
empty the inter-electrode gap was adjusted by using the rails on the supporting frame and
measuring the gap until the desired spacing was achieved. The diaphragm and the cathode
also had to be adjusted with the inter-electrode gap to ensure all the components were centred
with even spacing throughout the cell. When the setup was completed the above procedure
was then used to gather the high speed camera data.
Anode height test
The electrolyte was removed by siphoning it out and into the storage container. The previous
anode was loosened from the supporting frame, removed and then the new anode was
inserted in the cell as described in the electrolysis setup. The desired inter-electrode distance
was measured and the anode was tightened in place. The above procedure was then used to
conduct the high speed video imaging.

3.7. Data acquisition method
The high speed video recordings were used in the post analysis to study the flow patterns and
to measure the bubble sizes, bubble speeds and the speeds of the PSP tracking particles which
represented the electrolyte flow field at the bottom of the anode. To track and measure the
flow patterns, the gas bubbles and PSP particles were used. In the areas that had gas bubbles
the gas bubbles were used as flow followers to track the flow fields and in the areas with no
gas bubbles the PSP particles were used.
The initial plan was to use the Photron FASTCAM Analysis (PFA) software to quantitatively
measure the flow patterns. However, the PFA software was not applicable in this system. The
software is more applicable in tracking solid objects and it struggled tracking the gas bubbles.
The issue was bubble shading and multiple areas that were identical. Thus, the software could
not track a single bubble as it followed all the points that were similar to the initial point
selected. Alternatively, the PFV camera software was used to view and manually measure the
bubble size and speed.
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Method of measurement
The high speed video images which were taken in the experiments were reviewed and
analysed in order to study the flow fields and to measure bubble size and velocity in different
regions within the cell. A pixel counting method was used to measure the bubble size and
velocity. An image is made up of pixels and thus an object in a particular image is made up of
pixels. To obtain the actual distance covered by those pixels, a ruler was used for the
calibration. The ruler was placed in the area of interest before the recordings were taken; this
was done to measure the number of pixels that cover 1 mm of the ruler length. The number of
pixels that make up a single bubble was counted and using the calibration figure, the number
of pixels of the bubble was converted to a millimetre reading. Figure 3.23 shows a snapshot
of the ruler used in the calibration. The image taken was zoomed in (image B) to count the
number of pixels that make up 1 mm. In the example shown in Figure 3.23 the zoomed in
image, the 1 mm gap is covered by 17 pixels. The bubbles were randomly selected and a total
of thirty bubbles were selected and measured for each of the recordings captured.

Figure 3.23: Picture of the calibration method. Image A shows the ruler placed at one of the positions
of interest and B shows the same image in a zoomed format showing the pixels

To measure the bubble speeds, one bubble was selected and tracked over a number of frames
and the distance it covered per frame was counted using the pixels. Since the number of
frames per second was known, this was used to determine the time it took for that specific
bubble to cover the measured distance. This information was then used to calculate the
average bubble speed.
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4.1. Introduction
This chapter presents the results obtained from the high speed video imaging experiments.
The high speed camera was placed in the Position A, B, C and D as shown in section 3.6. The
high speed video images that were captured were then used for measuring the bubble size and
the bubble speed. In Position A and D, the bubble speed was measured in the vertical
direction only and the horizontal component was assumed to be negligible since the bubble
were mostly rising vertically. In Position B and C the bubble speed was measured in the
horizontal and vertical direction as the bubbles had both components in their motion. In this
section the flow field patterns are presented for only one case with all the camera positions
for that case. The other cases are presented in the appendices.

4.2. Current density test
4.2.1. Position A - Top front
It was observed that the average bubble speed increased with increasing current density.
Table 4.1 shows this increasing trend in the average bubble speed as well as in the average
bubble size. There was a significant increase in the bubble speed when the current density
changed from 50 A/m2 to 100 A/m2 as illustrated in Table 4.1. However, the average bubble
speed did not show a large increase when the current density changed from 100 A/m2 to 150
A/m2.
The increasing trend in average bubble speeds with increasing current density can be related
to the amount of bubbles generated. Faraday’s law states that the amount of electro generated
gas is directly proportional to the current density of the cell (Abdelouahed et al., 2014a;
Sandenbergh, 2014a; Newman, 1973: 167-178). Therefore, as the current density was
increased more gas bubbles were formed. The gas bubbles formed moved upwards due to the
buoyancy force and in that process creating a natural convection in the area next to the anode.
This results into the electrolyte being dragged upwards by the rising gas bubbles. This bubble
motion induces the electrolyte flow next to the surface of the anode and hence initiates the
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electrolyte circulation around the anode. The electrolyte circulation is important because it
improves the mixing, mass transfer and also reduces the bubble coverage on the anode
surface (Vogt, 2011; Ashraf Ali & Pushpavanam, 2011a; Vogt, 1978).
The increase in current density increases the nucleation rate of the bubbles as well as the
activated nucleation sites for bubble growth (Al Shakarji et al., 2011; Sillen et al., 1982).
Thus, more gas bubbles were produced at the higher current densities. The gas bubbles
departing from the anode surface rise up and create buoyancy driven electrolyte flow parallel
to the anode surface (Vogt, 1978). Hence, an increased fluid flow next to the anode surface
was observed. The high fluid flow next to the anode surface has an added benefit of
increasing the electrolyte circulation and mixing in the cell.
The increasing current density also had an effect on the bubble size, with the size increasing
slightly with increasing current density. As a result of having more nucleation sites at higher
current densities more of the bubbles grow next to each other on the anode surface. This can
result into more bubble coalescences as the bubbles would grow very close to one another
and hence larger bubbles detach from the anode surface.
However, because of the increased electrolyte flow caused by the increasing current density,
the bubbles do not get sufficient time to coalesce to form very big bubbles. The slight
increase in the observed bubble size can be attributed to the increased convection which
potentially causes the bubbles to detach prematurely before they could grow bigger and also
to coalesce with neighbouring bubbles. Furthermore, the natural convection of the electrolyte
may disturb the growth of the small bubbles at the nucleation sites (Zhang & Zeng, 2012).
There was a fraction of smaller bubbles which were observed in the experiments, particularly
at 150 A/m2.
There are a number of interacting mechanisms in gas evolving electrochemical systems.
Having more gas bubbles generated with the increase in current density has other
consequences such as increasing the gas void fraction, increasing the bubble coverage,
reducing the electrolyte conductivity and increasing the electrolyte resistance in the space
between the electrodes. All these factors have a negative impact on the cell performance and
efficiency as they result in energy losses.
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Table 4.1: Average bubble speed and bubble size at Position A for different current densities

Current density (A/m2)

Average speed (mm/s)

Average bubble size (mm)

50

57 ± 1

0.33 ± 0.04

100

96 ± 2

0.35 ± 0.04

150

102 ± 2

0.37 ± 0.05

Figure 4.1 represents the bubble formation and progression as they depart from the anode
surface and enter Position A. The image shown in Figure 4.1 presents different frames of a
recording taken during the experimental work. The frames show the motion of the rising gas
bubbles. The gas bubbles formed at the anode surface rise up due to the buoyancy force and
at the top of the anode the bubbles move towards the left wall of the cell. The gas bubbles
have a much lower density compared to the electrolyte solution as a result the main driving
force for the upwards motion of the bubbles is the density difference. The electrolyte in
Position A follows the motion of rising bubbles, also moving towards the cell left wall.
The bubble cloud shown in Figure 4.1 illustrates this bubble flow field at Position A whereby
the bubbles move upwards and shape off towards the left side. These gas bubbles then
proceed to disengage at the electrolyte free surface and others move towards Position B.
While moving upwards the gas bubbles drag the electrolyte in the upwards direction.
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Figure 4.1: Gas bubble flow field pattern at Position A for the base case condition

The gas bubble flow field patterns in Position A for test 1, 2, 4, and test 6 can be seen in
Appendix B1. The flow patterns observed in Position A were similar for all the cases; the
only difference is in the amount of bubbles generated and the speed of the bubbles.
4.2.2. Position B - Top backside circulation
The average bubble speed increased with an increase in the current density at Position B.
Table 4.2 indicates the increase in the bubble speed with increasing current density. The gas
bubbles in Position B were the gas bubbles that passed through Position A and thus a similar
trend in the bubble speeds can be expected. However, a fraction of the bubbles that passed
Position A disengaged at the electrolyte free surface, thus not all of the bubbles move towards
Position B. The average bubble speed in Position B was lower than in Position A for all the
current densities. This was because there was no gas production in Position B and thus there
was no driving force for the bubbles. The bubbles in Position B are merely the smaller
bubbles that passed through Position A. The bubble speed is the sum of the bubble rise
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velocity and the electrolyte velocity. The electrolyte velocity changed direction as the
electrolyte flowed over the top of the anode and it also slowed down because the flow area
became much wider above the anode than between the two electrodes.
The bigger bubbles on the other hand have a higher rise velocity relative to the electrolyte
and hence have a larger probability to disengage than the smaller ones before being carried
downwards by the electrolyte flow that reverses in the space above the anode.
Table 4.2: Average bubble speed and bubble size at Position B for different current densities

Current density (A/m2)

Average speed (mm/s)

Average bubble size (mm)

vx

Vy

50

3±2

6±3

0.18 ± 0.04

100

7±3

12 ± 2

0.17 ± 0.03

150

13 ± 3

17 ± 2

0.26 ± 0.05

Figure 4.2 presents the flow field of the gas bubbles as they move from Position A and
entering Position B. The frame labelled 1 show the bubble cloud entering Position B and
deflecting from the electrolyte surface at the top. The label 2 shows the same bubble cloud
after it has deflected off the electrolyte surface and moving downwards. As more gas bubbles
move into Position B, the bubble cloud moves further to the left until it deflects off the left
wall of the cell. This can be seen in the frame labelled 3 were the bubble cloud is
accumulated on the left wall and moving downwards. To complete the flow pattern in
Position B, after the bubble cloud hits the left wall it moves downwards and towards the right
side. Due to the density differences, the bubble cloud does not cover a long distance in the
downwards direction before it rises up. This can be seen in the image where the bubble cloud
forms a circulation loop, as shown in label 3 and 4. The gas bubbles follow this flow pattern
in Position B and accumulate in that region while other bubbles disengage at the top
electrolyte surface. The complete flow field pattern in this region formed a circulation loop as
more bubbles accumulated in Position B. This bubble motion also represents the motion of
the electrolyte at Position B.
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The rising bubbles passing Position A push the electrolyte in that space towards Position B
and the electrolyte in Position B gets pushed towards the cell left wall. This electrolyte
motion tends to pull the smaller sized bubbles towards Position B and also in the downwards
direction in the region between the cell left wall and anode backside. Thus, the electrolyte
flow pattern has a contributing factor in the observed flow field pattern of the gas bubbles,
particularly at Position B.

Figure 4.2: Gas bubble flow field pattern at Position B for the base case condition

The gas bubble flow field patterns in Position B for test 1, 2, 4, and test 6 can be seen in
Appendix B2. The flow patterns observed in Position B were similar for all the cases, the
only differences were in the amount of bubbles present, bubble size and the speed of the
bubbles.
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4.2.3. Position C - Bottom circulation
Table 4.3 shows the average electrolyte speeds and bubble sizes at the bottom of electrolysis
cell for different current densities. The electrolyte speed showed an increasing trend with
increasing current density. There was little change in the measured bubble sizes with
increasing current density. The bubble sizes measure at 50 A/m2 and 100 A/m2 were the same
at 0.25 mm and only 0.26 mm at 150 A/m2.
Table 4.3: Average bubble size at the bottom anode surface and electrolyte speed at Position C for
different current densities

Current density (A/m2)

Average speed (mm/s)
vx

Average bubble size (mm)

Vy

50

10 ± 5

6±3

0.25 ± 0.04

100

12 ± 6

10 ± 5

0.25 ± 0.06

150

22 ± 7

25 ± 7

0.26 ± 0.06

Figure 4.3 shows the electrolyte flow pattern at the bottom of the anode. The tube seen in the
image was used to inject the PSP particles into the electrolyte flow field and hence making
the electrolyte flow field visible to the eye. The frames presented in the Figure 4.3 show the
progression of the seeding particles as they move with the electrolyte flow. The particles
were injected from the insulated backside of the anode. It can be observed that the particles
circulated around the bottom of the anode and moved towards the anode-diaphragm gap.
The electrolyte circulation began at the anode right face when the gas bubbles were
generated; these bubble created natural convection that caused the electrolyte to rise up with
the bubbles. As the electrolyte reached the top part of the anode (Position A) it flowed over to
Position B where it proceeded to flow downwards. All this motion resulted in the electrolyte
flowing downwards on the backside of the anode until the electrolyte reached Position C.
Since there were gas bubbles generated on the front side of the anode, this resulted in the
electrolyte being pulled towards the front side. As a result, the electrolyte rising upwards on
the front and the electrolyte moving downwards on the backside caused the circulation loop
which can be observed in Figure 4.3. The electrolyte proceeded to move over towards the
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cathode half and this motion enhances the mixing and potentially the mass transport of the
ions to the electrodes.

Figure 4.3: Electrolyte flow field pattern represented by the PSP seeding particles at Position C for the
base case condition

The electrolyte flow field pattern in Position C for test 1, 2, 4, and test 6 can be seen in
Appendix B3. The flow patterns observed in Position C were similar for all the cases; the
only difference was in the speed of the electrolyte.
4.2.4. Position D - Anode diaphragm gap
Position D represents the spacing between the anode and diaphragm. This was a very narrow
gap as a result it was a challenge getting sufficient lighting into the gap. Because of the poor
lighting the high speed video images that were captured were not clear enough to be able to
extract the bubble size and bubble speeds measurements. Hence, there was missing data
presented for this position. Table 4.4 presents the data that could be retrieved from the
recordings.
The amount of bubbles generated increased with the increasing current density. At the higher
current densities, the bubbles accumulated in the narrow gap making it difficult to conduct
the measurements. Moreover, the lighting in the gap was not sufficient and the recordings
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were not good quality. Hence, no data was reported for the 100 A/m2 and 150 A/m2 current
densities.
Table 4.4: Average bubble size and bubble speed at the anode-diaphragm gap for different current
densities

Current density (A/m2)

Average speed (mm/s)

Average bubble size (mm)

50

49 ± 1

0.34 ± 0.05

100

N/A

N/A

150

N/A

N/A

Figure 4.4 shows the gas bubble flow field in the anode-diaphragm gap. The frames shown in
the figure were taken from the test 1 (50 A/m2). The white cloud next to the anode were the
gas bubbles, as seen in the image the bubble cloud/curtain is close to the anode and does not
extend towards the diaphragm. This was the observed flow pattern for the lowest current
density tested whereby the gas bubbles tend to rise up along the anode surface. When the
current density was low the gas bubble generation was low and the bubbles did not move
across the diaphragm. However, as the current density increased more gas bubbles were
generated at the anode. These bubbles moved towards the diaphragm and a fraction of the
bubbles did go through the diaphragm. Although, the bubbles crossed the diaphragm they
remained close to the other side of the diaphragm and moved upwards. The bubbles did not
move laterally all the way to the cathode surface.
The diaphragm did manage to disengage some of the bubbles and it also trapped a number of
bubbles on the diaphragm slots. The diaphragm was successful in performing the tasks
mentioned; however, when the amount of bubbles increased the diaphragm did not
completely prevent the bubbles from crossing over to the cathode half.
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Anode
Diaphragm slots

Anode

Figure 4.4: Gas bubble flow field pattern at Position D for the 50 A/m2 current density test

4.3. Inter-electrode distance test
4.3.1. Position A - Top front
Table 4.5 shows the average bubble speeds and bubble size for different inter-electrode
distances. The average bubble speeds showed a decreasing trend with an increase in the interelectrode spacing as shown in Table 4.5. The average bubble speeds did not show a big
change when the electrode spacing was increased from 80 mm to 90 mm, the measured
speeds were 97 mm/s and 96 mm/s respectively. When the electrode spacing was changed to
100 mm the measured average bubble speed was 84 mm/s.
When the inter-electrode distance was 80 mm, the average bubble speed in Position A was
measured to be 97 mm/s. On the other, the electrode spacing of 90 mm achieved an average
bubble speed of 96 mm/s. There was a slight difference in the results obtained from these two
conditions. In this case the inter-electrode spacing of 90 mm would be favourable since it has
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a bigger space between the electrodes that will allow the bubbles concentration to be lower
compared to the narrower 80 mm. Moreover, the average bubbles sizes measured at 90 mm
were slightly larger than at 80 mm and large bubbles disengaged much easier than the smaller
bubbles.
Table 4.5: Average bubble speed and bubble size at the top front side of the anode for different interelectrode spacing

Inter-electrode gap (mm)

Average speed (mm/s)

Average bubble size (mm)

80

97 ± 1

0.32 ± 0.04

90

96 ± 2

0.35 ± 0.04

100

84 ± 2

0.35 ± 0.04

The challenge with very narrow electrode spacing is that the bubble concentration tends to
increase quickly in the inter-electrode gap and thus causing a large gas void fraction which
increases the electrolyte resistance. The void fraction can be reduced by having a high
electrolyte circulation rate, ensuring the gas bubbles are removed quickly from the interelectrode gap.
The electrolyte resistance is proportional to the inter-electrode distance (Hine et al., 1980;
Nagai et al., 2003a). This relationship can be seen in Table 4.6, whereby the electrolyte
increases with an increase in electrode spacing. The electrolyte used in this study was a 100
g/l solution of copper sulphate and at this concentration and at 25 °C the conductivity of the
solution is 265 S/m (Bešter-Rogac, 2008). The values in Table 4.6 did not take into account
the presence of gas bubbles. The presence of gas bubbles in the inter-electrode space has been
shown to increase the electrolyte resistance (Hine et al., 1980; Nagai et al., 2003a).
Moreover, gas bubbles have zero conductivity and their presence in the electrolyte reduces
the conductivity of the electrolyte (Sandenbergh, 2014c). The large electrolyte resistance
causes a reduction in the energy efficiency of the system as more energy is required to
overcome the resistances. This leads to having only a fraction of the energy input going to the
actual electrochemical reaction and the rest of the energy dissipated as heat.
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Table 4.6: Electrolyte resistance for the different inter-electrode distances which were investigated

Inter-electrode distance (m)

Resistance (Ω)

0.08

1.18E-03

0.09

1.33E-03

0.1

1.48E-03

Figure 4.5 shows the gas bubble flow field in Position A. Different frames are presented in
the figure to show the flow pattern of the gas bubbles in Position A. The flow fields observed
in Figure 4.1 were similar to the other cases; they all had the same flow patterns. Hence,
similar deductions of the flow patterns can be drawn for Figure 4.5. The only differences
were the magnitudes of the velocities as well as the bubble sizes which are presented in Table
4.5.

Figure 4.5: Gas bubble flow field pattern in Position A for test 5, the 80 mm inter-electrode gap
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The gas bubble flow field patterns in Position A for test 1, 2, 4, and test 6 can be seen in
Appendix B1.
4.3.2. Position B - Top backside circulation
Table 4.7 shows the average bubble speed and bubble size measured in Position B for
different inter-electrode distance. The average bubble sizes were very similar for the three
cases tested. It was evident that the bigger bubbles disengaged at the electrolyte surface and
smaller bubbles were pulled towards Position B. When the inter-electrode spacing was
increased, the average bubble speeds decreased. Similarly to Position A, the bubble speeds
measured for the 90 mm gap were very close to the speeds for the 80 mm gap. In fact, the 90
mm gap showed higher bubble speeds. This can be attributed to the relatively high driving
force in Position A compared to the other cases.
Table 4.7: Average bubble speed and bubble size at the top backside of the anode for different interelectrode spacing

Inter-electrode gap (mm)

Average speed (mm/s)
vx

Average bubble size (mm)

Vy

80

10 ± 3

7±2

0.18 ± 0.04

90

7±3

12 ± 2

0.17 ± 0.03

100

3±2

3±2

0.18 ± 0.03

Figure 4.6 illustrates the movement of the gas bubbles as the bubbles accumulate in Position
B. The gas bubbles follow the same flow field as presented in Figure 4.2. The image
presented in Figure 4.6 shows a fully developed flow pattern in Position B. The bubble cloud
at top next to the electrolyte surface can be seen moving towards the left side (from label 1 to
label 2). The progression of the circulation whirl shown in Figure 4.2 is not clearly visible in
the developed flow. However, the whirl was formed and the centre of the whirl can be seen in
the middle area of each of the frames, where bubble population is lower compared to the
other areas.
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Figure 4.6: Gas bubble flow field pattern in Position B for the 80 mm inter-electrode gap

The gas bubble flow field patterns in Position B for test 1, 2, 4, and test 6 can be seen in
Appendix B2.
4.3.3. Position C - Bottom circulation
Table 4.8 presents the average electrolyte velocities and average bubble sizes produced at the
bottom part of the anode for different inter-electrode gaps. The driving force for the
circulation at the bottom of the anode is a combination of the electrolyte circulation generated
in Position A and B. There is minimal gas bubble generation at the bottom of the anode;
however, the bubbles formed at the bottom also contribute in the circulation rates. The 80
mm inter-electrode gap gave the highest electrolyte speeds and the speeds decreased as the
inter-electrode distance increased.
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Table 4.8: Average bubble size at the bottom anode surface and average electrolyte speed at Position
C for different inter-electrode spacing

Inter-electrode gap (mm)

Average speed (mm/s)
vx

Average bubble size (mm)

Vy

80

17 ± 2

16 ± 2

0.24 ± 0.04

90

12 ± 6

10 ± 5

0.25 ± 0.06

100

13 ± 3

12 ± 4

0.29 ± 0.05

Figure 4.7 illustrates the electrolyte circulation at the bottom of the anode. The frames in the
figure show the cloud of the seeding particles moving out the tube and then following the
flow pattern of the electrolyte. The electrolyte circulation pattern was the same as the
previous case. The only difference was the magnitude of the circulation which was mainly
affected by the amount of gas generated.

Figure 4.7: Electrolyte circulation at the bottom of the anode for the 80 mm inter-electrode gap. PSP
tracking particles used to track the electrolyte flow field
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The electrolyte flow field pattern in Position C for test 1, 2, 4, and test 6 can be seen in
Appendix B3.
4.3.4. Position D - Anode diaphragm gap
Position D was the narrow gap between the anode-diaphragm. The main challenge here was
getting sufficient lighting through this narrow region as a result blurry images were taken and
it was difficult to get the required measurements. Hence, no data has been reported for this
position.

4.4. Anode height test
4.4.1. Position A - Top front
Table 4.9 presents the average bubble speeds and bubble sizes obtained from the experiments
with different anode heights. The average bubble speeds increased as the anode increased in
length. The largest anode showed a higher average bubble speed as well as larger bubble size.
The anode height increased the current in order to maintain the same current density. This
resulted in the formation of more bubbles. This caused both a higher driving force or induced
electrolyte flow and an increase in the bubble concentration in the electrolyte as it flowed out
of the inter-electrode space. A higher concentration of bubble in the electrolyte can be
expected to increase the rate of bubble coalescence.
Table 4.9: Average bubble speed and bubble size at Position A for different anode heights

Anode height (mm)

Average speed (mm/s)

Average bubble size (mm)

500

48 ± 1

0.31 ± 0.05

700

96 ± 2

0.35 ± 0.04

1000

101 ± 2

0.39 ± 0.05

Figure 4.8 shows the gas bubble flow field pattern at Position A for the anode height of 500
mm. The frames in the figure show the progression of the gas bubbles as they passed through
Position A. There were fewer bubbles produced when the 500 mm anode was used, this was
expected because of the reduced surface area and hence reduced current. The bubbles
74

© University of Pretoria

CHAPTER 4

RESULTS AND DISCUSSIONS

observed were also smaller in size compared to the other cases and this can be seen from the
frames in Figure 4.8. The bubble flow field pattern in Position A was the same as the other
cases with the only difference observed in the amount of bubbles, bubble speeds and bubble
sizes.

Figure 4.8: Gas bubble flow field pattern at Position A for test 3, the anode height of 500 mm

The gas bubble flow field patterns in Position A for test 1, 2, 4, and test 6 can be seen in
Appendix B1.
4.4.2. Position B - Top backside circulation
Table 4.10 presents the average bubble speed and bubble size in Position B for the different
anode sizes tested. As expected the bubble speeds in Position B were much lower than the
speeds in Position A. The bubble speed increased with the increasing anode height. The
largest anode generated more gas bubbles and hence there was a higher driving force for the
bubbles accumulating in Position B. This was indicated by the higher average bubble speed
for the 1 m anode. On other hand, the smallest anode showed lower average bubble speeds.
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This was mainly attributed to the lower driving force for electrolyte circulation around the
anode as the bubble production rate was much lower compared to the other cases.
Table 4.10: Average bubble speed and bubble size at the top backside of the anode for
different anode heights
Anode height (mm)

Average speed (mm/s)
vx

Average bubble size (mm)

Vy

500

5±3

5±3

0.17 ± 0.04

700

7±3

12 ± 2

0.17 ± 0.03

1000

8±4

20 ± 4

0.29 ± 0.05

Figure 4.9 illustrates the flow pattern of the gas bubbles as they accumulate in Position B.
The gas bubbles entered Position B, formed the circulation loop in the region while
accumulating in that space. The white cloud observed in the frames presented in Figure 4.9
was the gas bubbles. These bubbles were very small as can be seen from the image. The
average bubble size in this region was 0.17 mm. The bigger bubbles on the right side of each
of the frames were bubbles that were attached on the backside of the anode and coalesced
until they were big enough to detach and rise up. These bubbles were considered to be
outliers in the bubble size measurements because they were not representative of the bulk of
the gas bubbles in the region. The size difference is clearly visible in the frames in Figure 4.9.
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Figure 4.9: Gas bubble flow field pattern in Position B for test 3, the 500 mm anode height

The gas bubble flow field patterns in Position B for test 1, 2, 4, and test 6 can be seen in
Appendix B2.
4.4.3. Position C - Bottom circulation
Table 4.11 shows the average electrolyte speed and average bubble size at the bottom of the
anode for each of the anode sizes tested. The electrolyte speed increased with the increase in
anode height. This was mainly due to the amount of gas bubbles produced with the different
anode sizes. When the bubble production is enhanced the electrolyte circulation is increased.
Hence, the largest anode had the highest electrolyte speed. The largest anode showed a better
performance with regards to the electrolyte speeds. This is important because the higher the
circulation the better the mixing and subsequently the better the performance of the
electrolysis cell.
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Table 4.11: Average bubble size at the bottom anode surface and average electrolyte speed at Position
C for different anode heights

Anode height (mm)

Average speed (mm/s)
vx

Average bubble size (mm)

Vy

500

5±3

7±4

0.24 ± 0.05

700

12 ± 6

10 ± 5

0.25 ± 0.06

1000

17 ± 5

11 ± 4

0.28 ± 0.05

Figure 4.10 illustrates the electrolyte circulation at the bottom of the smallest anode tested.
The electrolyte circulation pattern observed was similar to the other cases. The electrolyte
circulation in this case was very low, because the seeding particles took longer to rise up
compared to the other cases. The driving force was very low and the seeding particles moved
more towards the diaphragm bottom, the upwards movement was not as dominant as
observed in the other cases. This can be attributed to the reduced number of bubbles produced
by the small anode. As a result, the electrolyte circulated around the anode at a lower rate.
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Figure 4.10: Electrolyte circulation at the bottom of the anode for test 3, the 500 mm anode height.
PSP seeding particles were used to track the electrolyte flow field

The electrolyte flow field pattern in Position C for test 1, 2, 4, and test 6 can be seen in
Appendix B3.
4.4.4. Position D - Anode diaphragm gap
The anode-diaphragm gap was very narrow as a result it proved challenging to sufficiently
illuminate the gap. For that reason, the illumination was poor and the high speed video
recordings captured were not clear enough to be able to extract the bubble size and bubble
speed measurements. Hence, there was no data presented for this position.
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5. CFD MODEL
5.1. Introduction
A CFD model was developed in a previous study to predict the flow patterns of a molten salt
electrolyte (Baloyi et al., 2014). However, there were uncertainties in the findings of the
model. This was mainly because there was no experimental data to validate the modelling
work. As a result, an experimental study was required to observe and measure the flow
patterns. The experimental investigation would then be used to validate the modelling
approach which was used in the previous study. The model validation would provide more
confidence in the approach used and be able to apply it in future studies to make further
improvements in the system investigated.
The model used in the molten salt study was adopted and applied by Mr Baloyi to the system
which was used in the experimental investigation. Basically, the cell dimensions and the
physical conditions were adopted and applied in the model. Ansys Fluent version 16.2 was
used to perform the CFD simulations. The computer used to run the simulations was a DELL
precision T5500 with 12 GB of RAM. The simulations took between 7 and 10 hours real time
to converge to a solution. This section presents the model approach and the results obtained
from the model simulation.

5.2. Methodology
The electrolysis cell was approximated by a planar two-dimensional domain, where the inplane momentum components were assumed to be negligible and to have no effect on the
steady state solution. This simplified the domain to be modelled. The fluid flow pattern of the
two fluids were assumed to be affected only by the change in momentum of the two fluids,
since all other physical, chemical and electro-magnetic phenomena were not modelled in this
study.

5.3. Numerical modelling
The multiphase flow problem under study was modelled by using the Eulerian multiphase
flow with two phases, without taking into consideration breakage, coalesce and nucleation of
the bubbles. The oxygen gas bubbles produced on the anode surface differ in size. These
bubbles as they rise in the aqueous electrolyte solution could coalesce and combine to form
bigger bubbles or even break up to form smaller ones. All these possible phenomena were
simplified by assuming a constant bubble diameter of 0.35 mm.
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The study was conducted by approximating the steady state solution by a pseudo-steady state
formulation of the Navier-Stokes equations that mathematically describe the flow field of the
multiphase problem. The pseudo-steady state formulation has the advantage of stabilising the
solution towards convergence in the case where it would otherwise diverge if steady state
formulation was utilised, yet the resulting solution is a steady state solution. The multiphase
problem between an aqueous copper sulphate solution as a liquid and oxygen gas as bubbles
was solved by using the Eulerian multiphase model with a mixture model. The volume
fraction of each phase was calculated from the continuity equation below:
n


1 
  q  q      q  q v q    m pq  m qp 


 rq  t
p 1


(5-1)

Here  rq is the phase reference density or the volume averaged density of the q phase in the


solution domain, v q is the velocity of phase q ,  q is the volume fraction of phase q , m pq
and m qp are mass transfer rates from phase p (gas phase) to phase q (liquid phase) and vice
versa (they are both zero in our simulations).
The conservation of momentum for the fluid phase q is given by Equation 5-2:
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Here  q is the stress-strain tensor for phase q , and is given by Equation 5-3:












2
3






 q   q  q v q  v q T   q   q   q    v q I

(5-3)


Here  q and  q are the shear and bulk viscosities of phase q , and g is the acceleration due
to gravity. Kpq, the interphase momentum exchange coefficient, given by Equation 5-4:
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K pq 

 p fd p Ai
6 p

(5-4)

 p is the dispersed phase relaxation time given by Equation 5-5:

 p d p2
p 
18 e

(5-5)

Ai is the symmetric model interfacial area concentration given by Equation 5-6:

Ai 

6 p 1   p 

(5-6)

dp

where d p is the bubble diameter. f is the drag function given by Equation 5-7:

f 

C D Re
24

(5-7)

 e is the effective viscosity for the bubble-liquid mixture given by Equation 5-8:
e 

q

1   

(5-8)

2.5

p



v pq and v qp are the interphase velocities which were not computed because m pq and m qp
were zero.


Further, Fq is the external body force, Flift,q is the lift force, which is neglected in the


simulations, Fwl ,q is the wall lubrication force, which is neglected in our simulations, Fvm ,q is

the virtual mass force, which is neglected in our simulations, and Ftd ,q is the turbulent

dispersion force.
The Reynolds Stress model (RSM) was used to model the turbulence experienced by both
liquid and gaseous phases. It was assumed that the dispersed phase, which is the oxygen gas
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bubbles and the continuous phase (CuSO4 solution) share the same turbulence field. The
RSM mixture turbulent model implemented in the numerical software used in the study was
expressed mathematically as given by Equation 5-9.
~
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 ~ U j
U i 
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(5-9)

Here:

 m is the mixture density given by Equation 5-10:
(5-10)
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U m is the mixture velocity given by Equation 5-11:
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i

~
Rij is the mixture Reynolds stresses given by Equation 5-12:
~
Rij   m u iu j

(5-12)

~ij is the turbulent dissipation rate given by Equation 5-13:

~ij  2

ui u j
xm xm

(5-13)

The time derivative terms in all the conservative expressions listed above were all treated in a
pseudo transient manner in order smooth out instabilities in the solution of the numerical
simulation and get better convergence of the continuity expression.
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Geometries of the domains for the seven cases were created with the dimensions correspond
to those listed in Table 3.1. The domains were discretised using quadrilateral cells, and as an
example the mesh for Test 3 is shown in Figure 5.1.

Figure 5.1: A plot of the domain meshed with quadrilateral cells

5.4. Boundary conditions
The boundary conditions are presented in the figures below; these show the geometry as
represented in the CFD code used for the numerical simulation. Figure 5.2 shows the overall
view of the cell with all the important boundaries of the cell shown. The liquid free surface
was modelled using a degassing boundary condition which allowed only gas to pass through
it, and acts as a slip symmetry plane to the liquid. All the walls were modelled by using a
non-slip plane boundary condition.
The following boundaries were modelled as walls:


Cell left wall



Cathode left wall
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Diaphragm vertical plate



Diaphragm slots



Cell floor



The left, top (see Figure 5.3 and Figure 5.4) and bottom faces of the anode

The diaphragm was modelled as zero thickness walls. The anode was modelled with a
thickness of 6.5 mm. A more detailed view of the anode and diaphragm can be seen in
Figure 5.3. A better view of the top of the cell can be seen in Figure 5.4.

Diaphragm plate
Liquid free surface
Diaphragm-cathode liquid
monitoring stations
(100mm spacing)
Anode left wall

Diaphragm slots
Cell left wall
Cathode left wall

Anode right face
mass flow inlet
Cell floor
Anode bottom
monitoring station

Figure 5.2: Sketch showing the overall view of the cell with the boundaries
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Figure 5.3: Sketch showing the close up view of the anode and diaphragm

Figure 5.4: Sketch showing a close up view of the top of the cell
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5.5. Mass flow inlet: Anode right face
The right face of the anode was a mass flow inlet boundary, as shown in Figure 5.3. The mass
flow inlet boundary was an approximation of the electrochemical reaction occurring on the
right face of the anode. The electrochemical cell was operated at room temperature and
atmospheric pressure. The anode and cathode reactions are presented below.
In this electrochemical system, the oxidation of water to O2 occurs at the anode and oxygen
gas bubbles are evolved at the anode surface. The oxidation half-cell reaction is shown by
Equation 5-14:
2𝐻2 𝑂 ↔ 𝑂2 + 4𝐻 + + 4𝑒 −

(5-14)

On the other hand, the copper ions in solution are reduced at the cathode surface to form
copper metal which is then plated on the cathode surface. The reduction half-cell reaction is
presented by Equation 5-15:
𝐶𝑢2+ + 2𝑒 − ↔ 𝐶𝑢(𝑠)

(5-15)

The amount of O2 gas produced at the anode surface can be calculated by using Faraday’s
Law which states that the amount of electro-generated gas per unit area is directly
proportional to the current density of the cell, as shown in Equation 5-16:
𝑁̇ =

𝐶𝐷
𝑛𝐹

(5-16)

where 𝐶𝐷 is the current density in C/s/m2, F is faraday’s constant (96485 C/mol), n is the
number of electrons transferred in the reaction and n = 4 for the oxygen reaction, 𝑁̇ is the
molar flux in mol/(s m2).
To convert the molar flux to a volumetric flux, the ideal gas law can be applied. Thus, the
volume occupied by one mole of gas can be estimated by using Equation 5-17. The
temperature of the system was approximately 298 K and the atmospheric pressure in Pretoria
approximately 90 kPa.
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𝑉=

𝑅𝑇
𝑃

(5-17)

where R is the gas constant at 8.314 J/(mol K), T is the temperature, P is pressure and V is the
specific volume in m3/mol.
The volumetric flux can then be estimated by using Equation 5-18:
𝑄 = 𝑉𝑁̇

(5-18)

where Q is the volumetric flux in m3/(s m2).
To convert the molar flux to a mass flux, the molar mass of O2 (32 g/mol) can be used as
shown in Equation 5-19:
𝑚 = 𝑀𝑂2 𝑁̇

(5-19)

where m is the mass flux in g/(s m2).
The mass flow inlet condition of oxygen gas production on the anode right face was
represented in the form of a mass flow rate, and the mass flow rates for the seven cases
investigated are listed in Table 5.1.
Table 5.1: A list of cases tested and their respective mass oxygen gas mass flow rates

Case

Mass flow rate (kg/s)

Base

1.74E-06

Test 1

8.71E-07

Test 2

2.61E-06

Test 3

1.24E-06

Test 4

2.49E-06

Test 5

1.74E-06

Test 6

1.74E-06
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5.6. CFD model results
5.6.1. Base case
Figure 5.5 shows the velocity profile of the oxygen gas bubbles as they are produced on the
anode surface for the base case. The bubbles rise up due to buoyancy forces and move
towards Position A and continue to rise until they disengage at the electrolyte free surface. As
seen in Figure 5.5 the velocity of the gas bubbles is at its highest at the anode surface where
the gas is generated. As the gas bubbles move further upwards the velocity drops as can be
seen in the figure. The bubble velocity immediately above the anode top i.e. Position A was
in the range between 0.05 to 0.11 m/s. The highest bubble speed is 0.11 m/s at the anode
surface.
The gas bubble flow field observed in the experimental work was slightly different from the
model predictions. In the experimental work, the small bubbles accumulated in Position B
and in the model velocity profile the bubbles were predicted to exit the system with no bubble
accumulation. This might be attributed to the fact that a constant bubble size was assumed in
the model and hence these bubbles were predicted to disengage without any accumulation. In
the experimental results the bubbles which were observed to accumulate in Position B where
the small bubbles.

Figure 5.5: Velocity profile of oxygen bubbles at Position A & B for the base case
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Figure 5.6 shows the velocity profile of the electrolyte solution at Position A and B for the
base case. The electrolyte rises up due to the natural convection created by the rising gas
bubbles. The electrolyte follows the flow field of the gas bubbles near and above the anode. It
then proceeds to enter Position B where it forms a circulation loop. This is consistent with the
observations at Position B in the experimental work whereby the gas bubbles were observed
to form a circulation loop at Position B. In the experiments the gas bubbles were used to track
the flow field of the electrolyte
In Position A, the electrolyte velocity is in the range 0.04 to 0.07 m/s and in Position B it is in
the range 0.01 to 0.03 m/s.

Figure 5.6: Velocity profile of the aqueous CuSO4 solution at Position A & B for the base case
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Figure 5.7 shows the velocity profile of the electrolyte solution at Position C for the base
case. The electrolyte flow field can be seen forming a circulation pattern at the bottom of the
anode. The electrolyte comes down from Position B and circulates at the bottom of the anode
before coming up the right face of the anode and also around the diaphragm towards the
cathode half. This flow pattern is similar to the one observed in the experimental work, thus
confirming the motion of the electrolyte at Position C. The velocity profile predicted by the
model is in the range 0 to 0.03 m/s for the base case.

Figure 5.7: Velocity profile of the aqueous CuSO4 solution at Position C for the base case

Figure 5.8 shows the velocity profile of the electrolyte solution in the gap between the anode
and diaphragm for the base case. The velocity at the surface of the anode does not seem to
change much and it is at its highest value. This is mainly because the bubbles are produced at
the anode surface where the forces causing the upwards movement are the highest.
Another important thing to note is the movement of the electrolyte near the diaphragm, it
seems like the electrolyte is almost stagnant around the diaphragm slots. This has a potential
to cause the gas bubbles to be also stuck in between the diaphragm slots and not crossover to
the cathode half. Since the electrolyte velocity is lower near the diaphragm slots, it shows that
the driving force for the electrolyte flow in that area is low. With that said, it can be deduced
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that there are less gas bubbles in the area next to the diaphragm. This was in fact observed in
the experimental work conducted.

Figure 5.8: Velocity profile of the aqueous CuSO4 solution at Position D for the base case

5.6.2. Test 1: Current density
Figure 5.9 shows the velocity profile of the oxygen gas bubbles at Position A and B. The
bubble flow field seems to be following a similar flow pattern to the base case. The only
difference is the magnitude of the flow since Test 1 was conducted at 50 A/m2. The amount
of bubbles generated is lower than the base case and the velocity profile is also lower. The
velocity profile shows a range of 0.04 to 0.10 m/s with the highest velocity at the anode
surface.
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Figure 5.9: Velocity profile of oxygen bubbles at Position A & B for Test 1

Figure 5.10 shows the velocity profile of the electrolyte solution at Position A and B for Test
1. The electrolyte flow field is similar to the one observed in the base case with the only
difference in the velocity of the electrolyte. The circulation loop formed is not as fast as in the
base case. There is a lower driving force in Test 1 and hence the velocities were expected to
be slightly lower than the base case. The highest velocity which is near the anode surface
0.06 m/s in Test 1 compared to the 0.07 m/s in the base case. As the electrolyte moves
towards Position B, the velocity drops and the velocity profile in Position B is 0.01 to 0.02
m/s.
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Figure 5.10: Velocity profile of the aqueous CuSO4 solution at Position A & B for Test 1

Figure 5.11 shows the velocity profile of the electrolyte solution at Position C for Test 1. The
electrolyte follows a similar circulation pattern as observed in the base case with electrolyte
the circulation loop at the bottom of the anode. The velocity profile predicted for the
electrolyte at Position C is in the range from 0.01 to 0.02 m/s.

Figure 5.11: Velocity profile of the aqueous CuSO4 solution at Position C for Test 1
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Figure 5.12 shows the velocity profile of the electrolyte solution at Position D for Test 1. The
electrolyte has the highest speed at the anode surface where the bubbles are generated. As
expected, the velocity profiles for Test 1 are slightly lower than in the base case.
Furthermore, it seems like the lower electrolyte velocities result into more of the electrolyte
being trapped in between the diaphragm slots. This might be attributed to the lower driving
force due to the lower amount of bubbles produced at the anode.

Figure 5.12: Velocity profile of the aqueous CuSO4 solution at Position D for Test 1

5.6.3. Test 2: Current density
Figure 5.13 shows the velocity profile of the oxygen gas bubbles at Position A and B. The
bubble flow field seems to be following a similar flow pattern to the base case with slightly
more bubble flowing towards the left wall of the cell. The velocity profile in Test 2 is higher
than that of the base case. This was expected as the amount of gas bubbles produced in Test 2
is proportional to the higher current density. As a result, the buoyancy induced flow was
enhanced due to the higher driving forced caused by the bubble evolution. The model
prediction shows a maximum bubble velocity of 0.13 m/s at the surface of the anode.
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Figure 5.13: Velocity profile of oxygen bubbles at Position A & B for Test 2

Figure 5.14 shows the velocity profile of the electrolyte solution at Position A and B for Test
2. The electrolyte flow field is similar to the one observed in the above cases and the
differences are in the magnitude of the profile. The current density in Test 2 is the highest and
there are more gas bubbles generated which causes a higher driving force for the electrolyte
flow. Hence, the velocity profile predicted for Test 2 gave a maximum of 0.09 m/s at the
anode face and this was higher than the velocities in Test 1 and the base case. The circulation
loop formed in Position B is in the range of 0.01 to 0.04 m/s which is higher than Test 1 and
the base case.
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Figure 5.14: Velocity profile of the aqueous CuSO4 solution at Position A & B for Test 2

Figure 5.15 shows the velocity profile of the electrolyte solution at Position C for Test 2. The
electrolyte follows a similar circulation pattern as observed in the above cases. The velocity
profile predicted for the electrolyte at Position C is in the range from 0 to 0.03 m/s.

Figure 5.15: Velocity profile of the aqueous CuSO4 solution at Position C for Test 2
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Figure 5.16 shows the velocity profile of the electrolyte solution at Position D for Test 2. The
electrolyte velocity is the highest in the area close to the anode surface. The electrolyte has
the highest speed at the anode surface where the bubbles are generated. The velocity profiles
for Test 2 are higher than in the other cases because of the high current density. As observed
in the other cases, it seems like the electrolyte gets trapped in the space between the
diaphragm slots.

Figure 5.16: Velocity profile of the aqueous CuSO4 solution at Position D for Test 2

5.6.4. Test 3: Anode height
Figure 5.17 shows the velocity profile of the oxygen gas bubbles at Position A and B for Test
3. The bubbles are concentrated in the region above the anode and they do not move towards
Position B. The highest bubble velocities are observed not only on the anode surface but also
immediately above the anode in Position A. The model prediction shows a maximum bubble
velocity of 0.09 m/s in those areas indicated by the red arrows in Figure 5.17. Test 3 had the
smallest anode height and the reduced area of the anode caused a reduction in the amount of
evolved gas bubbles.
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Figure 5.17: Velocity profile of oxygen bubbles at Position A & B for Test 3

Figure 5.18 shows the velocity profile of the electrolyte solution at Position A and B for Test
3. The electrolyte flow field is similar to the other cases and as described in the base case.
The circulation loop in Position B is in the range of 0.01 to 0.03 m/s.

Figure 5.18: Velocity profile of the aqueous CuSO4 solution at Position A & B for Test 3
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Figure 5.19 shows the velocity profile of the electrolyte solution at Position C for Test 3. The
electrolyte follows a similar circulation pattern as observed in the above cases. The velocity
profile predicted for the electrolyte at Position C is in the range from 0 to 0.02 m/s.

Figure 5.19: Velocity profile of the aqueous CuSO4 solution at Position C for Test 3

Figure 5.20 shows the velocity profile of the electrolyte solution at Position D for Test 3. The
electrolyte velocity is the highest in the area close to the anode surface and the velocity drops
with the distance away from the anode. The electrolyte has the highest speed at the anode
surface where the bubbles are generated due to the high driving force in that area. The highest
electrolyte velocity in Position D is 0.06 m/s and this is at the anode surface.
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Figure 5.20: Velocity profile of the aqueous CuSO4 solution at Position D for Test 3

5.6.5. Test 4: Anode height
Figure 5.21 and Figure 5.22 shows the velocity profiles of the oxygen gas bubbles as they are
produced on the anode surface and rise up towards Position A and B. Test 4 used the largest
anode height (1 m) and thus the surface area for gas evolution was bigger in this case.
Consequently, the amount of gas bubbles generated on the anode was higher than the other
cases. The buoyancy force driving the fluid flow is affected by the amount of gas bubbles
produced and this can be observed in Figure 5.21 and Figure 5.22.
This was also observed in the experimental work as discussed in section 4.4. The large
amounts of bubbles produced create a higher buoyancy force which is the main force
responsible for the upwards fluid flow. The effect of this increased driving force can be seen
in the velocity profiles shown in Figure 5.21 which shows high bubble velocities. The
predicted bubble velocity near the anode surface is in the range of 0.13 to 0.25 m/s.
This high driving force causes the bubble flow field to extend towards the left wall of the cell.
The bubbles tend to push more of the electrolyte towards the left wall and in the process
some of the bubbles are dragged towards the wall by the electrolyte. Additionally, when the
amount of bubbles generated is high, the bubbles do not disengage quickly and they tend to
accumulate in Position B. This flow pattern was also observed in the experimental and it is
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discussed in section 4.4. The resulting electrolyte flow in Position B is so high that it forces
some of the bubbles accumulating in Position B downwards. This phenomenon is evident in
Figure 5.21 where the bubbles are shown to be moving downwards in the space behind the
anode.

Figure 5.21: Velocity profile of oxygen bubbles at Position A & B for the Test 4

The circulation loop in Position B is formed further down than observed in the other cases.
This can be attributed to the higher electrolyte flow in Position B which was mainly due to
the increased amount of gas bubble produced on the anode.
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Figure 5.22: A closer look at the velocity profile of the oxygen bubbles at Position A & B

Figure 5.23 shows the velocity profile of the electrolyte solution at Position A and B for Test
4. The high driving force created by the evolved bubbles results into a higher bubble speed
and electrolyte speed. This in turn creates a higher electrolyte flow as can be observed in
Figure 5.23. The electrolyte flow field is shown to move towards the electrolyte level at the
top and the left wall of the cell, deflecting from these surfaces and then moving downwards.
The electrolyte velocity in Position A is in the range of 0.02 to 0.1 m/s.
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Figure 5.23: Velocity profile of the aqueous CuSO4 solution at Position A & B for Test 4

Figure 5.24 shows the velocity profile of the electrolyte solution at Position C for Test 4.
Since there is a higher driving force in the system, the circulation loop at the bottom has
higher velocities. The flow field at the bottom of the cell is shown to extend more towards the
diaphragm-cathode gap. The electrolyte velocity in this gap is in the range of 0.05 to 0.08 m/s
which is much higher than the velocities observed in the other cases. The velocity profile
predicted for the electrolyte at Position C is in the range from 0.01 to 0.08 m/s.
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Figure 5.24: Velocity profile of the aqueous CuSO4 at Position C for Test 4

Figure 5.25 shows the velocity profile of the electrolyte solution at Position D for Test 4. The
electrolyte velocity in this case is higher than all the other cases. The electrolyte velocity in
the anode-diaphragm channel is high; it is in the range from 0.04 to 0.09 m/s. The highest
electrolyte velocity in Position D is 0.13 m/s and this is at the anode surface.

Figure 5.25: Velocity profile of the aqueous CuSO4 at Position D for Test 4
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The velocity profiles predicted from Test 4 were much higher than all the other cases. The
higher bubble and electrolyte velocities create a higher electrolyte circulation rate in the
system. This has a number of benefits to the performance of the cell and some of these were
discussed in section 4.4.
5.6.6. Test 5: Inter-electrode gap
Figure 5.26 shows the velocity profile of the oxygen gas bubbles at Position A and B for Test
5. The bubble flow field pattern shows the bubbles flowing above the anode and slightly
towards the left wall of the cell. The model prediction shows a maximum bubble velocity of
0.12 m/s which can be observed on the anode surface.

Figure 5.26: Velocity profile of oxygen bubbles at Position A & B for Test 5

Figure 5.27 shows the velocity profile of the electrolyte solution at Position A and B for Test
5. The electrolyte flow field is similar to the other cases as described in the base case. The
circulation loop in Position B is in the range of 0.01 to 0.03 m/s.
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Figure 5.27: Velocity profile of the aqueous CuSO4 solution at Position A & B for Test 5

Figure 5.28 shows the velocity profile of the electrolyte solution at Position C for Test 5. The
electrolyte follows a similar circulation pattern as observed in the above cases but the
magnitude of the flow is different to the other cases. The velocity profile predicted for the
electrolyte at Position C is in the range from 0 to 0.03 m/s.

Figure 5.28: Velocity profile of the aqueous CuSO4 solution at Position C for Test 5
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Figure 5.29 shows the velocity profile of the electrolyte solution at Position D for Test 5. The
electrolyte has the highest speed at the anode surface where the bubbles are generated
because of the high driving forces in that area. The model predictions show the highest
electrolyte velocity to be 0.07 m/s measured on the anode surface.

Figure 5.29: Velocity profile of the aqueous CuSO4 solution at Position D for Test 5

5.6.7. Test 6: Inter-electrode gap
Figure 5.30 shows the velocity profile of the oxygen gas bubbles at Position A and B for Test
6. The bubble flow field move upwards passing through Position A and slightly drift towards
Position B. The highest bubble velocities are observed on the anode surface and the model
prediction shows a maximum bubble velocity of 0.11 m/s.
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Figure 5.30: Velocity profile of oxygen bubbles at Position A & B for Test 6

Figure 5.31shows the velocity profile of the electrolyte solution at Position A and B for Test
6. The electrolyte flow field shows the electrolyte moving upwards from the anode surface
and passing through Position A before moving towards Position B. A circulation loop is
observed in Position B and the electrolyte speeds is in the range of 0.01 to 0.03 m/s. The
highest electrolyte speed is observed at the anode surface and it is 0.07 m/s.

Figure 5.31: Velocity profile of the aqueous CuSO4 solution at Position A & B for Test 6
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Figure 5.32 shows the velocity profile of the electrolyte solution at Position C for Test 6. The
electrolyte follows a similar circulation pattern as observed in the above cases. The velocity
profile predicted for the electrolyte flow at Position C is in the range from 0.01 to 0.03 m/s.

Figure 5.32: Velocity profile of the aqueous CuSO4 solution at Position C for Test 6

Figure 5.33 shows the velocity profile of the electrolyte solution at Position D for Test 6. The
electrolyte has the highest speed at the anode surface where the bubbles are generated
because the driving force is higher in that region. The model prediction shows the highest
electrolyte velocity in Position D of 0.07 m/s and this is at the anode surface.
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Figure 5.33: Velocity profile of the aqueous CuSO4 solution at Position D for Test 6

Test 4 showed the highest bubble speed predicted by the model in the area above the anode
surface compared to the other cases. This was mainly because the anode in Test 4 had a
bigger surface area for gas production and the increased number of bubbles produced created
a higher driving force. The lowest predicted bubble speed on the anode surface was 0.09 m/s
for Test 3. This was the smallest anode height which had the least amount of gas generated on
anode.
Test 4 predicted the highest electrolyte speed in Position B compared to the other cases.
Again, this can be attributed to the increased number of bubbles generated in Test 4. In
Position C and D, Test 4 also predicted the highest electrolyte speeds.

5.7. Experiment vs. CFD model
The experimental results were compared to the model predictions with the aim to validate the
model predictions. The results were compared at specific points within the cell. The gas
bubbles were tracked within the range given in the plane length and the average bubble speed
was measured in that range. The plane length was measured from the bottom of the cell to the
top and it represents Position A. Table 5.2 presents the comparison between the bubble
speeds obtained by in the experiments and the model predictions with their error values. The
gas bubble speeds predicted by the model were in reasonable agreement to those measured in
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the experiments as can be seen in Table 5.2. Test 4 had the lowest error at 6% and the highest
error was 29% for Test 2.
Table 5.2: Comparison of the bubble speeds obtained from the experiment and the model predictions

Plane length

Model speed

Experiment speed

(mm)

(mm/s)

(mm/s)

Base case

804-806

79

102

23%

Test 1

805-807

68

59

13%

Test 2

814-816

79

111

29%

Test 3

504-506

49

44

10%

Test 4

1010-1012

106

113

6%

Test 5

805-807

77

103

25%

Test 6

808-810

78

85

8%

Test

Error (%)

The data presented in Table 5.2 was plotted in a graph for each of the parameters tested.
Figure 5.34 shows an increase in bubble speed with increasing current density for both the
model and experiment results. The model does not show a big change in the bubble speed
from 100 to 150 A/m2.
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Figure 5.34: Comparison of experiment and model results for increasing current density
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Figure 5.35 shows an increase in bubble speed with an increase in anode height for both the
experiment and model results.
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Figure 5.35: Comparison of experiment and model results for increasing anode height

Figure 5.36 shows a decrease in the bubble speed for the experimental results. However, the
model predicted almost similar values for the three inter-electrode gaps tested.
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Figure 5.36: Comparison of experiment and model results for increasing inter-electrode gap
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6. CONCLUSIONS AND RECOMMENDATIONS
This investigation involved an experimental setup conducted to study the flow patterns of the
evolved gas bubbles and the subsequent electrolyte flow. This was both a quantitative and a
qualitative study of the flow patterns in the electrolysis cell. The effect of current density,
anode height and inter-electrode distance on the flow patterns was tested in the experimental
work. A CFD model that was previously developed was then applied to the system used in
the experimental work in order to validate the model by comparing the results obtained in the
experiments and the model predictions.
All the parameters tested showed an effect on the flow fields observed especially with regards
to the magnitude of the flow fields. The anode size and current density had the greatest effect
on the bubble speeds and electrolyte circulation. This was mainly due to the increased
amount of gas generated when using a large anode and operating at high current densities.
This observation was consistent in both the experimental results and the model predictions.
However, having an increased amount of gas bubbles can have negative effects on the cell
efficiency and thus an optimal anode size and current density needs to be identified.
The flow fields in the cases tested by the CFD model had similar flow patterns in all the
positions of interest except for Test4. Test 4 showed slightly different flow patterns to the
other cases especially in Position B. The model showed the bubbles accumulating and
forming a circulation loop in Position B and this was not predicted in the other tests. In Test 4
the amount of gas bubbles produced was high and this was likely the reason for the difference
in the predicted flow patterns. The results from Test 4 emphasize the significant effect that
the amount of electrogenerated bubbles has on the flow patterns within the cell.
On the other hand, the model did predict an accumulation and the circulation loop of the gas
bubbles in Position B for the other cases. The other cases had fewer gas bubbles generated
and the model predicted that the gas bubbles disengage without accumulating in Position B.
This was related to the amount of gas bubbles evolved on the anode, more gas bubbles
generated will result into the accumulation in Position B. More gas bubbles were generated at
the highest current density and also when the largest anode was used.
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The flow field patterns observed in the experiments and predicted by the model were in
reasonable agreement with the exception of the gas bubbles flow pattern in Position B. The
bubble speeds measured in the experiments and predicted by the model also had a reasonable
agreement.
When few gas bubbles are generated they tend to rise up along the anode surface; however,
when the amount of bubbles generated increases, the bubble curtain moves towards the
diaphragm. In the experimental work, it was observed that a small fraction of the bubbles
moved towards the diaphragm and that the diaphragm prevented most of these from crossing
over to the cathode half. The diaphragm slots trapped some of the bubbles as they move
upwards. The diaphragm was effective at low gas bubble production rates and not so
effective at higher production rates. Reducing the gap between the diaphragm slots could
allow more gas bubbles to be trapped and disengaged as they contact the diaphragm. This
would prevent a significant fraction of the gas bubbles from going through the diaphragm
slots.
When conducting future flow visualisation work, a dark room must be used in order to have
the ultimate control of the illumination and to reduce glare and reflections. Furthermore,
sufficient external lighting must be used to provide more illumination in the narrow gap
between anode and diaphragm. A lens that allows magnification of the area interest should be
used to get a magnified visualisation of the bubble flow. Consider employing a technique
such as PIV which is more robust and will give a qualitative and quantitative analysis of the
flow field.
The information and insights gained from the experimental study was useful and it should be
used as a basis for the CFD model work in the future. Future work on this system should
review the methodology and assumptions made in the CFD model with the aim to refine and
improve the model predictions. Once the CFD model has been optimized, it should be used to
identify the optimum operating conditions, cell design and configuration that will enhance the
electrolyte circulation without negatively affecting the cell efficiency.
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Figure A.1: Photron FASTCAM SA4 details
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Figure A.2: Photron FASTCAM SA 4 specifications
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Appendix B: Experimental results
Appendix B1: Position A

Figure A.3: Gas bubble flow field pattern at Position A for the test 1 (50 A/m2)

Figure A.4: Gas bubble flow field pattern at Position A for the test 2 (150 A/m2)
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Figure A.5: Gas bubble flow field pattern at Position A for the test 4 (1m anode height)

Figure A.6: Gas bubble flow field pattern at Position A for the test 6 (100mm spacing)
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Appendix B2: Position B

Figure A.7: Gas bubble flow field pattern at Position B for the test 1 (50 A/m2)

Figure A.8: Gas bubble flow field pattern at Position B for the test 2 (150 A/m2)

125

© University of Pretoria

APPENDICES

Figure A.9: Gas bubble flow field pattern at Position B for the test 4 (1m anode height)

Figure A.10: Gas bubble flow field pattern at Position B for the test 6 (100mm spacing)
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Appendix B3: Position C

Figure A.11: Electrolyte flow field pattern at Position C for the test 1 (50 A/m2)

Figure A.12: Electrolyte flow field pattern at Position C for the test 2 (150 A/m2)
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Figure A.13: Electrolyte flow field pattern at Position C for the test 4 (1m anode height)

Figure A.14: Electrolyte flow field pattern at Position C for the test 6 (100mm spacing)
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