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Résumé

Le lithium métallique, qui est un métal critique et stratégique pour la production mondiale
des dispositifs de stockage d'énergie, est principalement produit par électrolyse en sels fondus.
Pour augmenter 1'efficacité de ce procédé, il est de la plus haute importance d'empécher la
recombinaison du lithium pendant le processus afin d'éviter le gaspillage d'énergie. Afin
d'optimiser les procédés d'électrolyse du lithium pour obtenir un métal de haute pureté avec le
moins d'énergie possible, la recombinaison du lithium généré a la cathode avec le chlore généré
a I’anode a été ¢tudiée comme une conséquence de la dynamique des fluides des gouttes de
lithium. Cette recherche se concentre sur le comportement des principales variables impliquées
dans la réaction a l'intérieur d'une cellule expérimentale de production de Li du point de vue du
transfert de masse, de 1'électrochimie et de la dynamique des fluides. Des simulations ont été
effectuées pour une électrolyse durant un intervalle de temps de 600 s en utilisant une approche
prenant en compte la nature turbulente de I’écoulement avec la méthode k-¢ pour résoudre
I'écoulement biphasique couplé au processus d'électrolyse du lithium. Pour analyser 'influence
de la dynamique du fluide prés de la cathode en relation avec la quantité de lithium recombiné,
deux configurations géométriques, utilisant un diaphragme non poreux, ont été évaluées, y
compris l'incorporation d'un déflecteur au fond de la cellule. Le déflecteur a réduit la quantité
de lithium recombiné de 7 %, et le diaphragme non poreux avec une inclinaison de 87° a réduit
la masse totale de lithium recombiné de 77 %, bien qu'il ait augment¢ la consommation d'énergie
de 10 % par rapport au cas de base d'un diaphragme vertical. Pour réduire la quantité d'énergie
consommeée, et la masse recombinée de lithium, l'utilisation d'un diaphragme rainuré et
d'¢lectrodes rotatives a aussi été étudiée. Le diaphragme avec des rainures a ¢été évalué avec
différents angles d'inclinaison. Dans les cas d'électrodes rotatives, cinq vitesses angulaires sans
diaphragme ont été analysées. La résistance du film anodique a également été ajoutée au modele
numérique par le biais d'une équation représentant la fraction volumique du gaz en fonction du
temps. Le diaphragme vertical avec rainures permet de réduire de 26,7 % la consommation
d'énergie par rapport a la conception verticale non poreuse, mais augmente de quatre fois la
quantit¢ de lithium recombiné dans le processus. Pour diminuer cette recombinaison, le
diaphragme a rainures a €té incliné vers l'anode. Un angle vertical de 85° permet de réduire
I'énergie consommeée de 23,5 % avec approximativement la méme masse de lithium recombiné
par rapport a la conception verticale non poreuse. L'utilisation d'une cathode rotative a une
vitesse angulaire de 0,25 rad/s entraine une diminution de 40 % de la consommation d'énergie
ainsi qu'une diminution de 87,4 % de la reconversion du lithium métallique, par rapport du
diaphragme vertical non poreux.

Mots clés: dynamique des fluides avec bulles et gouttelettes, processus électrochimique,
dynamique des fluides sur la surface de la cathode, lithium recombiné, conception de
diaphragme non poreux et rainuré.



Abstract

Metallic lithium is a critical and strategic metal for the world’s production of energy
storage devices, and it is produced mainly from molten salt electrolysis processes. To
increase the efficiency of such processes, it is of utmost importance to prevent lithium
recombination to avoid energy waste. To optimize the lithium electrolytic processes and
obtain a high purity metal with the least amount of energy, the recombination of lithium has
been studied as a consequence of the lithium drops fluid dynamics. This research studies the
behavior of the main variables involved in the reaction inside a Li-production experimental
cell from the mass transfer, electrochemical and fluid dynamics standpoints. The behavior
of an experimental electrochemical cell was simulated for 600 s time period using a turbulent
(k-¢) approach to solve the two-phase flow. In order to analyze the influence of the cathode
fluid dynamics in relation with the amount of recombined lithium, two configurations of the
non-porous diaphragm were evaluated, including the incorporation of a baffle at the bottom
of'the cell. The baffle reduced the amount of recombined lithium by 7 %, and the non-porous
diaphragm with an inclination of 87° reduced the total recombined mass by 77 %, although
it increased the energy consumption by 10 % with respect to the base case of a vertical
diaphragm. A grooved diaphragm and rotating electrodes were also used to reduce the
energy consumed. The inclination angle of the diaphragm with grooves has been evaluated
for three different configurations, while the rotating electrode condition was studied for five
different angular velocities without a diaphragm. The anodic film resistance was also added
in the numerical model through an empirical equation of gas volume fractions as a function
of the time. It allowed for a better combination between fluid dynamics and the
electrochemical field. The vertical diaphragm with grooves produced a reduction of 26.7 %
in energy consumption in comparison with the vertical non-porous design but increased by
four times the amount of recombined lithium in the process. The grooved diaphragm was
inclined toward the anode to decrease the lithium recombination. A vertical angle of 85°
also helped to reduce the energy consumed by 23.5 % with approximately the same
recombined lithium mass compared to the vertical non-porous design. Using a rotating
cathode with an angular velocity of 0.25 rad/s resulted in a 40 % reduction in energy
consumption; in addition, it decreased by 87.4 % the metallic Li reconversion in comparison
with the vertical non-porous diaphragm design.

Keywords: Bubble fluid dynamic, electrochemical process, fluid dynamics on the
cathode surface, lithium liquid recombination, diaphragm non-porous and grooved design.
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1 Introduction.

1.1 Importance of the research subject.

According to the latest Conference of the Parties (COP26), the world needs to rapidly
replace fossil fuels with clean energy to reduce the amount of CO; in the atmosphere and thus
reduce global warming [1]. One of the principal sources of CO> emissions are internal
combustion engines (ICE) vehicles, which are being replaced by electric vehicles (EVs).
However, the substitution has been difficult due to the limitations and problems caused by the
storage of electric energy. On the one hand, the battery with the highest storage capacity is based
on the lithium-ion technology. On the other hand, this technology is dangerous because of the
use of flammable electrolyte apart from lithium ion phosphate batteries which are inherently
safe [2]. A solution to this problem is to develop the solid stated batteries (SSBs), where the
anode is composed of solid metallic lithium. Furthermore, the SSBs can achieve a volumetric
energy density up to 70 % greater than today’s lithium-ion batteries that use conventional
graphite anodes, making them the ideal batteries for future EVs [2]-[4]. One advantage of SSBs
is that they do not require expensive cooling systems due to the absence of a flammable
electrolyte. They have displayed better functionality at higher temperatures due to the increased
conductivity of the electrolyte. Placke et al. (2017) [5] have predicted that the current lithium-
ion batteries could reach a maximum energy density of 300 Wh/kg after 2025, while metallic
lithium SSBs would reach a maximum of 480 Wh/kg. In 2021, St-Onge et al. [6] developed an
improved lithium SSBs, proving that batteries of the same size could contain much more energy
in the future.

From the above considerations, it is important to produce solid lithium with
environment-friendly processes, where energetic optimization will be a principal factor.
Developing new techniques and designs of electrolytic cells for lithium production can achieve
that energy optimization. Amouzegar et al. (1996) [ 7] studied the production of metallic lithium
from molten salts using an experimental electrolytic cell (EEC), based on the following
electrochemical reactions:

Anode (Oxidation): 2C1™ = Cl, () + 2~
Cathode (Reduction): 2Li* + 2e™ = 2Li,

Total Reaction: 2Li* + 2C1™ = 2Li¢) + Cly ()

Hydro-Quebec developed the design of the EEC (see Fig. 1.1) in the form of a batch
reactor. At the top of the cell, nitrogen is added as an inert gas used to remove chlorine gas from
inside the cell. Oliaii et al. (2017-18) and Litrico et al. (2018) [8]-[10] partially simulated the
fluid dynamic coupled to the electrochemical field in that EEC. They all have taken into account
the detrimental effect of chlorine bubble production that brings an additional resistance to the
mass and charge transfer taking place in the electrolyte solution and limiting the electrochemical
reactions on the anode surface.
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Fig. 1.1 Experimental lithium electrolytic cell.

Optimizing the electrolytic cell for lithium production using molten salts involves
finding a solution to chlorine bubble production at the anode surface. These bubbles create a
resistance to mass transfer, resulting in high energy consumption [11]-[14]. Previous studies
have shown the importance to simulate the effect of mass transfer across the anodic boundary
layer, where bubbles of Cl. are produced, which must be improved to optimize lithium
production. This research work has added the anodic film resistance using an anodic boundary
layer to improve the model. It also considers the production of liquid lithium droplets at the
cathode surface. The main differences between previous research works with this project are
underlined in Table 1.1.

Table 1.1. Literature review comparison.

Anode Surface . Cathode Surface
. . Electrolysis . Electrolyte Solution
Literature Review and Phases Diaphragm Phenomena Phenomena

ECH BFor VEL | ABL MAT MOT ECH DFor VEL

Oliaii et al. (2017) ©] | Li-one Non kel voc  F® | gre NPE NSke | LBV No No

porous Plate

Oliaii et al. (2018) [9] Li - Two Porous Tafel VOC FAL | BRC NPE NSk-¢ | LBV No No

Litrico et al. (2018) [10] Li - Two No Tafel VOC FAL No NPE NSk-¢ | LBV No No

Zhao et al. (2020) (151 Li-Two No PCD CMB FAL | No NPE NSke| PCD No No

El-Askary et al. (2015) [16] | H20 - Two No BV HBM FAL |MLB HBM NSke| BV  No No

Riegel ez al. (1998) [17] § H20 - Two No BV HBM EMC No HBM NSk-e]| BV No No
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Pan et al. (2020) [19] H20 -Air No No No No NS k-¢ Fluid Dynamics No No No
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ECH : Electrochemical Field; BFor - DFor : Bubble and Drop Formation; VEL : Flow Velocity; ABL : Anode Boundary Layer; MAT -
MOT : Mass and Momentum Transfer; VOC : Vogt Correlation; BRC : Bruggeman Correlation; NPE : Eq. Nernst-Planck; NS k-g :
Turbulent k-¢ Navier-Stokes Equation; BV - LBV : Butler-Volmer and Linearized Equation; FAL : Faraday Law; PCD : Primary Current
Distribution; HBM - CMB - LMB : Mass Balance of Water, Chlorine and Lithium; MLB : Mixing Length Boundary; EMC : Empirical
Correlation.
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1.2 General objective.

This project aims to optimize lithium production, analyzing the impact of cell design on
lithium mass recombined and energy costs through the chlorine bubbles and lithium liquid drops
fluid dynamics. This analysis relies on the intimate coupling of the conservation equations
(momentum, mass, and charges) representing the most important phenomena occurring inside
the molten salt lithium.

1.2.1 Primary objective.

The primary objective is to develop a mathematical model representing the bubbles and
lithium liquid drop production in the electrolytic solution, coupling the mass, energy, and
momentum transfer. Also, the mathematical model includes bubbles generation through a
constant density of nucleation sites. The force balance (buoyancy, interfacial and drag forces)
on the bubble defines the detachment process. The bubbles play an essential role in the mass
transfer inside the electrolytic solution. The mass conservation equation considers the effect of
bubbles’ transport phenomena inside the solution including its effect on the electrical resistance,
creating a strong coupling between the Faraday’s law and the Butler-Volmer equation.
Furthermore, after the detachment stage, the bubbles induce a fluid movement in the electrolytic
solution causing natural convection that affects all other transfer processes. The momentum
transfer equation includes all those processes of transfer. Fig. 1.2 illustrates the main physical
and chemical phenomena (bubbles, fluid dynamics, electrochemical reactions, and mass
transfer) developed in the mathematical model.
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oY duy d
g Dynamics 4= z
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Fig. 1.2 Diagram of the main phenomena considered in the mathematical model of this project.
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1.2.2 Secondary objective.

The validation to this research project is shown in Fig. 1.3. The validation is using data
from different applications such as water and magnesium electrolysis. We use the dimensionless
parameters of fluid dynamics such as the drag coefficient for the validation.

Lithium Electrolytic
Cell with Diaphragm

lons Transfer
Nernst-Planck Equation.

_Annde
Tafel
Bubbles

SO~

Cathode
LBV Drops

Bubble Growth in the
Electrolytic Solution.

Mass Transfer
Equation

» Electrochemical

Geometry

—

Mesh
Validation

Reaction

Mass

Momentum Transfer Equation
in the Electrolytic Solution.

Buoyancy [ Drag
Force Force

S/

Bubble and drop

Transfer

¥

Fluid Dynamics

~N

Simulation Results

Current density:
ian ica
Overpotential:
Nan:Nca
Volumetric
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Pag Pt
Velocities:
Uy Uy

Electrochemical
Validation

Mass Transfer
Validation

Fluid dynamics
Validation

Fig. 1.3 Diagram representing the validation of the main phenomena.

After having defined the mathematical model that represents the effect of each bubble stage on
the transfer of mass, energy and momentum in an electrolytic solution, the following validation
steps are taken:

1. To validate the triangular mesh of the numerical model, we used the experimental and
simulation data taken from the literature review.

2. The optimal number of nodes is established for this project using the software Comsol
Multiphysics®.

1.2.3 Tertiary objective.

Once the numerical model is validated, the next step is to evaluate the metal production
process to seek the parameters that affect the energy consumption and metal productivity using
different designs (diaphragm, baffles) and operation conditions (rotating electrodes) in
electrolytic cells.

1.2.3.1 Non-porous diaphragm.

For this part, we propose two new configurations of the non-porous diaphragm and
evaluate the influence of the cathode fluid dynamics on the amount of recombined lithium and
energy consumption:

1) a conical configuration with a bottom diaphragm radius (Rps) of 39 mm designated
as the configuration > 90°, and
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2) a conical configuration with a bottom diaphragm with Rps = 29 mm, designated as
the configuration < 90° (see Fig. 1.4).

To optimize the fluid dynamics of the cathode domain, we added a small baffle at the
bottom of the electrolytic cell at a fixed position. For the non-porous diaphragm, we proposed
the following steps:

Check the turbulence regime by means of the Grashof number.

To analyze the relation between gas and liquid velocity behavior with time.
Describe the change of potential as a function of volume fraction.

Describe the behavior of electrolyte velocity in the cathode domain.
Determine the total mass of Li produced and the mass of recombined lithium.
Describe the effects of electrolyte velocity in function of recombined Li mass.

N kW=

Compute the total energy consumed in the process.

Baffle

Fig. 1.4 The diaphragm configuration for the two different bottom diaphragm radii.

1.2.3.2 The grooved diaphragm and rotating electrodes.

In this second section, we added the anodic boundary layer to study the film resistance
on the anode surface, and we looked at the impact of the rotating movement of each electrode.
Fig. 1.5 shows the grooved diaphragm and the rotating electrode designs in the lithium
electrolytic cell. The grooves are evenly spaced and located at the bottom section of the
diaphragm. On one hand, it permitted the separation of the anolyte and catholyte fluid dynamics.
On the other side, it helped to increase mass transport at the bottom of the diaphragm and thus
reduces the energy consumption. We removed the diaphragm of the geometry for the rotating
electrode simulations, to reduce the resistance against the current transfer in the electrolyte, and
to analyse how the lithium production could be affected in a process where a continuous inlet
with an angular flow of the electrolyte solution is injected. In this section, we proposed the
following steps:
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For grooved diaphragm:

1.

(98]

Determine the boundary layer thickness and the anodic film overpotential in function
of time.

Determine the average velocity in the cathode and anode domains.

Determine the lithium and chlorine mass close to the vertical diaphragm surface.
Compare the current density magnitude on the anode surface using a vertical non-
porous, to the current density obtained on a grooved diaphragm.

Compute the potential and overpotentials along the anode height for a vertical non-
porous, and for a grooved diaphragm.

Determine the recombined lithium mass for the two configurations: the vertical non-
porous and grooved diaphragm.

Calculate the energy consumed using a vertical non-porous, and grooved diaphragm.
Compute the mass of recombined lithium in the anode domain for the following
bottom diaphragm radius of Rpg = 25 and 29 mm.

Determine the energy consumed for the same bottom diaphragm radius of Rpg = 25
and 29 mm.

For rotating electrodes:

10.

11.
12.

“Cathode | |

Calculate the cell potential and film overpotential for different anodic angular
velocities.

Determine the recombined lithium mass for different electrode rotation speeds.
Compute the energy consumed for different electrode rotation speeds.

Fig. 1.5 The grooved diaphragm (left) and rotating electrodes (right) configurations.

1.3 The research work description.

Transient simulations of the lithium electrolysis cell have been solved for a time period
of 600 s, a period long enough to reach a pseudo steady state regime. For the initial parameters
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of this simulation, we use values published by Oliaii et al. (2017) and by Zhao et al. (2020) [8]-
[15]. Lithium electrolysis simulations were conducted with Comsol Multiphysics® using the
Eulerian Bubbly Flow Model to represent the momentum transfer produced by the bubbles
inside the electrolytic solution at the anode [20]. The Eulerian Mixture Model was used to
predict the fluid dynamics of lithium liquid drops produced at the cathode surface [21]. The
Electrochemical Model based on the Tertiary Current Distribution (TCD) has been used to
simulate the electrochemical reactions at the surface of the electrodes and the ion mass transfer
inside the electrolyte [22]. The geometry of the computation domain of lithium electrolytic cell
is taken from Oliaii et al. (2017) [8], as shown in Fig. 1.6.

According to Lovering (1982), it is important to take into account the presence of the
diaphragm, which is used to separate the chlorine gas from the liquid lithium and to prevent the
recombination of these products, such as is shown in Fig. 1.6 [23]. In this simulation, it takes
the form of a non-porous smooth flat surface that is located in the anode-cathode gap and extends

below the bottom of the anode.
Anode 127cm

Diaphragm

LiCl-KCl

Cathode

—_———e -

20 cm

-

€-====

=~ - 1
7-6;_-,,3 o

Fig. 1.6 Geometry of the computational domain (red line).

1.4 Hypothesis.

The assumptions made in this project allow us to develop the numerical algorithm and
analyse the different fields affected by the evolution of the bubbles and liquid drops inside the
electrolytic cell. All assumptions regarding mass, energy, and momentum transfer are presented
in the following part.

1.4.1 General hypothesis.

There is a direct relation between the formation and displacement of the chlorine bubbles
and the lithium drops in the electrolytic solution that affects the lithium production and the
energy consumed in the process.
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1.4.2 Specific hypotheses.

1.4.2.1 Mass transfer.

The bubble formation starts when the electrolytic solution is saturated with gas;
hence, there is no gas diffusion process inside the electrolytic solution for all-
time simulation.

We considered the bubble and drop shapes as a trunked sphere on the surfaces of
the electrodes.

The size of each bubble and liquid drop is defined through a balance of external
force applied on their surface.

The mass transfer on the free surface of the electrolytic solution is neglected.

1.4.2.2 Momentum transfer.

The pressure in the system is considered constant at 1 atm.

The chlorine gas density is estimated using ideal gas behavior.

The momentum conservation equation describes the movement in the
electrolytic solution.

The boundary layer defines the bubble velocity in the electrolytic solution.

We neglected the Lorentz force produced by an electromagnetic field and its
effect on the flow.

The gas movement into the bubble is neglected.

The hydrodynamic properties of the LiCI-KCIl molten salt solution are close to
water properties.

1.4.2.3 Heat transfer.

Temperature is constant (723 K) in the electrolytic solution.

1.4.2.4 Electrolytic process.

The bubbles are electrical insulators.

The electrical conductivity changes with the ion concentration in the electrolytic
solution.

Using the linearized Butler-Volmer equation, we defined the current density on
the cathode as a linear function with the overpotential.
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2 State of the art.

To understand the originality and the scope of each of the objectives of this research project,
it is necessary to show in the literature review the following information:

e The different stages of bubble formation in the electrolytic solution.
e The main relation between all phenomena developed in the electrolyte.
e The numerical algorithm with bubble formation, momentum, and mass transfer.

2.1 The stages of bubble formation.

The bubble formed in a lithium electrolytic cell is a way to validate the fluid dynamics
developed in the cell. We took the different stages of bubble formation from the theories
developed according to the phases of the system, and according to the external forces acting on
the bubble surface.

In this research project, nucleation stage in its initial phase is represented by a percentage
of chlorine gas on the anode surface. Subsequently, this gas percentage will be calculated by the
classical nucleation theory (CNT).

After the nucleation of the bubble, its growth is a function of the contact angle, which
changes in function of time. For this stage, in this work, the bubble volume was simulated by
using a constant contact angle reported by previous works [24]. The growth and displacement
of the bubble in the electrolyte solution has been simulated considering that the electrolyte is
saturated with chlorine gas. This means that there is no mass transfer between the bubble and
the electrolyte solution. Then, a mass transfer model analysed in this literature review will be
shown to simulate its effect on the energy consumption.

In this simulation, the effect of bubble breakup is initially neglected. However, the model
for that bubble stage is developed in this literature review, which it will be added later to analyse
its effect on the amount of recombined lithium.

2.1.1 Bubble nucleation.

To determine the nucleation rate of bubbles in a system, it is necessary to know whether
it is a homogeneous nucleation (in the bulk of the solution) or a heterogeneous nucleation (on a
solid surface). Subsequently, the free energy of Gibbs for the formation of all the nuclei could
be calculated. We develop this section in four parts, which are as follows:

e The theory that allows us to calculate the energy required for the formation of all the
bubble nuclei.

e The thermodynamic equations defining heterogeneous nucleation on the electrode
surface.
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e The equation defining the rate of nucleation as a function of time-dependent variables.
e The numerical method that allows us to locate the position of each nucleus on the electrode
surface.

The nucleation of bubbles on the anodic surface of a lithium electrolytic cell has not been
developed and validated in previous published work. However, the thermodynamic equations
that define the nucleation process are the same for the formation of crystalline nuclei, condensed
micro-drops or micro-bubbles formed in a solution. In this section of the literature review, we
show the nucleation models published by principal researchers in the field, regardless of whether
they have worked with a crystalline nucleus, condensed micro-drops or vapour micro-bubble.

The nuclei or clusters are defined as the minimum number of molecules to form a bubble,
drop, crystal or particle, and the nucleation is the formation process of all nuclei. Winter ef al.
(2010) [25] remarked that in the classical nucleation theory, the formation of a (spherical)
nucleation seed in the bulk can be explained with two competing factors: a volumetric term,
which seeks to expand the seed, and an opposing surface term, as shown in the following
equation:

E = —Volume X Ap+ Surface X o 2.1.1

Where E is the free energy of nucleus formation, o the surface tension, and Ap is the
potential chemical difference.

According with Kalikmanov, (2013) [26] the Nucleation refers to the situation when a
system (parent phase) is put into a metastable state. Experimentally, it can be achieved in a
number of ways, for example by forming crystalline nuclei by evaporating its parent phase. In
this work, nucleation and related phenomena will refer to the liquid-gas transition. It is important
to show the main nucleation approach that will be used in this research project.

There are several nucleation theories; they depend on the assumptions established to
develop the equation representing the phenomenon. The most important ones related to this
project are described as follows:

2.1.1.1 Classical nucleation theory (CNT).

Horsch et al., 2008 [27] consider this theory more precise and accurate at low
temperature, but it has different variations and can also be used at high temperature conditions.
The tool most often used in the nucleation studies is the phenomenological CNT, formulated in
the first half of the twentieth century by Volmer in 1936. Its cornerstone is the capillarity
approximation considering a condensation cluster, however small, as a macroscopic bubble of
the evaporated phase. The core assumptions of the classical approach are: (i) low enough
temperature below critical temperature (Tc) and (ii) low enough supersaturation of a metastable
phase. Kashchiev (1982) [28] considers a general form of the Gibbs free energy of (n) cluster
formation:
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AG™™(n, Ap) = —nAp + Fy(n, Ap) 2.12

Where Au is the potential chemical difference. Central to nucleation theory is the
expression for the free energy of nucleus formation AG"™(n, Au) and its determination is the
core step for the construction of any nucleation-condensation model. The macroscopic change
of free energy associated with the formation of a nucleus consisting of i atom or monomers (the
formation energy for brevity) always contains the volume term and the surface energy term
F,(n, Ap). In homogeneous nucleation theory, the AG"™(n, Ap) can be written down as:

A
AGh™(n, Ap) = Fg(n, Ap) — [ﬁ] i=Fs(n,Ap) —LnE+1)i 2.1.3
B
Tl1 91 _ZT
E:nle_l’nlezﬁ,glezexp[TC 214

Where kj is the Boltzmann constant, ¢ the supersaturation factor, n; metastable phase
concentration, n,, the equilibrium concentration, 6;, the equilibrium densities, {1 the
elementary volume and T, T, the system temperature and critical temperature respectively. The
entire system is isothermal, with all nuclei having the same temperature T which is equal to the
gas temperature. This is usually ensured by the presence of a passive gas or the thermostatic
effect of the substrate, which is kept constant during the entire growth process.

2.1.1.2 The heterogeneous nucleation of bubbles on a solid surface.

According to Vehkaméki (2006) [29], in the classical nucleation theory, the cluster is
modelled as a semi-sphere, and the interaction between the cluster and the underlying surface is
described with a contact angle (), an angle between the underlying surface and the tangent of
the cluster surface at the point where these surfaces meet, see Fig. 2.1

Gl,soldl

C,.dl ogdl  —

Fig. 2.1 A cluster on a planar particle. The tangent of the cluster surface is marked with ¢,., r
is the cluster radius, and ¥ is the contact angle. Forces 0;44,dl, 04,dl, and g, 5,,dl arising
from the surface tension between solid sol, liquid [ and vapour g acting on a surface line
element of length dl are also shown.

The contact angle is related to the surface tension between liquid and solid, g 5,,;, vapour
and liquid, a4 ;, and vapour and solid g 5., according to Young'’s equation:
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Og,s0l — Ol,s0l
Cos 9 = L2 2.1.5
Ug,l
Also, Vehkamiki has considered that the thermodynamics and kinetics of heterogeneous
nucleation is the same as for homogeneous nucleation, with the only differences in the surface

energy and geometric terms.

*\ 2
AGhet _ f¢AGh0m _ f(p 47T(r3) Jg,l 2.1.6
R 217
PB - Pext

Where AG"™and AG™®® are the free energy of formation of the homogeneous and
heterogeneous nuclei respectively, r* is the critical radius of cluster in the same conditions (the
critical radius is the minimum radius that a nucleus or cluster can have, after reaching the
number of atoms necessary for its formation), Py is the internal pression of the bubble, P,,; is
the hydrostatic and atmospheric pression at the place where the bubble is formed. Another radius
that we need to know in the CNT is the bubble radius in function of time. That radius is defined
in the next equation:

Rg = 2B(D t)'/? 2.1.8
Where Rj is the bubble radius, D diffusivity, t time, and B the saturation coefficient. the
geometric factor f, can be written in terms of the ratio of radii X = r*/Rp and cosine of the

contact angle as seen in Eq. 2.1.9:

1 1—XCos ¥ 5 X —Cos 9\ (X — Cos 9\’
Jo =3 1+( . )+x 1_3< . >+< d, )

X —Cos
+3Cos 9X? (—OS — 1)}
dy

For all values of X and Cos ¥, the geometric factor is lower than one, 0 < f, < 1.

2.1.9

2.1.1.3 Bubble nucleation rate.

The heterogeneous nucleation of bubbles depends on the dynamics of the electrolysis
process, and it is influenced by the electrolytic reaction and by the mass transfer, which can be
the limiting step. For this reason, it is essential to understand the different theories and research
on this subject. Vehkaméki (2006) [29] has developed an equation to calculate the nucleation
rate that can be written as:

B |>\€1et| e <AGhet> 1
2tkgT
The components of the matrix W), are the second derivatives of the heterogeneous free
energy of formation with respect to the numbers of molecules in the cluster, and X"t is the
negative eigenvalue of product matrix (Ry.;) (Whet)- Rper 1 the heterogeneous growth matrix,
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whose components give the rate at which monomers of different types collide with the critical
cluster. F¢,; is the normalization factor in the cluster size distribution. In the heterogeneous case,
the cluster distribution can be approximated by the sum of monomer concentrations on the

surfaces of pre-existing particles in the equilibrium vapour ( Cf,’::g,ti).
2
e _ ehet e,het __ ~'x
Fror = z Ci,mon and Ci,mon = Xig - 2.1.11
L X

Where x; , represents the monomer molar fraction in the gas, 7y is the radius of the

monomer cluster, and v, is the partial gas volume.

2.1.1.4 Direct computer simulations to represent a bubble set.

For the nucleus distribution on the anode surface, we will use the Monter Carlos Method
(MCM). Kalikmanov (2013) [26] has proposed a simulation of nucleation on a molecular level
by Monte Carlos method, a technique that complements theoretical and experimental studies
and as such may be regarded as a virtual (computer) experiment. Vehkamaiki (2006) [29]
suggests that the simulation methods are roughly divided into three categories: Density method
(MD), MCM, and search for the minimum energy configurations. Also, there exist some
variations of the MCM used in nucleation studies. They are based on calculating statistical
averages of cluster properties in different sets, depending on which control parameters
(temperature, pressure, total energy, volume, chemical potential) are kept constant in the studied
system.

The MCM is based on the random generation of atom coordinates in a simulation box.
Kalikmanov (2013) [26] considers that the MCM is sampling the configurational space of the
system. This method considers a thermodynamic statistical ensemble (Number particle-
Volume-Temperature or NVT ensemble) that represents the possible states of a mechanical
system in thermal equilibrium with an electrolytic solution at a fixed temperature. The system
can exchange only energy with the solution, in consequence the states of the system will differ
in total energy to each time instant.Vehkamiki (2006) [29] presented the principal equations
and procedures to simulate homogenous nuclei. The Kalikmanov (2013) [26] procedure and
equations were took to represent the heterogeneous nucleation locations, where the potential
energy U(rN) of a given configuration vV = (r1,..., ") are developed. The average value of
an arbitrary function of coordinates X (r") is given by the integral

(X(r¥y) = fX(rN)w(rN)drN 2.1.12
Where w(r") is the Boltzmann probability density function of a given state r:
1
w(rV) = —e UM 2.1.13
Qn

Qy = fe—ﬁ-W”) drV 2.1.14
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Where [ is the term ﬁ and the function w(r") is positive and normalised to unity
B

fw(@N)dr"¥ = 1. From the standpoint of probability theory, Eq. 2.1.12 defines the
mathematical expectation of X (V). To have an idea of the mathematical methods proposed by
Kalikmanov (2013) [26], imagine that we have a digital camera that can instantaneously take
photos of the system, so that we can use this camera to scan and memorize the 3D coordinates
of all N molecules in the volume V. This can be repeated M times per second. Then, the
computer memory will contain the set of coordinates (), (rV),,..., ("), where M is a
number of configurations. The average observed value of X

M
AVRG(X) = %z X[, 2.1.15
k=1

Gives an estimate of the true (exact) value (X(r") ) given by Eq. 2.1.12, which
cannot be calculated. The mean-square deviation

M
o2 = %Z X2[(V),] = [AVRG (X)]2 2.1.16
k=1

Characterizes the accuracy of our statistical averaging. In MCM, the integral (2.1.12) is
approximated by Kalikmanov (2013).

(X(rV)) = AVRG(X) [1 + Jiﬁ] 2117

Note that ¢ becomes independent of the number of observations for large M, implying
that the error of approximation (Eq. 2.1.17) is inversely proportional to the square root of the
number of observations, which is typical for mathematical statistics.

2.1.2 Bubble growth.

Cluster growth theory in this project starts from the critical nucleation size. Vehkamaiki
(2006) [29] presented a numerical model using a growth coefficient that is function of the
equilibrium concentration and the nucleus geometry. This method was also used by Van der
Linde et al. (2017) [30]. In this research project, it is important to define the main equations
used to represent bubble growth in the electrolytic solution, and to analyse the change of the
principal variables such as the over potential or the current density.

2.1.2.1 Vehkamaiki growth coefficients.

Vehkaméki (2006) [29] assumes that the growth of the micro-drop is occurring by
vapour molecules hitting with its surface. Then, the growth coefficients B* (units/s)
(components of matrix Rj,;) are given by the monomer or cluster flux per unit area, and are
represented by the Eq. 2.1.18

het _ ~ehet

" —Ae"d'ff
; ren0il Vi airrexp (4) 2.1.18

kT,
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Where §; is the average jump distance of adsorbed molecules on the cluster surface, L* is
the length of the contact line between the cluster and the solution, and it can be determined by
the next equation:

L* = 2nRp sind 2.1.19

the v; 457 1s the frequency related to vibrations leading to diffusion jumps and Ae; 45 is

the activation energy for surface diffusion. Then, the frequency of diffusion jumps is given by

Viaiff€Xp (_Az;‘;if ! ) Vehkamaéki (2006) [29] considers that the growth rate due to direct vapour

deposition is typically orders of magnitude smaller than the rate of surface diffusion, and thus it
is enough to use the surface diffusion growth coefficients.

2.1.3 Bubble detachment.

The detachment process is defined by all the volumetric and superficial forces that act on
the bubble, in a gas-liquid system. These forces are included in the momentum transfer equation,
in a source term representing external forces (see Eq. 2.2.3).

In this project, it is assumed that the volume of chlorine bubbles is a trunked sphere, as
shown in Fig. 2.2, in which the volume changes with the variation of the contact angle (¢) on
the electrode surface.

‘bn
Ty

Bubble

Fig. 2.2 The bubble volume in function of contact angle.
A force balance is computed on the bubble using Eq. 2.1.20 - 2.1.22.
I
Vyas =§R3(2+3Cos¢—Cos3q’>) 2.1.20

FBouyancy + Flnterfacial = Wbubble = pLinggas + Usy527T r= pgaSVgaS g 2.1.21



23
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= =
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Combining Eqgs. 2.1.20 and 2.1.22, the bubble radius is a function of the contact angle, such as
is shown in the Eq. 2.1.23.

6. Si
Rpup = \/ Csys n ¢ 2.1.23

2.1.22

g-(Ap) (24 3Cos¢p — Cos3¢)
where 05, s the interfacial tension, g the gravity and Ap the difference between liquid density
(p1) and gas density (pg).
Two forces are considered in this research work such as the drag force (Fp,q4, Eq. 2.1.24),

with a drag coefficient (Cp) based on the Schiller-Naumann correlation (see Eq. 2.1.25), and the
Buoyancy force (Fpouyancy» Eq. 2.1.26).

3 Cp
FDrag =fp= _Zd (ngllul_ugl(ul_ug) 2.1.24
Bub
C _ 1+ 0.15(R 0-687y) with R < 1000 2.1.25
D= o ( 15(Repyppie )) wi €Bubble L.
Bubble
1

FBouyancy = §an§’ub (2 - 3C05¢ + C053¢)(pl - pg)g 2.1.26

where dg,;, is the bubble diameter.

2.1.4 Bubble breakup.

The breaking of the surface of the bubble can be influenced by the properties of the gas
as well as the medium where it has been formed, according to the fluid dynamics or
thermodynamic properties. Clift et al. (1978) [31] present several numerical models that define
this stage of the bubble. The model of bubble breakup that was taken for this project is the
breakup of the bubble in the anodic boundary layer. It allows us to determine the effect of bubble
breakup on the film overpotential of the boundary layer which prevents the transfer of the
current density in the electrolyte solution:

2.1.4.1 Breakup due to velocity gradient.

This model is based on the behavior of a drop or bubble in a shear field that tends to rotate
and deform the bubble. If the velocity gradients are large enough, interfacial tension forces are
no longer able to maintain the fluid particle intact, and it ruptures into two or more smaller
particles. Observations of drop and bubble breakup have also been obtained in hyperbolic flows.
Fig. 2.3 shows tracings of photographs showing the effect of increasing shear rate.
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Theoretical predictions related to the orientation and deformation of fluid particles in
shear and hyperbolic flow fields are restricted to low Reynolds numbers and small deformations.

The fluid particle may be considered initially spherical with radius r*.

@ O O & o= O+
1 2 3 4

(b)

e > e LI L e eg
5 6

Fig. 2.3 Breakup of liquid drops in simple shear velocity gradient
G increases in each sequence, from Clift et al. (1978).

Considering that the surrounding fluid is initially at rest, and that the fluid is impulsively
given a constant velocity gradient G at time t = 0, the particle undergoes damped shape

oscillations, finally deforming into an ellipsoid with axes in the ratio E Y2 1:EV2 , Where:
1-E _ 5(19k+16)

1+E 4(k+1) /(19k)2 +(2°/N)2

Where E is the aspect ratio averaged over shape oscillation (E = b/ a> b is the sphere

where k = é and N = r*Guo~! 2127

perimeter and a is the sphere radius), k the volumetric shape factor, V' the sphere volume, d,
the sphere diameter, N the dimensionless velocity gradient, r* the critical radius, u, pup are the
continuous and disperse phase viscosity and o the interfacial or surface tension. The relaxation
time for the oscillations is approximately:

T, =1*Gupo? 2.1.28

2.2 Transfer phenomena in bubble system.

Transfer phenomena are driven by variations in space and in time for the main variables
and properties of a medium. The most important phenomena in the engineering are the transfer
of heat, mass and momentum. For this project, only mass and momentum transfer inside the
electrolytic solution will be considered, due to the high demand on computational resources of
the simulation.

2.2.1 Mass transfer.

There are two types of mass transfer considered in this project. The first is the transfer of
ions into the electrolyte solution using the Nernst-Planck equation (see the electrolytic
phenomena section), and the second is the transfer of the chlorine gas bubble into the electrolyte
solution. To represent the mass transfer of the gas bubble in the electrolyte solution will allow
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us to analyse its effect on the resistance of the bubble to the passage of current in the boundary
layer. The model presented below will allow us to develop the mass transfer of the chlorine

bubble.

2.2.1.1 The bubble mass transfer.

The mass transfer inside a bubble system is developed by Bird (2007) (see Fig. 2.4), where
the rate at which gas bubbles of A are absorbed by liquid B is estimated as the gas bubbles rise
at their terminal velocity v, through a clean quiescent liquid [32].

Bird (2007) consider the gas bubbles of moderate size, rising in a liquid free of surface-
active agents, inside which a toroidal circulation is occurring, as shown in Fig. 2.4. The liquid
moves downward relative to each rising bubble, enriched in species A near the interface in the

manner of a falling film.
Liquid B

Direction of bubble
Miotion with terminal

(Gas bubble
of A

Fig. 2.4 Absorption of gas A into liquid B [32].

Hence the depth of penetration of the dissolved gas into the liquid is slight in the bulk,
because of the motion of the liquid relative to the bubble and because of the typically low liquid-
phase diffusivity D. Thus, as a rough approximation, we can use Eq. 2.2.1 to estimate the rate
of gas absorption, where D is the instantaneous bubble diameter. This gives an estimate of the
molar absorption rate, averaged over the bubble surface, as:

’4DAth
(NA)avg = ﬂ—DCAO 221

In this equation, Cyq is the concentration of gas A in liquid B at the interfacial temperature

and partial pressure of gas A.

2.2.2 Momentum transfer.

In the electrolytic cell, the movement of fluid and bubbles in the solution are characterised
by the momentum equation (Bird (2007) [32]). In this equation, three mechanisms are present:
diffusion, convection and external forces process. Continuity (Eq. 2.2.2) and momentum (Eq.
2.5.3) equations must be solved to determine for the velocity field in the electrolytic solution.
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dp
—=_V- 222
ot Py

0 (pv)
ot

Where p is the density of the solution, t the time, v the velocity vector, P the pressure, T

the fluid tensor, g the gravity acceleration and Fy, all the external forces that are acting on the
fluid.

+V-pvv=—VP—V-‘t+pg+§:Fext 223

2.2.3 Electrolytic phenomena.

According with Oldham et al. 2012 [33] the transfer of mass inside an electrolytic solution
is peculiar because an additional transfer mechanism is present: ions can be transferred due to
migration, charged species being influence by the electrical field inside the cell. Moreover, the
buoyancy, magnetic forces are the main sources of force at the origin of mass transfer in this
ionic system.

2.2.3.1 Mass transfer in the electrolytic cell.

The Nernst-Planck equation is considering all three mass transfer mechanisms described
above, the flux N; of each i species in an electrochemical cell being calculated by:

z;F
N; = ¢;V — D;V¢; — Rl—TDl-CiVCD 2.2.4
Where z;, ¢; and D; are respectively charge, concentration and diffusivity and V is the
mean velocity, F the Faraday constant, R the universal gas constant, T the system temperature
and finally @ the potential field. The first, second and third term on the right side are respectively
the convection, diffusion and migration of the i species. Applying the mass conservation law, it

ends up to:

ac; ,
a_tl =V.N; +R