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Abstract

Enhancing the efficiency of industrial water electrolysis for hydrogen production is vital for the energy
transition. In Alkaline Water Electrolysis (AWE), hydrogen is produced at the cathode, and the bubbles
are formed when the local hydrogen concentration exceeds the solubility limit. It is important to under-
stand the exact local conditions that result in the nucleation of bubbles in this multi-phase and reactive
system. With modeling, it is possible to gain insight into the relation between various local proper-
ties, but the model needs to include all relevant physics and chemistry. Thus, this work focuses on the
multi-species electrochemical transport phenomena with reaction occurring on the electrode-electrolyte
interface.

The electrochemical transport phenomena and the bubble nucleation are meso-scale phenomena occurring
at the electrode-electrolyte interface. Lattice Boltzmann Method (LBM) is well suited for modeling meso-
scale behavior but it is computationally memory expensive. Consequently, a hybrid approach combining
Finite Difference Method (FDM) and LBM has been developed to simulate transport phenomena in the
migration-diffusion problem with heterogeneous reaction kinetics. The Debye-Hiickel theory is used as
a benchmark to validate the developed model. Subsequently, the model is employed to simulate the
transport phenomena occurring in the hydrogen half-cell of AWE, with a specific focus on the Hydrogen
Evolution Reaction (HER) governed by the Butler-Volmer kinetics equation.

The model captures the dynamic evolution of physical parameters such as electric potential, concentration
of species, and fluxes within the system particularly in the Electric-Double layer (EDL). The effect of
electrode potential on the distribution of species involved in the reaction are studied by performing
simulations for different electrode potential. The influence of secondary fluxes on the species distribution
is studied by implementing a spatially varying boundary condition to the reacting site. Finally, the
formulated methodology is extended to solve a multi-phase system with species transportation occurring
around a catalyst particle.
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Chapter 1

General introduction

Hydrogen and energy have a long shared history- powering the first internal combustion engines over
200 years ago to becoming an integral part of the modern refining industry. It is light, storable, energy-
dense, and produces no direct emissions of pollutants or greenhouse gases. But for hydrogen to make a
significant contribution to clean energy transitions, it needs to be adopted in sectors where it is almost
entirely absent, such as transport, buildings, and power generation. Supplying hydrogen to industrial
users is now a major business around the world. Demand for hydrogen, which has grown more than
threefold since 1975, continues to rise—almost entirely supplied from fossil fuels, with 6% of global natural
gas and 2% of global coal going to hydrogen production.[1].

Hydrogen is branded with colors such as white, green, blue, and grey depending on the production
method. Green Hydrogen has been hailed as the clean energy source of the future. Hydrogen can be
produced from a range of resources including fossil fuels, nuclear energy, biomass, and renewable energy
sources. The resulting gas can be burned or used as a carrier to provide power. And, if generated using
renewable, it can be a clean alternative to burning fossil fuels.

Color GREY BLUE TURQUOISE GREEN
HYDROGEN HYDROGEN HYDROGEN HYDROGEN

Process SMR or gasification Pyrolysis Electrolysis
with carbon capture

(85-95%)

Renewable

Source Methane or coal
electricity

®

Figure 1.1: Brands of Hy [2].

Special attention has been paid to the development of economical hydrogen production methods by
chemically converting hydrocarbons or alcohols to a hydrogen-rich synthesis gas stream. This process
generically called reforming, requires oxidizing agents. With steam as the oxidant and Methanol/methane
as the hydrocarbon, the process is called Methanol/methane steam reforming (MSR), and hydrogen thus
produced falls under the Grey Hydrogen category. It is effectively an endothermic reaction with a
large heat effect; hence, multi-tubular packed bed reactors can be used for carrying out this reaction.
Industrial multi-tubular packed bed reactors consist of a large number of parallel reactor tubes placed
inside the heating or cooling jacket. Gaseous reactants flow through these tubes which contain a packed
bed of catalyst particles. Either heat exchangers or furnaces can supply the heat transfer for performing
the reaction. MSR is an endothermic reaction that takes place on the catalyst surface. The heat source
is supplied to the reactor tubes by means of a fire burner as the operating temperature of the gaseous
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fluid is in the order of 1000K. The three main reactions that are involved in this process with Methane
as the hydrocarbon are

r,: CH,+H,0+— CO+3H,, AH, =206.1KJ/mol.

ry:  CO+H,0<+— CO,+H,  AH,= —41.15KJ/mol.

Iy CH, +2H,0 +— CO, +4H,, AH; = 164.9KJ/mol.

The reaction r; is the reforming reaction which is exothermic in nature and ro is the Gas water shift
which is an exothermic reaction. The augmented reaction is represented in r3 which indicates that the
overall reaction is endothermic. At the outlet of the steam reformer the stream mixture called "Syn-gas"
consists of Hy, CO, CO3, and unreacted CHy. The concentration of Hy and COs at the reformer outlet
increases with decreased reactant flow rate and increased inlet temperature.

Blue hydrogen can be produced by appending the above MSR, process with the carbon capture and
storage system (CCS). Retrofitting with CCS would allow the existing systems to continue producing
hydrogen while achieving reduced Green House Gas (GHG) emissions. This is an option is to produce
hydrogen with lower GHG emissions while reducing pressure on the renewable energy capacity installa-
tion rate to produce green hydrogen. Notably, industrial processes like steel production may require a
continuous flow of hydrogen; blue hydrogen could be an initial solution while green hydrogen ramps up
production and storage capacity to meet the continuous flow requirement. Besides this, blue hydrogen
also faces social acceptance issues, as it is associated with additional costs for CO5 transport and storage.
The efficiency of CCS systems is expected to reach 85-95% [3] at best which means that 5-15% of COx
will still be emitted.

Among the different shades of hydrogen, Green Hydrogen, which is produced from renewable sources
of energy is most suitable for the fully sustainable energy transition to net-zero. The well-established
technology option for this purpose is water electrolysis fueled by electricity from renewable sources.
There exist other methods for green hydrogen production such as biomass gasification and pyrolysis,
thermochemical water splitting, photo-catalysis, supercritical water gasification of biomass, combined
dark fermentation, and anaerobic digestion. However, except for MSR and water electrolysis, other
processes are not mature technologies at commercial scales to be accepted by industries [2]. Green
hydrogen production through electrolysis is consistent with the net-zero route, allowing the exploitation
of synergies from sector coupling, thus decreasing technology costs and providing flexibility to the power
system.

Though water electrolysis technology has existed for a couple of centuries, it account for only 5% of the
world’s hydrogen production due to the high cost relative to producing hydrogen from reforming [2].
However, these stats are changing due to the increased devotion toward sustainable energy production.
Dynamic coupling of the renewable energy to the electrolysis technology yields GHG-free hydrogen
production while providing a solution to the intermittency problem associated with renewable energy
sources. The hydrogen can be synthesized into ammonia to be used as a fuel for internal combustion
engines in maritime industries. Hydrogen can also be used as fuel in combustion and fuel cells with
applications in transport, heating, power generation, and industries. The life of green hydrogen is shown
in Figurel.2), below

1.1 Water electrolysis

Water electrolysis is dictated by the science of electrochemistry which studies the phenomena that occurs
when electrical energy induces chemical reactions to occur. On a microscopic resolution, electrochemistry
studies the reactions in which the ions cross the interface between the solid electrode and the electrolyte.
Alkaline water electrolysis (AWE), solid oxide electrolyzer cell (SOEC), and Polymer electrolyte mem-
brane (PEM) water electrolysis are the three main electrolysis technologies applied to water electrolysis.
The operating principle and methods of these electrolysis methods are illustrated in Figure (1.3).
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(2) woustey
Steel industry (=
Chemicalindustry ()

Electrolysis

Figure 1.2: Green Hs Production, conversion and end-use [2].

(a) Alkaline Electrolyser (b) PEM Water Electrolyser (c) Solid Oxide Electrolyser
40-90°C 20-90°C 700-1000°C
Cathode - + Anode Cathode - L + Anode Cathode - L + Anode

1 1 o2 1
H, 502 H, | 502 H, 502
: |
H,0 | H,0 H,0 ‘

Cathode —" Anode Cathode — Anode Cathode— "1 Anode
Ni Ni'Co/Fe Pr _ I (4]
Diaphragm Membrane 0% lon conductor
20H — Y503+ H0+ 2~ Anode Ha0 = ZH'+ Y/50, + 26" Anode 0% &+ Y0; + 2Ze&  Anode
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Figure 1.3: operating principle of (a) AWE (b) PEM (c) SOEC [4].

1.1.1 Solid oxide electrolyzer cell (SOEC)

The SOEC that operates at high temperature commonly uses zirconia (ZrOz) doped with yttrium (III)
oxide (Y203) due to high oxygen ion conductivity and also maintains the chemical and thermal stability
at such high temperature [5]. The high operating temperature favorably reduces the electricity demand,
overpotentials, and power losses. Since the electric energy cost covers 30% of the total electrolytic
hydrogen cost, this technology is relatively cost-effective [4]. The main drawback of this technology is
material degradation and limited long-term stability which are the consequences of the high operating
temperature.
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1.1.2 Polymer electrolyte membrane (PEM) water electrolysis

In PEM, a thin solid proton-conducting membrane is used as the electrolyte instead of an electrolytic
solution. The thin membranes reduce the ohmic losses and the produced hydrogen is relatively pure due
to the low gas crossover property of the membrane. Further, the PEM has a broad operating power band
due to the high proton conductivity through the membrane which is an essential aspect when electrolyzers
operate at fluctuating conditions such as the renewable sources [6]. The polymer membrane not only
serves as the ionically conductive medium but also provides structural support for the electrodes. The
electrodes used here are noble metals/metal oxides like Platinum which are expensive.

1.1.3 Alkaline water electrolysis (AWE)

Water is a poor ionic conductor and needs a conductive electrolyte to achieve a considerable hydrogen
production rate. Thus an acidic or alkaline aqueous solution is used as the electrolyte to enhance ionic
conductivity. Among those, an alkaline solution is preferred to avoid the corrosion of the electrodes [7].
The electrolytic reaction is given by,

1
Net Reaction : 2H,0 <— H, + 502 V,=1.2291V,

where V. indicates the thermodynamic equilibrium cell potential. This net reaction can be decomposed
into anodic and cathodic half-cell reactions. oxygen gas is generated at the anode-electrolyte interface
and hence the anodic half-cell reaction is also known as the oxygen evolution reaction (OER). The
cathodic half-cell reaction is also known as the hydrogen evolution reaction (HER) because the hydrogen
gas is produced at the cathode-electrolyte interface.

Expressing the hall cell reactions in the electrochemically conventional form of eq. (1.1) gives,

ZSiMiZi =ne", (L.1)

i

where S; and M; are the stochiometric coefficients and symbol of the chemical formula of species i, and
z; is the charge number of species 1.

HER(Cathode) : ~ H, +20H™ —2H,0=2¢", ¢, = —0.828V, @lbar,25°.

OER(Anode) : 20H™ — %OQ -H,0=2", ¢,,=+0.4011V, @lbar,25°.

where ¢ and ¢, are the equilibrium potential of the cathode and anode half-cell reactions.

Typical AWE uses aqueous KOH solution (20-30 wt.%). The electrodes (nickel-based) are porous to
enable more interfacial surface area in turn increasing the reaction sites.The operating voltage is typi-
cally between V=1.7-1.9 V and the current density is 1 kA/m? with the production rate of 0.211 m?/s [4].

The use of non-noble metal electrodes and the system’s long-term stability make AWE a commercially
preferable solution over the other existing electrolyzer technologies. The operating power band of the
AWE is narrow compared to that of the PEM, thus AWE is ineffective under dynamic conditions. Thus
further advancements to reduce costs and increase efficiency are required to enable the widespread use
of AWEs.

Problems with AWE

Though AWE is a mature technology with low specific cost there exist several disadvantages that require
focus. Due to its narrow operating power band, the fluctuation in the power supply from renewable
resources can result in explosive mixtures, corrosion of materials, temperature and pressure drop, etc.
[8]. The low current density limit of AWE has an undesirable effect on the cost of hydrogen production.
The cost per kg of hydrogen and electricity increases as the current density increases. But, the hydrogen
cost is more sensitive for low current densities which is the case for AWE. This is clearly inferred from
the plot in Figure (1.4) below.
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Figure 1.4: Effect of current density on the hydrogen production rate (Vj,) and the cost (Cn,) [9].

The evolution of hydrogen and oxygen bubbles is one of the reasons for the low efficiency and low
ionic conductivity. The bubble evolution is discretized into 3 stages namely nucleation, growth, and
detachment [10]. They create both electrochemical resistance and mass transfer barrier to electrode
reactions [11, 12]. The nucleating, growing bubbles block the electrode surface, reducing the active
reaction sites and subsequently affecting the production. Few research activities study the electrolytic
bubble phenomena with the aim of improving the efficiency of AWE [13]. The effect of gas bubbles
under the influence of ultrasonic field [14], magnetic field [15], intensified gravity field [16], micro-gravity
environment [17, 18] are studied to improve the bubble removal rate.

1.2 Thesis scope

To address the aforementioned issues a strong understanding of the electrochemical phenomena, under-
lying multi-physical interactions, and operational conditions are essential to optimize the electrochemical
systems. The complex micro-structures and multi-physics of electrochemical devices can be well cap-
tured using computational modeling due to its ability to resolve the detailed physics which is difficult to
be observed in the experimental study. Besides, computational tools are faster and more cost-effective
and expedite the transition to net zero. Most of the critical physics that happens in the electrochemical
systems occur within the porous media and at the electrode-electrolyte interface [19]. Further, bubble
nucleation is known to usually occur at the cracks, and crevices on the electrode surface which result
in the formation of a gas molecule cluster from solution supersaturated with gas molecules [10]. These
phenomena are characterized as mesoscale phenomena with length scales ranging between microns and
millimeters. The majority of the electrochemical reactions and transport phenomena occur around the
electrode-electrolyte interface, which makes the mesoscale phenomena critical for the design and inno-
vation in electrochemical systems [19]. Thus an efficient and high-fidelity numerical simulation tool is
essential for both fundamental research and industrial research and development.

Conventional computational fluid dynamics (CFD) models are not suitable for modeling the mesoscale
effects such as the heterogeneous reactions that occur at the pore scales with a large number of species
involved in the transport (multi-component systems). The several modeling approaches suitable for this
are illustrated in Figurel.5). Among these molecular dynamics (MD) is the most fundamental yet ex-
pensive. There are several mesoscale models that can be used to resolve the chemical-physical processes
that occur in electrochemical systems. One such method is the lattice Boltzmann method (LBM) which
has shown fast development in recent years. Several works of literature indicate that LBM is a suitable
tool for studying electrochemical phenomena because of its ability to model multi-component, multi-
phase physics. Moreover, because of the kinetic nature of LBM, the electrode kinetics can be modeled
at microscopic or mesoscopic scales [20].
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Figure 1.5: Modeling approach based on the required resolution of physics [21].

1.2.1 Thesis vision

Modeling the electrochemical reaction and the mass transfer of the ion/neutral species are essential to
understand the bubble nucleation process. Resolving the double layer and understanding the evolution
behavior of the physical parameters using the mesoscale modelling approach will be the agenda of this
thesis. The mass transport phenomena based on the dilute solution theory will be modeled using the
LBM for AWE. To model the heterogeneous HER occurring at the cathode surface of the hydrogen half-
cell, the Butler-Volmer kinetics equation will be used. The list of thesis objectives that will be executed
in this work are listed below.

e The methodology to solve the migration-diffusion problem with heterogeneous reaction using the
LBM will be formulated. The Poisson-Nernst-Planck model coupled with the Butler-Volmer kinet-
ics model is chosen for this purpose.

o With the appropriate geometric and dynamic similitude analysis and properly modeling the bound-
ary condition from physical space to the lattice space, the Lattice Boltzmann simulation will be
performed using a code built in MATLAB.

e To validate the methodology, the system adhering to the Debye-Hiickel theory will be solved and
compared to the analytical expressions for species concentration and electric potential.

e The evolution of the physical parameters in the hydrogen-half cell will be studied by resolving the
physics in the electric double layer. The effect of reaction rate on the species distribution will be
studies by comparing the results for different electrode surface potential.

e Further some complex simulations will be performed to check the robustness of the code. The effect
of fluxes in the primary and secondary directions on the species’ transportation will be studied by
implementing a spatially varying boundary condition. Finally, the methodology is extended to
solve the migration-diffusion problem with heterogeneous reactions occurring on the surface of a
deformed boundary.

1.2.2 Structure of the report

After providing a general introduction and gradually getting into the purpose and vision of the project
in chapter 1, the fundamental knowledge regarding the electrochemistry relevant to this project is dis-
cussed in chapter 2. The governing equations for the transport model, electric potential, and reaction
kinetics are discussed.

In Chapter 3 fundamentals of the LBM and the lattice configurations are explained. The model for
collision operator and the general boundary conditions used in this study are explained. Chapter 4,
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the methodology to solve diffusion problems using LBM is explained and extended to solve one and
two-dimensional problems. The results from LBM simulations are compared with those from FDM sim-
ulations.

The methodology to solve the migration-diffusion problem along with the coupling of the heterogeneous
HER reaction is explained in chapter 5. The steady-state Poisson’s equation for electric potential
can be solved using the ‘FDM in lattice space’ or pseudo-transient LBM. Both these methodologies are
elaborated in this chapter. Then, the LBM approach to solving the Nernst-Planck model for species
concentration is explained. Further, the coupling of the Poisson, Nernst-Planck, and reaction kinetics
solver and the exchange data structure and the solver algorithm is explained.

Chapter 6 explains the Debye-Hiickel theory and uses it as a benchmark case to validate the developed
methodology. The grid independence study based on the double-layer resolution is studied. The steady-
state results from LBM are compared to those based on the Debye-Hiickel theory.

The transport phenomena and the evolution behavior of potential and species concentration in hydrogen
half-cell for a constant reacting flux at the cathode is dealt with in chapter 7. The simulation technique
for high cathode potential is explained and then the issues from the classical Poisson-Nernst-Planck
model which neglects the steric effects are addressed.

Chapter 8 deals with the transport phenomena and evolution behavior of electric potential and species
concentration in the hydrogen half-cell with the reaction kinetics dictated by the Butler-Volmer equation.
A complex simulation with spatially varying boundary conditions is performed to understand the influ-
ence of the secondary fluxes on the potential and species concentration distributions.The methodology
to simulate the species behavior around the catalyst particle of the electrode and the simulation case is
discussed in Chapter 9.

Chapter 10 concludes the work where the accomplished work is briefly explained. Then, further work
to perfect the model to enhance its robustness and performance are briefly discussed.



Chapter 2

Electrochemistry

On a microscopic scale, the science of electrochemistry studies the reaction in which the ions cross the
electrode-electrolyte interface. These reactions are influenced by the potential difference between the
electrode and the electrolytic solution which are thermodynamically and kinetically controlled. Thus the
mass transport phenomena, thermodynamics, and reaction kinetics are interrelated, and an extensive
study of these verticals is essential to build a reliable and robust multi-component simulation model.

2.1 Thermodynamics and potential

The most useful thermodynamic function for the evaluation of electrochemical systems, as well as most
other reactions, is free energy. Free energy provides a criterion for predicting the direction of chemical or
electrochemical reactions and the composition of the system at equilibrium. A thermodynamic property
of the species called the electrochemical potential p; is related to the Gibbs free energy as,

AG = (Z Si,U,1> - <Z Si/li> . (21)
i anode i cathode

The Gibbs free energy is related to the equilibrium or open-circuit potential V. (the potential at which
no current flows) by,

AG =nFV,, (2.2)

where n denotes the stochiometric coefficient or number of moles of transferred electrons, F' is the
Faraday’s constant given by F'= 96.4853 kCmol~!.
For AWE, free energy for the anode, cathode, and the total cell at 1 bar and 25°C is by,

AGanode = 77.4 kJ/mol,  AGeathode = —159.8 kJ/mol,  AGeen = 237.2 kJ/mol. (2.3)

Thus, AGcen = 237.2 kJ/mol is the minimum amount of energy required to produce the hydrogen. At
this threshold potential V,, the electrode reaction is inherently slower and then an over-potential (1)
which is above the equilibrium cell potential is essential. The over-potential enables to start off the
reaction due to the activation energy barrier, increasing the reaction rate [22]. In an electrochemical
system, there are electrical, electrochemical, and transport-related barriers; hence, a sufficient electrical
energy supply is needed to overcome these resistances. The transport-related resistances which are due to
the gas bubbles in the solution, electrolyte itself, ion transfer in the electrolyte, and membrane separator
lead to loss of energy known as the ohmic losses [13]. Thus the over-potential is essential for the system
to overcome the above-mentioned barriers.
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Figure 2.1: AWE resistance analogous to electrical resistance[13].
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Fig. (2.1) illustrates the resistances in AWE analogous to the electrical system. R; and R’y are the
resistances from the wiring of cables.

2.2 Ion transport mechanisms

There are three transfer mechanisms that are responsible for the movement of the ions in the electrolytic
solution. They are migration, diffusion, and convection. Migration is the transport of ionic species due
to an electric potential gradient. Diffusion is the transfer of ions/neutral species due to a concentration
gradient. Convection is the transfer of ions/neutral species due to the bulk flow of the electrolyte.
Pertaining to this project, the influence of the convection mechanism is very low compared to the other
two and hence it is neglected.

2.2.1 Migration

The gradient in electric potential which induces an electric field creates a driving force for moving the
ions. The electric field drives the cations toward the cathode (along the electric field direction) and the
anions toward the anode (against the electric field direction). The velocity of the ions in response to the
electric field is given by

Ui migration — *ZiViFvQ/)’ (24)

where v; (mol s/kg) is the ionic mobility (the factor that describes the sensitivity of an ion in an electric
field) of ionic species i. The Nernst-Einstein equation that relates the diffusion coefficient (D;) and the
ionic mobility of a species is given by

Di = RTl/i, (25)

where R and T denotes the universal gas constant and system temperature respectively. Generally, the
flux density is defined as the product of the species’ velocity and the concentration density, given by eq.
(2.6).

N; = Ciu;. (2.6)
Thus, the flux density of the ions due to migration is given by eq. (2.7),
— ZiDiCiFV(b
Ni,migration = ? (27)

2.2.2 Diffusion

The driving force for the motion of ion/neutral species by diffusion is the concentration gradient of the
species (Fick’s equaiton for dilute solution). The corresponding flux density is given by

N diffusion = —Di Vi, (2.8)

where D; is the diffusion coefficient of species 1.

2.2.3 Convection

The species velocity due to convection is the same as the bulk velocity (uy,) of the electrolytic solution.
Thus, the flux density of the species due to convection is given by eq. (2.9),

Ni,convection = Cviub~ (29)

Convection can be split into driving forces due to natural convection and forced convection. In an elec-
trically neutral solution, the bulk flow-induced convection of species doesn’t contribute to the net current
density. Yet it could have an indirect influence on the net current because the bulk convection can alter
the local concentration of the species in turn creating a concentration gradient to drive diffusive species
transport [23].

The total flux density of a species is derived by summing eq. (2.7), (2.8) and (2.9),

— ZiDiOiFV¢
Ni = T — DiVC’i + C’iub (210)



]
TUDelft

CHAPTER 2. ELECTROCHEMISTRY

Eqn (2.10) is referred to as the Nernst-Planck equation which will be used to model the flux density in
the material balance equation. it is explained in detail in section (2.4).

2.3 Electrode kinetics, reaction rate

The rate of the electrode reaction, characterized by the current density, depends on the nature and
previous treatment of the electrode surface [13, 23]. The reaction rate also depends on the composition
of the electrolyte adjacent to the electrode, just outside the electric double layer. The composition of
the electrolyte adjacent to the electrolyte is different from that at the bulk of the solution because of
the limited mass transfer rate discussed in section (2.4). The theory of the double layer is a microscopic
phenomenon rather than a macroscopic one. The effect of double layer on electrode kinetics is dealt
with in section (2.3.2). The electrode potential characterized by the over-potential (n) also governs the
rate of the reaction. For a general electrode reaction expressed in the form of eq. (1.1), the surface
over-potential (7s) expresses the deviation from the equilibrium potential given by

Si
Fni = F(dselectrode - @solution) = —fe + Z gﬂl (211)

2.3.1 Butler-Volmer equation

The current density is a function of the surface over-potential, the concentration of the solution adjacent
to the electrode surface, i.e.,

j=fmC). (2.12)

In general, the current density is used to quantify the rate of the reaction occurring at the electrode
surface. The Butler-Volmer model for the current density is given by

S a F'ny —a.Fn
Jn = Jo |:eXp < RT ) exp ( RT >:| s (213)

where j, is the exchange current density, a,, and a, are the apparent transfer coefficient (a,,c. € (0.2,2)),
that relates how an applied potential favors one direction of reaction over the other [23].
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Figure 2.2: Plot relating the current density and surface over-potential at 25°C [23].

case I: for large n (Tafel approximation)

In 1905, Tafel made an observation that at large values of 7 one of the terms from eq. (2.13) can be
neglected [24] and the overall reaction rate is given by

o F
Ju = jo exp (0‘RT77> ., auFn>> RT, (2.14)

10
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ackn
RT

Jn = —Jo €Xp ( ) ,  acFn>> RT. (2.15)

case II: for small 7 (linearization)

From Fig. (2.2a), for the low value of 7, the current density looks to be linear. By expanding the
exponential terms in eq. (2.13) with a Tayler series and neglecting the higher-order terms gives,

- (et ac)F

Jn = Jo—b RTC ,  n<<RT. (2.16)
The Butler-Volmer equation implicitly indicates that the exchange current density depends on the con-
centration of the reactants and products [25]. So, Bernardi and Verbrugge made a correction to express
this concentration dependence explicitly [25, 26, 27, 28], given by

. . Cs,m m aaFn *OécFﬁ
Jn = Jom <Crm) {eXp< BT ) eXp< BT ﬂ ; (2.17)

where index m denotes either the anode or cathode side. j,m is the corresponding exchange current
density at reference concentration, C; i, is the reference concentration of the reactant, Cs ., is the actual
reactant concentration at the electrode-electrolyte interface.

Electrode kinetics for AWE

Extending the above-mentioned kinetics concept to the AWE reaction, the current density for the anode
side (OER) and cathode side (HER) are derived in [27], given by eq. (2.18), (2.20) below.
For HER on the cathode side:

2 2
ol Con\ [C (aiFm> (cH o) (—aanc>
ref OH Ho 2
Jn = Joe = = | exp — — exp| ——— . (2.18)
<COIEI ) <CH2f> RT CH2fo RT

The over-potential for the HER, which is the cathodic half-cell reaction (7.) is given by

= 6. (00 + 220 (14 v (01 ). (2.19)

where ¢, . denotes the equilibrium potential at 1 bar and 298.13 K under neutral pH. The Nernst equation
for electrolytic potential is used to correct the equilibrium potential based on the pH and temperature
of the system. The logarithmic term in the above equation denotes the pOH of the electrolytic solution
and [OH™] denotes the concentration mol/L).

For OER on the anode side:

2 1/2
. . Con- (ozaFT]a> Co Cu,0 <_acF77a>
ref OH 2 2
Jn = Jo,a re €Xp - re - eXp | —+~— . (220)
(0013_ ) RT it oy RT

The description of the variables and corresponding values for AWE is given in the Table (2.1) below
extracted from [27, 29, 30, 31, 32].

Symbol Description Value Unit
a,/a, Active surface area to volume of electrode 4.6x104/3.7x 104 m!

I, .=f Ref. exchange current density at cathode 4.3 Am?

I, .f Ref. exchange current density at anode 3.7 Am?

o, / 0, Transfer coefficient for HER 1.534 /0.466 -

o, / 0, Transfer coefficient for OER 0.818/1.182 -

Crag™f Ref. H20 concentration 42710 mol m-3
Cog-"f Ref. OH- concentration 6851.19 mol m-3
Cryef Ref. H> concentration 10 mol m-3
C, et Ref. O, concentration 10 mol m-3

Table 2.1: Kinetics Properties for AWE.

11
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2.3.2 Effect of double layer on kinetics
Structure of double layer

The electrolytic reaction is fundamentally a heterogeneous reaction, which means that the reaction takes
place at the boundary (electrode-electrolyte interface). The EDL, which arises due to charge separation
at the electrode-electrolyte interface is localized over a molecular dimension [33, 34].

.J/sturhed water

8 e (+) e b
O Q,

:.___._.¢1 plane (position of closest approach for cation)

diffuse layer

W

cumpn:cl layer diffuse laver ¢ H -
y "“-d} plane X
(a) Double layer structure at cathode-electrolyte :
interface. (b) Potential profile across the double layer.

Figure 2.3: electric double layer (EDL) near cathode [33].

The compact layer in Fig. (2.3) encompasses multiple layers, separated by conceptual planes. The inner
Helmholtz plane (IHP) is the plane that passes through the center of the ions/molecules adsorbed to
the electrolyte. The outer Helmholtz plane (OHP) passes through the center of the ions that are at the
closest approachable distance from the electrode surface. The electric potential in this compact layer is
a linear function with respect to the normal direction of the surface. The diffuse layer is next to the
compact layer and exhibits an exponential potential profile [33]. The thickness of the diffuse part of the
double layer is generally in the order of nano-meters (O(10~?)) [23] and is given by the Debye length in
eq. (2.21).

eocr kT

A \/q2 S 220, Ny (2.21)
where ¢, is the relative permittivity of the electrolyte and ¢, = 80 for aqueous electrolytes.
€0 = 8.85 x 10712 F/m is the permittivity of vacuum. kg = 1.38 x 10723 J/K is the Boltzmann con-
stant and ¢ = 1.6 x 10719C is the charge of the electron. Cj o (mol/m?) is the concentration of ion
i at the bulk region, and Avogadro number Ny = 6.023 x 10?3 is used to represent ion concentration
in the number of ions per cubic meter. For example, with the concentration of ions given in the Ta-
ble (2.1), the Debye length was calculated to be 0.1178 nm. The ionic concentrations in Table (2.1) are
very high which yields a lower Debye length (\) which is smaller compared to the molecular size of water.

The existence of a double layer significantly affects the difference in potential between the electrode and
the electrolyte due to the adsorption of the species to the electrode surface. The exponential decay of
the potential over the molecular distance range gives rise to an intense electric field (potential gradient).
Such a high and localized driving force might lead to the activation of energetically difficult processes
to be carried out electrochemically [33]. Since the EDL behaves like a capacitor, it imposes problems in
kinetic studies, particularly at high surface area industrial applications due to the existence of charging
current [23]. The current density j for an electrode of constant surface area, with the consideration of
the EDL effects, is represented by eq. (2.22).

. d
Jj=fmnC)+ C’EDLCTZ, (2.22)

Where Cgpy, is the charge capacity of the double layer, the function f(n,C;) is the current for driving
the reaction (example: Butler-Volmer equation). Thus, the EDL behaves like a capacitor in parallel with

12
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the electrode reaction, so that the supplied current passing through the electrode to the solution can
either drive the reaction at the interface or be used to charge the EDL capacitor. This effect is significant
when an alternating current is used [23]. Thus, in order to model the effect of the diffuse layer of EDL,
one should solve the flux equation (that will be discussed in the next section) of all ions in combination
with the Poisson equation for electric potential [35].

2.4 Transport phenomena

Mass transfer in electrolytic solution demands a description of motions of ionic species, material balance,
current flow, electro-neutrality, and fluid motion. The domain for the study consists of ionic, neutral
components. The main challenge with modeling the transport phenomena is the lack of data for transport
properties particularly for concentrated electrolytes [23]. Though the transport process involves migra-
tion, convection, and diffusion, this project deals with the transport phenomena as a diffusion-migration
problem. The transport phenomena are split into two main verticals, namely the dilute electrolyte theory,
and concentrated electrolyte theory, based on the concentration level of the electrolyte.

2.4.1 Dilute solution theory

In dilute solution theory, the species flux density will be governed by the Nernst-plank equation given by
eq. (2.10). In AWE the reaction takes place only at the electrode-electrolyte interface (boundary) and
not at the bulk of the electrolyte. Then the material balance equation to model heterogeneous reactions
is given by,

9C;
ot

The boundary condition at the electrode-electrolyte interface for the reacting/produced species (sink/source)
is given by

= —V.N,. (2.23)

Sij . i
Ni|electrode—electrolyte: ﬁ’ v reactmg/produeed species, (2'24)
1

where Sj is the stochiometric coefficient of the species, j is given by the Butler-Volmer equation. The
boundary condition for the non-reacting species is a zero-flux BC given by

Ni|electrode-electrolyte= 0, ¥ non-reacting species, (2.25)

The local electroneutrality condition given by eq. (2.26) is not suitable under all local conditions, i.e.,
it is not valid at the double layer and at the boundaries [36]. Its validity holds only in the bulk of the
electrolyte. Hence a generalized Poisson equation for electric potential [35] will be solved given by eq.
(2.27).

> 4G =0. (2.26)

F
2p = —— e 2.2
v - §i G, (2.27)

where € is the permittivity of the electrolyte. The other approach to finding the electric potential can
be inferred from the Nernst-Planck eq. (2.10) and is used in [20, 25, 27, 35] given by

V- (kV®) + FV - > zD;VC =V -i, (2.28)

where i denotes the ionic current density, k is the ionic conductivity. If local electroneutrality is assumed
then Vi = 0,and if local electroneutrality is not valid then V-i = j, which is at the electrode-electrolyte
boundary. Adhering to this approach, [32] has formulated the elliptic Poisson solver considering non-
electroneutrality given by

V ) ZéH,FZDOH—COHf Vo
RT

) + V . (ZOH’FDOH*VCOHf) +] =0. (229)

It is recommended to correct the diffusive coefficients to consider the porous medium using the Bruggeman
correlation [27]. For the Poisson potential equation given by eq. (2.27) or eq. (2.28), the boundary

13
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condition at the electrode-electrolyte interface is given by a Neumann type BC [20] denoted by eq.
(2.30).

0P

ay lelectrode-electrolyte — J

(2.30)

where y is the coordinate direction normal to the electrode-electrolyte interface. The current density j
is derived from the Butler-Volmer equation for the electrode (cathode or anode).

The transport properties in an infinitely dilute electrolyte are mobilities u; and self-diffusive coefficients
Dy, which means that the concentration distribution of other species does not influence the diffusion of
species i.The transport properties for AWE species are given in Table (2.2) below [27, 37, 38, 39).

Symbol Description Value Unit
Do Diffusivity of water 2.2952x 10° m?s-!
Don- Diffusivity of hydroxide ion 527 x 10° m?s-1
Do, Diffusivity of oxygen 3.6x 10° m?2s-!
D Diffusivity of hydrogen 10x 10° m?s-1
Uon- Mobility of hydroxide ion 2.05x 103 m-!

- Mobility of potassium ion 7.619x 104 m!

Table 2.2: AWE transport properties for Dilute electrolyte theory @ 80°C.
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Chapter 3

Lattice Boltzmann method

Electrochemical systems are inherently multi-physics systems, their performance is driven by numerous
physical phenomena occurring at the interface characterized by mesoscopic scales and also involves
the coupling of different physics. These phenomena include the transport of ion/neutral species and
electrochemical reactions. Hence, computation models need to accurately capture these physics and
predict the performance and operation of the electrochemical system. There are two broad categories
of computational techniques that could be used to simulate the electrochemical phenomena namely the
particle-based simulation or mesh-based computational fluid dynamics. There are various particle-based
simulation techniques such as dissipative particle dynamics (DPD), smoothed particle hydrodynamics
(SPH), discrete element methods (DEM), lattice Boltzmann method (LBM) [19]. Among them, the DPD,
SPH, and DEM are off-lattice methods and their domain is represented by the Lagrangian particles. But
LBM represents the domain as a collection of pseudo-particles, which interact via propagation/streaming
and collision on a discrete lattice domain structure. Since LBM is inherently a scale-bridging numerical
scheme, which incorporates simplified kinetic models to capture the microscopic behavior, it is used as
the simulation tool for this project.

3.1 Lattice-Boltzmann equation

In LBM the statistical description of the system is given by the distribution functions f(r,e,t) giving
the number of molecules at time t positioned between r and r + dr that have velocities between e and
e+ de. The evolution of the distribution function due to the application of the external force is given by,

T _ g

— = 20, (3.1)

Where (2 is the collision operator. The collision operator can be determined using the BGK approxima-
tion given by eqn (3.2),

Q= (- )= (5 ). (3.2)

Where w is known as the collision frequency and 7 is the relaxation factor. The local equilibrium
distribution function (f¢?) is determined from the Maxwell distribution function. Expressing eqn (3.1)
in the partial differential equation form gives,

of 1
=L Nf==(f9—f). 3.3
o teVi=_(f1—f) (3-3)
The above equation can be discretized in space and time and then split into collision and streaming
steps.
The collision step is given by
fr(x,t) = f(x,t)[1 — At/7] + At/7 Y%, t), (3.4)

where f* denotes the post-collision distribution function. Then the streaming step is given by eqn (3.5),

f(x+eAt,t+ At) = f*(z,t). (3.5)
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Equilibrium distribution function

The procedure for solving different physics equations is the same. The difference is mainly in the
equilibrium distribution function and the collision operator. For the particles moving in a medium with
the macroscopic velocity u, the equilibrium distribution function can be determined from the Maxwell
distribution function given by eqn (3.6),

ca_ P (e —w)?
= GnRT)D exp (— SRT ) . (3.6)

On expanding the exponential term and truncating the higher order terms give eqn (3.7),

2e.u—uwu (eu)?
4 = 1 3.7
Fo1 = p [ + 2 o (3.7)
fY=pw, V stationary medium, i.e., u =0, (3.8)

where w is the weigh factor for the distribution function, u is the macroscopic velocity or the bulk
velocity. es denotes the pseudo sound speed which depends on the lattice configuration.

3.2 Lattice configurations

In general, the lattice configuration is given by DnQm where n denotes the dimension of the problem
and m denotes the number of streaming functions/directions per lattice.

3.2.1 One dimensional lattice

The general lattice configurations for the 1-D problem are D1Q2, D1Q3, and D1Q5, and the lattice
structure is given in Fig. (3.1). Each node has a distinct distribution function and velocity vectors. For
example, in D1Q3, the velocity vectors are eg, e; and ey and the distribution functions are fy, f1 and fs.
In the LBM domain, it is advisable to discretize the spatial and temporal domain with equal stepping
values, i.e., Az = At. Both in D1Q3 and D1Q5, the central node (0'") is static with zero velocity and
hence their distribution function can’t be involved in the streaming process.

2 | 1 2 0 1 4 2 0 1 3
@ i »O O= O > Oe—(r= O »O—>O
D1Q2 D1Q3 D1Q5

Figure 3.1: Lattice configurations for 1-D lattice[40].

The velocity vector and weight distribution are given in the matrix form below.

For DIQ2:  [e] = M — [_11] W= {“1] - Eﬁ} L 2 =1)2 (3.9)

€2 w2
€0 0 wo 4/6

For D1Q3: [e]=|es| =] 1|, [w]=|wi]|=[1/6], €2=1/3 (3.10)
() -1 %) 1/6

3.2.2 Two dimensional lattice

The general lattice configurations in case of a two-dimensional problem are D2Q4, D2Q5, and D2Q)9,
their respective configurations are shown in Fig. (3.2).
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e} 0
b ¢ ) ¢

3 3

1 2 1
O O O O——0
4 4

v v
o o

D2Q4 D2Q5

Figure 3.2: Lattice configurations for 2-D lattice[40].

The configurations D2Q5 and D2Q9 have a central static node and hence aren’t involved in the streaming
process. For simulating the system with the fluid flow the D2Q4 and D2Q5 configurations are not suitable
[40]. More distribution functions in the lattice configuration ensure Galilean invariance. For solving the
energy and species conservation-based problems it is recommended to use D2Q5 over D2Q4 for stability
issues. The velocity vector and weight factor for different 2-D configurations are given below.

For D2Q4: [e] =

For D2Q5:  [e] =

For D2Q9: [e] =

3.2.3 Three dimensional lattice

]]o

D3QI5

— |1/6

/4]
1/4
1/4

[ 1/4]

6
1/6

1/6
[1/6]

4/
1/9
1/9
1/9

— | 1/9

1/36
1/36
1/36

[1/36]

. el=1/2. (3.11)
. el=1/3. (3.12)
., e2=1/3. (3.13)

D3Q19

Figure 3.3: Lattice configurations for 3-D lattice [40].
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The three-dimensional lattice configurations that are generally used, namely D3Q15 and D3Q19, are
shown in Fig. (3.3). Though there exist some lower configurations such as D3Q7 and D3Q6, it is advised
to use at least D3Q15 to maintain the system isotropy.

[16/72]
16,72
16/72
16,72

0 16,72

0 16/72

0 0 -1 16,72
1
1

1

1

_ O O o oo

For D3Q15: [e] = 1 1], [w=/[|1/12], €£=1/3 (3.14)
1 -1 1/72
-1 -1 1/72
-1 1 1/72
-1 1 -1 1/72
-1 1 1 1/72
-1 -1 1 1/72
-1 -1 -1 | 1/72 |
- - [12/36]
2/36
2/36
2/36
2/36
2/36
2/36
0 1/36
1/36
0 1/36
For D3Q19: [e]=|-1 -1 0|, [v]= 1736 | e2=1/3 (3.15)
? 1/36
1/36
1/36
1/36
1/36
1/36
1/36
1/36
- . | 1/36 |

3.3 BGK Stability

The stability of the lattice Boltzmann equation with the BGK collision factor depends on the magnitude
of the relaxation factor. It dictates the evolution of the distribution function (f) towards the equilibrium
distribution function (f°?). Depending on the value of 7/At, f can relax in one of the three ways:
under-relaxation, over-relaxation, and full-relaxation.

o Under-relaxation: For 7/At > 1, the distribution function f decays exponentially towards the
equilibrium distribution function f°4.

o Full-relaxation: For 7/At = 1, the distribution function f decays directly to the equilibrium
distribution function fe°<.

o Over-relaxation: For 7/At < 1, the distribution function f oscillates around f¢? with an expo-
nential decay in the amplitude of oscillation.

o Unstable: In case of 7/At < 0.5, the distribution function f oscillates around the equilibrium
distribution function f°? with an exponential increase in the amplitude of oscillation.
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-e- Tf/AI=2 —e—T/Ar =1 —1/At =0.6 --- 7/At =0.51

I 2 3 4 5 6 7 8 9 10 11 12 13 14 15
t/At

Figure 3.4: Evolution of the distribution function (f) for various relaxation factors [40].

The evolution pattern of the f for different relaxation factors is illustrated in Fig. 3.4. The non-negativity
of all equilibrium distribution functions holds for all 7/At > 1/2 and eventually, the simulation will be
stable. The equilibrium functions are also a complicated function of velocity component as illustrated in
eqn (3.7). For a BGK lattice Boltzmann equation with the collision operator of the form in eqn (3.7),
the resultant velocity magnitude for a non-negative equilibrium distribution function for different lattice

configurations is given by eqn ( 3.16) below.

. V252 ~ 081652 . D1Q3, 10
Upax|< .
182 ~ 057752 D2Q9, D3Q15,D3Q19, D3Q27.

It is important to notice that the above limitation on velocity magnitude is derived for the bulk lattice
Boltzmann equation and in simulations with the boundaries these conditions may be altered. The
stability condition deteriorates with decreasing relaxation time i.e. |Upq.]— 0 as 7/At — 1/2 as shown
for example in the Fig. 3.5 as investigated by Niu et al [41].

0.5 T | I |
unstable
0.4F
stable

A5 03F !
< 02F :

0.1F -

| | | | |

0
0.5 0.55 0.6 0.65 0.7 0.75 0.8
/At

Figure 3.5: The linear stability sketch for 2D and 3D LBM simulations [42].

3.4 Similitude

Creating a link between the lattice and physical domains is essential to yield a sensible result. This
link between the domains is accomplished using the non-dimensionalized terms (geometric and dynamic
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similitude) from the governing equation. The lattice units are used in the LBM simulation, instead of
the physical units. For example, in a 2-D simulation, the geometric similitude implies that L/H = N/M,
where L and H are the physical x and y dimensions respectively, N and M, are the number of lattices
in z and y direction. In the case of a diffusion problem the temporal linkage between the physical
and lattice domains should also be considered. This can be accomplished with the non-dimensionalised
diffusion coefficient, ;T% |physica1:tﬁDz [lattice-

3.5 Boundary conditions

In CFD, the boundary conditions are explicitly known and hence can be directly applied. The boundary
conditions from the physical domain have to be transformed to that applicable in the lattice domain. The
distribution functions streaming away from the domain at the boundary are known from the streaming
process and hence don’t need modeling. The distribution functions that stream towards the domain at
the boundary need to be calculated using the boundary condition. The general form of the boundary
conditions is Dirichlet BC (value of the function is known at the boundary), Neumann BC (the derivative
of the function is known at the boundary), Robin or mixed BC (Combination of both Neumann and
Dirichlet BCs).

Dirichlet boundary condition

Let I'be a known scalar value at the left boundary. For a 1-D problem using D1Q2 or D1@Q3, then the
only unknown will be f; and hence,

'=sfi+f, hHh=TI-/f. (3.17)
An altered approach could be using the equilibrium distribution functions,
f1 = (.U1F+ LUQF— fg. (318)

For a 2-D situation with D2@Q4 or D2Q5, the distribution functions streaming toward the domain can
be given by,

fi=wil'+wol'— fo. (3.19)
In case of D2Q9 lattice configuration,

="+ f (3.20)

fs=f"+ = fr (3.21)

fs = fs' 4+ fs* — fe. (3.22)

Mixed/Robin boundary condition
The generic form of the boundary condition is,

or

— =al'+b. 3.23

p + (3.23)
The flux in any direction can be written as the difference in the streaming function in that direction. If
the flux is positive in the x-direction, then for the D1Q2 case we have,

fi—fe=alfi+ f2)+b,  fi= M,a #1. (3.24)

1—a

Thus, to perform a BGK-LBM simulation of a problem, the dimensions from the physical space have to be
converted to that in the lattice space. Then the equilibrium distribution functions and relaxation factor
are to be modelled from the macroscopic equation. The Chapman-Enskog analysis can be used to derive
the relation between the relaxation factor, time step in lattice space, and the macroscopic transport
properties. Thus, the next chapter deals with the aforementioned extension to solve the electrochemical
transport phenomena followed by modelling the different boundary conditions in the form of distribution
functions from the macroscopic equations.
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Chapter 4

Diffusion

The implementation of LBM to solve the diffusion problem involves appropriate modelling of the equi-
librium distribution function and the relaxation time. The BGK-LBM modelling of a diffusion problem
is discussed in this chapter which involves non-dimensionalization, similitude analysis, and Chapman-
Enskog analysis to determine the relationship between the diffusivity of species, evolution time step, and
relaxation time, and the boundary condition.

4.1 Scaling

The unsteady homogeneous and heterogeneous diffusion problem in physical space is respectively de-
scribed by

ac
= = DV2C + 8§, (4.1)
and ac
— 2
DV2C, (4.2)

where D is the diffusivity of the species and S is a homogeneous source term. It is important to create
a link between the physical domain and the lattice domain using the dynamic and geometric similarities
existing in the problem. This is accomplished by nondimensionalizing the governing equation using
appropriate length and time scales. Let £, 7, C denote the reference length, time, and concentration
respectively, then the terms in the above diffusion equation can be non-dimensionalized as shown in eq.
(4.3).

t"=t/T, C*=C/C, V*?=VL? (4.3)

where t*, C*, V*2 are the dimensionless parameters, and replacing them in the governing equation from
the physical domain yields the non-dimensionalized governing equation for the diffusion problem.

60*_D‘ *2 v S‘ _ k7R 2 vk *
7*_£2VC+C£2_DVC+S, (4.4)
and oc* DT
_ *2 * * 7% 2 vk
o = VO =D, (4.5)

The heterogeneous unsteady governing equation for the diffusion problem will be considered for the
BGK-LBM simulation. Similar to the Finite Difference Method (FDM), the LBM also involves the
discretization of the lattice domain into lattice nodes and this is done through geometric similitude given
by

trphy = tl*LBM’ l\*phy = l\*LBM- (4.6)
Then, the dimensionless diffusivity also known as the Fourier number between the physical and lattice
domains should be equal to meet the dynamic similitude given by

\*phy = D|*LBM' (4-7)
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4.2 BGK-LBM scheme for diffusion problem

The lattice Boltzmann (LB) evolution equation for the heterogeneous diffusion equation of the form in
eq. (4.5) is given by [40]

Fibx+ ety b4 A1) = filx, 1) =~ il 1) — (). (43)

Since the bulk velocity is zero, the equilibrium distribution function for a diffusion problem without
advection becomes
= wC. (4.9)

The distribution function is related to the macroscopic variable C* by,
cr=>_f (4.10)

The link between the BGK-LBE and the diffusion equation can be determined using the Chapman-
Enskogg analysis. Through this, we can show that the results in macroscopic scale according to the
diffusion equation with the diffusivity is related to the relaxation time 7 as,

A
DLBM = 652, (T — Qt) . (4.11)

4.3 Initialization

Initialization of the distribution function f; based on the macroscopic initial condition is essential to
capture the transient evolution of the concentration. The simplest approach to initialization is to set the

distribution functions equal to the equilibrium distribution function f{9, i.e.

fi(x,t =0) = ffUx,t =0) = wiC*(x,t = 0). (4.12)

4.4  Collision — Streaming

As discussed in chapter 3, the LB evolution equation can be decomposed into two distinct parts that are
performed in succession:

+ Collision or relaxation:

At

fi*(xv t) = fi(xat) - T(fi(xﬁ t) - fieq(x’ t))v (4'13)

where f;* denotes the distribution function after the collision. The above equation can be rearranged
in a more convenient form as,

ﬁmﬂ=ﬂxwﬁ—ﬁﬁ+ﬁﬂﬁwﬁy (4.14)

T T

e Streaming or propagation:
After the collision operation, the resulting distribution functions f;* are streamed to the neighboring
lattice nodes depending on the associated direction of the distribution function. The general form
of the streaming operation is given by

filx+ et t + At) = fF(x,t). (4.15)

The order of collision and streaming takes the analogy of the chicken or egg. To capture the transient
evolution, the simulation has to start with a proper initialization followed by collision. This is due to the
explicit discretization of the continuous Boltzmann equation. This indicates that the distribution function
that is used to perform the collision operation is calculated from the known macroscopic variable. If the
simulation is initialized with the correct equilibrium populations, and the propagation step is performed
before collision, a new non-equilibrium will appear due to the spatial inhomogeneity of the flow field.
This new non-equilibrium would be inconsistent with the previous non-relaxed flow field.
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Thus to maintain the consistency between the macroscopic field variable C* and the distribution function
fi, the collision operation needs to be performed first, followed by streaming, and then the computation
of the moments. This sequence ensures that the simulation accurately captures the transient behavior
of the field variable.

4.5 Boundary Conditions

Dirichlet, Newmann type flux, and periodic boundary conditions are the general boundary conditions
used for the diffusion problem. Since this is a scalar transport model, the lattice configurations with
fewer distribution functions are sufficient, namely D1Q3, D2Q4, D2Q5, D3Q7, and D3Q9. Further
more, the boundary condition derivation to relate the distribution function towards the domain and the
macroscopic value is derived for the left-side boundary.

Dirichlet boundary condition

For the one-dimensional simulation with D1Q3 lattice configuration as shown in Fig. (3.1), the distribu-
tion function towards the domain from the left boundary is f;. Then, the distribution function can be
modelled to behave like a Dirichlet boundary condition using

f=C"=> k. (4.16)
i£1

For the two-dimensional simulation with D2Q5 lattice configuration as shown in Fig. (3.2), the distri-
bution function fi, that is streaming towards the domain from the boundary is given by

fi= (w1 + UJQ)C* — fo. (417)
The approach used in eq. (4.17) can be extended to model the functions streaming towards the domain
in three-dimensional simulation.
Newmann flux boundary condition
The flux boundary conditions are generally of the form

ac*
or*

-T. (4.18)

In LBM, the gradients can be calculated locally by taking the first moment of the distribution functions
given by

aC* 1
- e.e,. 4.19
ox Te2 A\x zl: fiere (4.19)
And in the case of the D1Q3 lattice, the distribution function f; is given by
1 2
M(‘fl — fg) =T — f]_ = Tes Axf—l— f2. (420)

For the two-dimensional case with the D2Q5 or D2Q4 lattice configuration, the distribution functions
with the non-zero streaming velocity component (ej.ex # 0) are f; and fo with f; streaming towards
the domain from the left boundary. Thus, fi is given by

fi = Te2hal+ f2. (4.21)

The approach used in eq. (4.20) can be extended to model the functions streaming towards the domain
in three-dimensional simulation.
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Periodic boundary condition

Periodic boundary conditions apply only to situations where the solution is periodic, and they state that
the species leaving the domain on one side will, instantaneously, re-enter on the opposite side. Conse-
quently, periodic boundary conditions conserve mass and momentum at all times. The implementation
of the periodic boundary condition between the cyclic boundaries is illustrated in Fig. (4.1).

Thus, considering the left and right boundaries are periodic in solution, then the distribution function
streaming into the domain from the left boundary is given by

fix=0,y) = filx=2x,y). (4.22)

Similarly, the distribution function streaming into the domain from the right boundary is f3, and is
defined by

fo(x=an,y) = f2(x =10,y). (4.23)
Periodic boundary condition
Y
L |
X g
Boundary condition at X=0 Boundary condition at x=xy

A(x=0,y,) (X=X, Ya) /2(X=0,y,) X=Xy
ﬁ(x OIYz) 1(X XN:Yz) f;(x OIY2 f;(X:XNIY2)
j;(x=o,y3 l(x Xle3 X OIY3) ]C‘Z(X:XNIY3)

Figure 4.1: Periodic boundary condition for D2Q4 and D2Q5 lattice configuration.

T h
Initialize dls.trlbut|on Initialize field variable
functlon_ (%t = 0)
c(x,t=0)>f; !
J
4 1 ™\
Collision operation
- J
2]
[}
>
s M
Streaming operation
(& J
No end
s N
Apply boundary condition
- J

e N
Calculate moments Time step
L fimc*(x,t) ) t+At—t

Figure 4.2: Flowchart for LBM simulation of unsteady diffusion problem.

In a nutshell, the LBM simulation of the unsteady diffusion problem should be approached by starting
with the non-dimensionalization of the governing equation using the appropriate scales. After the correct
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initialization of the distribution functions, the collision, streaming, boundary condition implementation
and the recalculation of the field variable are orderly executed in a time loop as illustrated in Fig. (4.2).
The methodology and the BGK-LBM algorithm for the diffusion problem are tested out and the results
are discussed in the next section.

4.6 Implementation and validation

The methodology to simulate the diffusion of single species using the BGK-LBM was discussed in the
previous sections. The one-dimensional diffusion problem is simulated using BGK-LBM with D1Q2 and
D1Q3 lattice configurations. The D2Q5 and D2Q9 lattice configurations are implemented to execute
the LB simulation of diffusion problem in a two-dimensional domain. The LBM results are compared to
those solved using the FDM approach in the same lattice domain.

4.6.1 One-dimensional diffusion problem

The scaled domain considered for the one-dimensional diffusion problem is illustrated in the figure below.

Figure 4.3: Domain for one-dimensional diffusion problem.

The lattice domain length is I = 100 lu and the total simulation time in lattice units is 200. The diffusion
coefficient in lattice units was arbitrarily taken to be 0.025. The lattice space step size is Az* =1 lu
and the time step size is At* = 1. The domain is initialized with C*(t = 0) = 0. For the BGK-LBM,
both the D1Q3 and D1Q2 lattice configurations were implemented. Forward-Euler time discretization
and central difference spatial discretization were used to perform the FDM in lattice space. To maintain
the stability of the forward-Euler time discretization scheme, the relation between, the spatial, time step,
and the transport variable is given by

0.5Az*?
Atipy < ———, 1D. (4.24)

Dypm
The time step for FDM simulation is computed by maintaining a common spatial step size value and
transport variable with BGK-LBM simulation. The normalized concentration profile from the different
simulation techniques pertaining to one-dimensional case are compared at time instance t = 200 lu in

Fig. (4.4).

"o —— FDM
_5 -0 D1Q2
E % D1Q3
-
c
1]
9
c
o
9
©
Q
u
©
£
o
=2
4I0 6IO 8I0 100

lattice position [lu]

Figure 4.4: Dimensionless concentration distribution from FDM, D1Q2 and D1Q3 LBM at ¢t = 200 lu.
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4.6.2 Two-dimensional diffusion problem

The lattice domain o size = 100 x 100 lu is used for the simulation of the diffusion problem represented
in Fig. (4.5a). The total simulation time is 1000 lu and the diffusivity was taken to be 0.025 lu. The
spatial steps in the lattice domain are set to unity (Az* = Ay* = 1). For BGK-LBM simulation with
D2Q5 and D2Q9 lattice configuration, the time step in lattice units is At* = 1. The time step criteria
for the stability of FDM simulation is given by
*2
Atppy < 028277 - opy (4.25)
Drem

The simulation results from different methods are illustrated in Fig. (4.5) and Fig. (4.6). The relative
deviation between FDM and D2Q5 was estimated as 1.24%. The FDM and D2Q9 configuration simula-
tion showed a relative deviation of 0.006%. The D2Q9 shows less deviation from the FDM result over
the D2Q5 lattice configuration. The potential reason is, the D2Q9 is a higher order lattice with more
distribution functions compared to the D2Q5 lattice configuration.

100 1 14
u
ac* s
- = 0 (adiabatic) 80 1 08 S
dy s
= 2
= &0 A e @
= vl
%) =
cr=1 c*=0 ' e
T 40 04 o
= ]
2
I
y 20 1 02 E
2

c"=0 0 0.0

o 20 40 (] 80 100
X .
x-axis [lu]
(a) Two dimensional diffusion problem. (b) Concentration distribution from FDM.
Figure 4.5: Domain description and FDM simulation result at ¢ = 1000 lu.
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(a) D2Q5 BGK-LBM. (b) D2Q9 BGK-LBM.

Figure 4.6: Two-dimensional BGK-LBM simulation result at ¢ = 1000 lu.

Thus, the methodology to simulate the diffusion of a single species is implemented and the results are
compared. The BGK-LBM simulation for the diffusion problem is validated against the results from the
FDM simulation in lattice space and there exists a good agreement between them.
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Chapter 5

Multi-species migration-diffusion

The migration-diffusion problem is a multi-physics system where the transport of the ionic species is
dictated by the electric field that induces migration and the concentration gradient that induces diffusion.
A detailed description of the migration-diffusion problem was discussed in Chapter 2. This system
involves two governing equations: the ion transport equation and the electric potential distribution
equation. The ion transport is governed by the heterogeneous material balance equation dictated by the
Nernst-Planck transport model. The Poisson’s equation governs the distribution of the electric potential.
The methodology to simulate the multi-species migration-diffusion problem is discussed in this section.

5.1 Poisson’s equation solver

The electric potential distribution across the electrolytic solution is governed by the Poisson’s equation
with a non-electroneutral source function. The Poisson’s equation was discussed in detail in chapter 2, eq.
(2.27). Since this is a steady-state equation, the LBM cannot be directly implemented to solve it because
of its transient nature. To overcome this discrepancy, a pseudo-transient lattice Boltzmann simulation
of the Poisson’s equation can be executed. The other approach would be to solve the Poisson’s equation
using Finite Difference Method (FDM) in the lattice domain. The methodology to perform pseudo-
transient simulation and FDM in lattice space is discussed in detail below.

5.1.1 Pseudo-transient BGK-LBM approach

To perform pseudo-transient simulation, an artificial time-dependent term (temporal derivative) is added
to the actual Poisson’s equation resulting in eq. (5.1). Then the LBM simulation is executed to solve
for a steady-state solution of

oD F
5= V3P + - Z ZspCsp- (5.1)
sp
Since it is a multi-species problem, the subscript ‘sp’ will be used to identify the species. The term
F Zsp 2spCsp represents the net charge density due to non-electroneutrality and is represented as pe
(C/m3). The LB evolution equation for this transient Poisson’s equation with a source term due to
non-electroneutrality is given by
1
hi(x + e At 4+ AL) — hi(x,1) = —— [hi(x, 1) — hS(x, £)] + w22, (5.2)
T@ €

where h; denotes the distribution function streaming in the i*® direction and T represents the relaxation
time for the Poisson’s equation. The time ¢ in the LB Poisson’s equation is different from the physical
time involved in the species transport equation that will be discussed in the following sections. Since the
steady-state solution of the transient Poisson’s equation is of interest, the time factor in eq. (5.2) has no
physical meaning and so the time step At is set to one which results in

hi(X + eiAx,t + 1) — hi(X,t) = 7% [hi(X,t) - h?q.(X, t)] + wl% (53)
¢
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The relaxation time (75) can be estimated for the Poisson’s equation using the Chapmann- Enskogg
analysis [40] given by
1 1

eS
The equilibrium distribution function h{® can be calculated using
h{* = w;®. (5.5)

The distribution function is related to the macroscopic variable @ as
b= I (5.6)

The initialization of the distribution function is similar to that discussed in the diffusion problem dis-
cussed in Chapter 4. The initial distribution function is given by

hi(x,t =0) = h{(x,t = 0) = w;P(x,t = 0). (5.7)

The next step after initialization is to decompose the LB evolution equation for transient Poisson’s eq.
(5.3) into collision and streaming operations.

« Collision:

At e
By (1) = ha(x, 1) — == (ha(x, 1) — B9, ) + w22, (5-8)
TP €
where h} denotes the distribution function after the collision process.
e Streaming:
hi(X + eiAt, t + At) = h;k (X, t) (59)

For the boundary condition implementation for the distribution functions streaming towards the
domain from the boundary nodes, fusing both the streaming step and the boundary condition is
possible [43]. Thus after the collision process, the general streaming step (eq. (5.9)) is replaced by
the equations given below based on the type of boundary condition.

For a Dirichlet boundary condition of @ = ¢ which is imposed at a boundary, the general streaming step
is replaced by
hi(x + e At t + At) = —hj (x,t) + €2(, (5.10)

where h’ denotes the post-collision distribution function streaming in the direction opposite to that of
h;.Considering a D1Q3 lattice configuration, then the distribution function streaming toward the domain
from the left boundary is h;, and the corresponding streaming process is given by

hi(x + e At t + At) = —hi(x,t) + 2. (5.11)

For a Newmann boundary condition with surface charge density o, (C/m?), the macroscopic boundary

condition is given by
Oe

Vo -n, = ——2. (5.12)
€

The streaming step for the distribution functions with Newmann boundary condition is given by

hi = h% + % (5.13)

Thus, after executing the modified streaming process for all the distribution functions, the electric
potential is calculated again using eq. (5.6), and the entire process is repeated in a pseudo-time loop
until the steady-state solution is reached based on the convergence criteria given by

[(D(x, 1)) = (B(x,t — 1)) |
[(@(x,1)) |

< €errors (5.14)
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where, (..) represents the volumetric average operator and €qor represents the allowable tolerance in
convergence.The flow chart explaining the sequence of operations to perform pseudo-transient simulation
using BGK-LBM is shown in Fig. (5.1).

~

Livi e e dl.strlbutlon Initialize field variable
function O*(x,t = 0)
D (x,t =0) - h; ) !

g

s 1 )
Collision operation <

(& J

A

Modified streaming A
operation [

t+At->t

v

pseudo-time step }

Calculate moments
h; = ®*(x,¢t)

A

error < tolerance

Error(®g, ®@¢_y¢)

end O*(x, t) = P*(x) ]

Figure 5.1: Flowchart for pseudo-transient LBM simulation of electric potential distribution.

5.1.2 FDM in lattice space

The other approach to solve the steady-state Poisson’s equation for the migration-diffusion problem is
to apply FDM in lattice space. FDM is a well-established numerical method that is relatively straight-
forward to implement, especially for simple geometries and boundary conditions. It involves discretizing
the domain into a grid and solving partial differential equations (PDEs) using finite difference approxi-
mations. It is more memory-efficient than LBM, particularly when dealing with large and complex 3D
domains. LBM often requires additional data structures to store distribution functions and track particle
interactions, leading to higher memory consumption. The scaling of the Poisson’s equation and the finite
difference discretization technique is discussed below.

For the scaling of the Poisson’s equation for potential let, £, ®.of, Csp denote the reference length,
potential, and species concentration respectively. The reference potential is taken to be the thermal
voltage given by eq. (5.15) and the bulk concentration is chosen as the reference concentration of the
respective species. The dimensionless parameters in the Poisson’s equation due to the reference scales
are given by eq. (5.16).

RT
eref - ? (515)
OF C, V2
= — f = 2o 1
RT7 Csp Csp’ v LQ (5 6)
L2FF
*2 Fk *
V*o* = ﬁ: Z(zspcspcsp). (517)

sp

The non-dimensionalized Poisson’s equation given by eq. (5.17) will be discretized in lattice space
using FDM. The central difference discretization scheme is used to discretize the second-order partial
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differential term on the left side of eq. (5.17). In the case of 1D simulation, eq. (5.17) can be spatially

discretized as,
gzsi*Jrl + iy — 297 L°F Pi
fred —_ = is v 1 07 N 5 518
Ax*2? RT ¢ 7 el ) ( )
where i denotes the spatial index and the spatial lattice step Az = 1 is recommended [40]. The local

charge density p; is given by,

pi=FY (2CpCp) (5.19)
sp

The methodology to solve a one-dimensional system with N number of lattice nodes and Dirichlet bound-

ary condition & = 1%: , §% = 0 is given below.

For i =1, eq. (5.18) becomes,

£2F P1
P+ P — 28] = ——— = Fy. 5.20
2+ @y 1= pT . 1 (5.20)
For i = 2,
L+ & — 20% = T (5.21)
Similarly, for i = N — 1
PN+ PNy — 2051 = Fn-1- (5.22)

Thus, there is N — 1 number of the discretized equations with N — 1 number of unknown ®*s. These sets
of equations are combined into a linear form containing the system matrix (A), unknown matrix (®*),
and forcing matrix (F) given by

AP* = F, (5.23)
—2 1 17T o] i [ F - b i
1 -2 1 P} Fo
- . . (5.24)
1 -2 1 Y, Fuos
I 1 =2 | |95 4] | Fno1— DN

The system matrix (A) is a diagonally dominant square matrix of order (N — 1). The unknown and
forcing matrix are one-dimensional matrices of order (N — 1)x1. To solve for the unknown matrix which
holds the dimensionless potential at the internal nodes, the eq. (5.24) is rearranged to,

o =A"'F. (5.25)

In a two-dimensional system with Ny and Ny number of nodes in the x and y direction, constrained by
Dirichlet boundary condition on all four sides, the discretization is given below.

&F .+ P —2DF. PF L+ PE L — 2P
i+1,] i—1, i,] i,j+1 i,j—1 i, . .
] M*Q] L Ay]*Q L =7, Vi€ (0,Ny),j€e (0,Ny) (5.26)

The lattice spacing is chosen to be unity [40] (Az = Ay =1). Fori=1: j =1,

(P31 +Pp 1 — 297 1) + (P12 + D7 — 297 1) = Fi1. (5.27)

Fori=2,5=2:
(P30 + Py o —205,5) + (P53 + P51 — 205 ,) = Fao. (5.28)

Fori=Ny—-1,j=N, -1
PN Ny—1 F PN oy -1 2PN —i Ny 1 PR N, T ON—1N, 2 — 2PN, m1 Ny 1 = I 1N -1 (5.29)

In this case, the number of unknowns and the number of equations are (N, — 1)x(NN, — 1). These sets
of equations can be combined into a linear system of the form given by eq. (5.23). For this purpose,
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the two-dimensional shape of the unknown functions is lexicographically arranged to a one-dimensional
form and the resulting matrix forms are given below.

43’{,1 Zl,l
2 Fa1
& 7
Pt = 1.2 , F= 2 5.30
2% Fap ( )
@;IX72,Ny71 ZNX—Q,NY—l
LN, —1,Ny—1] | F Ny, —1,Ny 1]
(-2 1 1 [-2 1 1
1 -2 1 9 1
2 1 1 2 1
A= 1 -2 1 + 1 5 ) (5.31)
1 -2 1 1 _9
i =21 | 1 -2 |

The elements in the system matrix that correspond to the ones next to the boundary will differ depending
on the type of boundary condition implemented. In the case of the Newmann-type boundary condition
given by eq. (5.12), the discretization of a first-order differential is given below. The choice of forward
or backward discretization depends on the location of the boundary. For example, if the Newmann
boundary condition is implemented on the left or right boundary, the resulting discretization is given
below.

VP e, =2 (5.32)
€
On non-dimensionalizing with the reference scales,
LF o
V™ ey = ——. 5.33
© RT € ( )
If e is the unit vector along the x-direction, the discretization scheme is given by,
0P _ *(@TJ f*QSSJ)/Ax*, left.. (5.34)
ox* (O ¢Nx71,j)/A$*a right.

Thus, the two methodologies to solve the steady-state Poisson’s equation for electric potential were
discussed. Considering the simplicity of implementation and relatively lower memory expense, the FDM
approach will be used to solve Poisson’s equation at every physical time step.

5.2 Nernst-Planck model

The Nernst-Planck model solves the ionic and neutral species transport through a dilute electrolyte in
which it is assumed that the transport of species is not interdependent. The material balance equation
with the Nernst-Planck flux model for a species ‘1sp’ is given by

0Cs
Wp—FV' |:<11b—

Since the problem addressed is migration-diffusion of species, the bulk velocity is zero (u, = 0). There-
fore,

2epF Dy VP

= (5.35)

) CSP] - DSPV208p~

P, v. K_ZSPFDSPW) (;Sp] — D, VC.,p. (5.36)

ot RT
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5.2.1 Scaling

To create a link between the physical and the lattice domain, the above equation is scaled using reference
parameters. Let £, T, Cyp, and @,er denote the reference length, time, species concentration and potential.
As aforementioned, the reference concentration and potential are bulk concentration and thermal voltage
respectively. Scaling the parameters in the above equation with the reference values, results in the
dimensionless Nernst-Planck equation given by

oCg, 2spF' D, V* * TRT T
== C: = Dy V*2CL. 5.37
o TV [( RT ) 4 Fez = PeprY G (5:57)
The non-dimensionalized diffusivity is given by,
* DSPT
Dg, = 7 (5.38)
8C:P * * * % * * *2 vk
o TV [(—2p D5, V@) CL | = DL V*CL. (5.39)
The migrating velocity of the ionic species (uz5 Sp) is given by
ufﬂsp = —2p D3, V*®" = 2z, D E”, (5.40)
where E* denotes the dimensionless electric field vector. Thus, eq. (5.39) can be simplified as
805? * * * * *2 Yk
SV Jup O] = DLV, (5.41)

The negative gradient of electric potential or electric field in the eq. (5.40) is computed based on the
choice of the Poisson solver approach. In the case of the LBM approach, the electric field can be computed
locally using the first-moment of distribution functions for electric potential as,

* * % 1
E .ns = —v @ ,ns = m zi:hiei.ns. (542)

If the FDM in lattice space approach was used for electric potential calculation, then the electric field
is computed using either first-order forward, backward, or central difference schemes depending on the
location of the lattice node. The dimensionless diffusivity which is related to the Fourier number for
neutral species or the inverse of the Peclet number for ions should be the same for both physical and
lattice space, i.e.,

p.phy = Dip LBM- (5.43)

5.2.2 BGK-LBM scheme for Nernst-Planck Model

The LB evolution equation for the heterogeneous material balance equation with the Nernst-Planck
model for flux, defined by eq. (5.41) is expressed as

1

fsp,i(x + eiAt7 t+ At) - fsp,i(xa t) = [fsp,i(X7 t) - fsep?,J ) (544)

Tsp

where, fsp; denotes the distribution function of sp'h species streaming in the i*" direction and Tsp denotes
the relaxation time of species for Nernst-Planck equation. By convention, the temporal and spatial steps
in lattice space are chosen to be unity. The corresponding equilibrium function is modeled by identifying
the similarity between the normalized Nernst-Planck macroscopic equation and a generic advection-
diffusion equation. The eqn(5.41) is analogous to the advection-diffusion problem with the difference
that the advective velocity is replaced by the migrating velocity. Thus the equilibrium distribution
function is given by [40, 42, 43]
e § ei'uZS,SP
Jopi = wiCg, [ 1+ T . (5.45)

The relation between the macroscopic variable (concentration) and the distribution functions pertinent
to a species sp is given by

CVs*p = Z fsp,i- (546)
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The species relaxation time in BGK-LB evolution equation can be computed from the Chapmann-
Enskogg derivation for Nernst-Planck electro-diffusion equation [42, 43] as,
1 Dg,

Tsp = 5 + eg . (547)

The pseudo-sound speed es depends on the lattice configuration chosen for simulation. Thus, the
Chapman-Enskogg analysis provides the link between the BGK-LBE and the Nernst-Planck electro-
migration model.

5.2.3 Common vs different relaxation time for species

For a multi-species system, each species can have the same relaxation time which is set to unity results
in different reference or evolution time for each species [43] determined by
2
Aty = DonBET (5.48)
Dsp,LB

Then the number of internal LB time steps of a particular species depends on the time conversion factor
of each species. The species with the maximum time conversion factor will have a single internal iteration
and the corresponding time step will be set as the main evolution time step. For the other species, the
number of internal iterations is an integer resulting from the ratio of the maximum time conversion factor
to that of the species. For example, in a system of N species, if sp=1 has the maximum time conversion
factor, then the number of temporal internal iterations of each species (N 4p) is given by

Nigp = 280} e Ny € 2. (5.49)
Atgp

Since the number of internal time iterations need not be an integer, the final time instance of each species
will be higher or lower than the set time instance, resulting in under or over-evolution of the species.
This will generate discrepancies in the calculation of charge density at a particular time instance for
the Poisson solver since we do not have all the ionic species distribution at that exact time instance.
To overcome this issue, the time conversion factor for all the species is set to be equal and hence, the
relaxation time is calculated to be different for each species. Thus, the internal iteration of all the species
is set to one and the evolution behavior of the species will be dictated by the relaxation time (7gp) of the
associated species. It must be noted that the chosen reference length and time scales should ensure the
stability criteria for relaxation time (74, € (0.5,2)) [42].

5.2.4 Initialization

Before initializing the distribution functions for species concentration (fspi), the migrating velocity is
calculated based on the initialized electric potential distribution. Then the distribution function of the
species is initialized by equating it to the corresponding distribution function given by

e - uz‘p’sp(x, t=0)

fopi(x,t=0) = f3(CL, ug ot =0) =wiCi(x,t=0) |1+ (5.50)

2
€s

5.2.5 Collision — Streaming

After the initialization of the distribution functions, the collision and streaming operations resulting from
the decomposition of the LB evolution eq. (5.44) are performed.

e Collision: A
Fapa(6,8) = fupi(x,8) = —(fepi (3, 1) = fpi(x:1)) (5.51)
sp
Here, fg,; denotes the distribution function after the collision operator. The above equation can
be rearranged in a more convenient form given below by
. At At
fSP,i(Xat) = fSP,i(X?t) (1 - ) +—

Tsp

(fepi(x,1))- (5.52)

Tsp
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e Streaming;:
The post-collision distribution functions fg, ; are streamed to the neighboring lattice nodes depend-
ing on the propagating direction of the distribution function. The general streaming operation after
the collision process is given by

fopi(x + et t + At) = [, (%, 1) (5.53)

5.2.6 Boundary condition

The boundary conditions for the distribution functions streaming towards the domain at the boundary
are to be modeled after the streaming process. As discussed in Chapter 1, the different boundary
conditions for concentration in the Nernst-Planck model are the Dirichlet and Newmann type zero, or
non-zero flux boundary conditions. Modeling of the Dirichlet boundary condition is not discussed, since
it is straightforward to implement and discussed in Chapter 3 and Chapter 4. The methodology to model
the flux boundary in LBM is discussed below.

For a flux N, [mol/m?s], defined on the left boundary whose normal is along the +x-direction, the
electro-diffusive flux equation in physical space is given by

2pFDopCop B\ 1 0Cp,
(RT (Dep=52) = Nrsp. (5.54)

Normalizing this flux with the reference scales yield,

2pF Dop CHEZ\ [Cop RT ICH N\ [Cop] _
< RT FL | Dep Or* Ll Ncsps (5.55)
aC* L
* * Sp —
qucspEar ( ox* ) NX7SP <Csstp> . (5'56)

The units of £, Csp, and Dy, are m, mol/m?, and m?/s respectively. Thus, from the above derivation
the non-dimensional flux of a species is given by,

. c
N2 = Neop (Cpr) . (5.57)

The next step after scaling the flux equation to the lattice domain is to derive an expression for the
distribution function fs, 1, which is the distribution function streaming towards the domain from the left
boundary. This is achieved by expressing the macroscopic variables in eq. (5.56) using the corresponding
distribution functions.

For D1Q3 lattice configuration,

prE Z f5p71 + 5 27_ : :fsp,iei~ex = N}isp) (558)
=0 3 SP ;—0
ZspE; (fsPJ + fsP72 + fsp,O) o2 (fbp, fbp7 ) x bp, (559)
S Sp

* f ,2 *
NX ,SPp + < ;p - ZSPEx(fSp,Q + fsp,O)

esTSP

fopa1 =
sp B B 1
zSP X eszp

For the two-dimensional case with the D2Q5 lattice configuration, the distribution functions with the
non-zero streaming velocity component (e;.ex # 0) are fsp 1 and fp 2 with fop 1 streaming towards the
domain from the left boundary. Thus, fy, 1 is given by,

(5.60)

ZbPE* Z fbpﬂ + Z fsp,lel €ex = lbp? (561)

i=0 SSpiO
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* fSP,2 *
Nx,sp + < 2 - ZSPEX Zi;ﬁl fsp,i

€sTsp

Jep1 =

sp B . 1
z
e €3 Tsp

The above-followed approach can be replicated to derive the flux boundary condition in lattice space for a
three-dimensional domain (D3Q7 configuration) and the other boundaries with different normal vectors.
The implementation of periodic boundary conditions is identical to that discussed in the previous chapter
and hence is not discussed here.

(5.62)

The overall procedure to model the electrokinetics of species due to migration and diffusion involves
coupling the Poisson and the Nernst-Planck solver. During each main temporal iteration, the steady-
state electric potential solution is transferred to the Nernst-Planck solver. The local charge density(p)
which is calculated using the ionic species distribution from the Nernst-Planck solver is transferred to
the Poisson solver. This exchange of information between the solvers at each time step is illustrated in
Fig. (5.2a). The overall algorithm to simulate the electro-diffusion of species in electrolyte using the
BGK-LBM is listed below.

e Scaling: The reference scales to normalize the Poisson and Nernst-Planck solver should be the
same. In general, the reference scales should ensure stability while performing LBM simulation.
Then the number of lattice nodes and time iterations is computed by setting Az = At = 1 for
simplicity of calculation.

o Initialization: The potential and species concentrations are initialized followed by the initializa-
tion of the migrating velocity which is a function of the electric potential and species concentration.
Then the distribution functions for Poisson and Nernst-Planck models are computed using the ini-
tialized macroscopic variables.

o After the initialization of the distribution functions, transient simulation is performed by solving
the LB evolution equation for the Poisson and Nernst-Planck model.

1. The electric potential is solved using any of the techniques for the Poisson solver for a steady-
state solution.

2. Exchange of information between the Poisson-Nernst-Planck solver. The electric potential
calculated from step(1), is used to solve the Nernst-Planck model for species distribution.

3. Go back to step (1) and calculate the new electrical potential distribution according to the
new local charge density calculated in step (2). This cycle is repeated for the preset number
of time steps, i.e. tpax-

roreeh Solvjer Nernst-Planck Initialize
Solver Cop(x',t* =0), ®*(x", t* = 0)

. " t"=0
Steady-state Electric potential At fso l(x‘ )
solution I |_> Poisson solver
T« I___ (FDM in lattice space)
Local charge density
Steady-state At Nernst-Planck solver ]
solution Electric potential (BGK-LBM)
s -1 Time step
| | t"+ At t”
Local ch densit
Steady-state Oocal charge aensity 3AL
solution Electric potential
I | yes
—4= =
Do [
! Local charge density ! No
end
: | [ ]
(a) Data exchange between solvers. (b) Flow chart for electro-diffusive model.

Figure 5.2: Flow chart and data exchange architecture for electro-diffusive model.
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The ‘FDM in lattice space’ approach is used to solve the steady-state Poisson’s equation for electric
potential distribution. This approach is chosen considering the simplicity of implementation and the low
memory economy relative to the LBM. The flow chart to solve the migration-diffusion problem using the
chosen numerical techniques is represented in Fig. (5.2b).

5.3 Migration-diffusion problem with reaction kinetics

The coupling of the reaction kinetics solver with the Poisson-Nernst-Planck solver to model the hetero-
geneous reactive migration-diffusion problem is discussed in this section. The reaction kinetics solver
provides the rate of the reaction in the form of kinetic current density. In the case of hydrogen evolution
reaction (HER), the kinetic current density is calculated using the Butler-Volmer equation given by eq.
(2.18). Then the current density is used to calculate the species flux at the reacting site by scaling with
the stochiometric coefficient and Faraday’s constant given by eq. (2.24). The reaction kinetics solver
is also solved at each time step as it is dependent on the local concentration of reacting and produced
species. The over-potential which highly dictates the rate of the reaction is also dependent on the local
concentration due to the Nernst potential correction and hence has to be calculated at each time step.
For HER, the over-potential with the Nernst potential correction for cathodic equilibrium potential (Pe )
is given by eq. (2.19).

After converting the kinetic current density [A/m?] to species flux [mol/m?s] at the reacting site, the LB
distribution functions streaming towards the domain are modelled following the methodology discussed
in section(5.2.6). It is important to note that the current density resulting from the kinetics solver
holds the units from physical space and so the inputs to the kinetics solver have to be scaled from the
lattice space to physical space using the appropriate reference values. Thus, the over-potential, local
concentration of the reacting and produced species at the reaction boundary site should have physical
units.

For a situation where the HER occurs at the left boundary where (x = z* = 0), the equations solved by
the kinetic solver using the local field variables are given below. First, the over-potential is computed as
2.303RT con-(z=0)\"

——— (14 +1logy | ——+— . (5.63)

nkF

Ne = ¢S - <¢e,c + 1000

The hydroxide concentration in the above equation is scaled by 1000 to convert the concentration density
from mol/m? to molarity. The over-potential thus calculated holds the unit of voltage (V). The Butler-
Volmer kinetic current density equation for HER given by the eq. (5.64) gives current density in A/m?.

9 aaFnc 9 _Oéanc
o = gt (COH(“’:O>> (CH2($:0>>6 BT _<CH20(3320>> A BT (5.64)

ref ref
C’OH_ CH2

The species flux at the reacting boundary computed using the current density (A/m?) is then normalized
and the LB streaming functions towards the domain are computed for electro-diffusive flux type boundary
condition. The simulation procedure for solving the heterogeneous migration-diffusion problem coupled
with reaction kinetics is listed below.

After scaling and initialization,

1. The electric potential is solved using the FDM in the lattice space method.

2. Scale the appropriate field data from lattice to physical space and then compute the over-potential
followed by kinetic current density in A/m?.

3. Exchange of information between the Poisson and Nernst-Planck solver. The exchange of infor-
mation between the reaction kinetics and Nernst-Planck solver. The electric potential and current
density computed from steps (1) and (2) respectively are used to solve the Nernst-Planck model
for species distribution.
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Figure 5.3: Data exchange between the Poisson-Nernst-Planck and reaction kinetics solver.

4. Go back to step (1) and calculate the new electric potential distribution according to the new local
charge density distribution calculated from step (3). Then compute the new over-potential and
current density using the local concentration density at the reacting boundary computed from step
(3). This cycle is repeated for the preset number of time steps.

The information exchange architecture between the Poisson, Nernst-Planck, and the reaction kinetics
solver is represented in Fig. (5.3). Fig. (5.4) represents the flow chart illustrating the sequence of the
calculation for solving the migration-diffusion problem with the reaction BC. Thus, in the upcoming
chapters, the methodology explained in this chapter will be validated and extended to simulate the
transport phenomena occurring in the hydrogen half-cell.

Initialize
C;p(x*! t* = 0) 1 d)*(x*, t* = 0)
fopix', £ =0)

Poisson solver
(FDM in lattice space)

Reaction Kinetics solver

!

Nernst-Planck solver

-

-

s B B

(BGK-LBM)
Time step
t"+ At > t*
yes
No

Figure 5.4: Flow chart for migration-diffusion problem with reaction.



Chapter 6

Validation: ion migration

The Nernst-Planck transport model derived in the previous chapter is a passive scalar transport equa-
tion because it dictates the transportation of scalar quantity (concentration density) by migration and
diffusion. Thus, D1Q3 and D2Q5 lattice configurations are sufficient to simulate the migration-diffusion
problem using BGK-LBM. The methodology discussed in the previous chapter is used to simulate the
system that follows the Debye-Hiickel theory for electric potential and ionic species concentration den-
sity distribution. Then the BGK-LBM results are compared to the Debye-Hiickel expressions and FDM
results to validate the methodology.

6.1 Debye-Hiickel theory

For an electrolytic solution near a charged electrode, the local electrolytic potential drops to zero at a
certain distance away from the charged wall. If the ion concentration density at this point is equal to
the bulk concentration density, then the ion concentration density distribution will follow the Boltzmann

distribution [44] given by
()
RT
cz, = Co (6.1)

9
C(sp,oo

where Cyp oo denotes the bulk concentration density of the species. For a 1:1 symmetric electrolytic
solution such as KOH (Cx+ .c=Con- 00 = Csp,o0), the electric potential distribution given by the Poisson
equation (eq. (2.27)) transforms to a nonlinear Poisson Boltzmann equation. In a one-dimensional
domain, the Poisson-Boltzmann equation [43] is given by

e _ 205 F (PP
d? WA RT )

(6.2)

The above equation cannot be solved analytically. If the magnitude of the argument of the hyperbolic sine
function is very small, the Poisson-Boltzmann equation (eq. (6.2)) can be reduced to the Debye-Hiickel
expression given by

d’®  2Cs, oo F (FO 1
_ specl < ) ‘ << 1, (6.3)

dz?2 e rr) = n?
where A\ denotes the Debye length. For a system with @(x = 0) = &,V and &#(x = o0) = 0 V as the
boundary conditions, the solution to eqn(6.3) is given by

#(a) = 2,000 (7). (6.4
The expression for the ion concentration given by eq. (6.1) can be expressed as,

_ ZSPFO;(;U)) | (6.5)

Csp () = Csp,00 €XP ( T

Thus, the ion concentration density and electric potential profiles resulting from the LBM simulation
will be validated against the Debye-Hiickel expressions given by eq. (6.4,6.5).
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6.2 Grid independence study

The lattice domain is divided into a number of lattice nodes for simulation. There can be deviations in
results depending on the number of lattice nodes. Thus a grid independency study has to be performed
to determine the optimal number of lattice nodes required for simulation. Since the spatial step size
in LBM is set to unity, the number of lattice nodes is dependent on the reference length scale. To
ensure that the simulation resolves the physics in the electric-double layer, the reference length scale
has to be lower than the Debye length (A). Thus, initially, the reference length scale is chosen such
that the electric-double layer is resolved by two lattice nodes and then the reference length is reduced to
increase the number of lattice nodes in the electric-double layer until the desired grid-independent result
is achieved. The relaxation factor of the species are maintained the same for different grid sizes. Fig.
(6.1), shows that there is no significant deviation in the distribution functions from £ = A\/10. Hence,
the resolution pertaining to £ = A/10, is used for the further studies.

1.000; 0.00
— L£=A/1
0.975 L=A/4 —0.05
— L£=A/10
-0.10
, 0920 — £=AR0 -
é 0.925 g -0.15
i
v *-0.20 — =
0.900 L=
0.25 £L=A/4
0.875 ' — £=A/10
-0.30 — L£=A/20
0.850
0 2 4 6 8 0 2 4 6 8
X/A X/A
(a) Negative ion distribution. (b) Electric potential distribution.

Figure 6.1: Grid independence study.

6.3 Ion migration

Parameter Symbol Physical value Lattice value
Domain length L 1 um 100

Grid size Ax 0.0l ym 1

Debye length A 0.10595 um 10

Time step At 1.28x1010s 1

Ton diffusivity D,=D. 5.27 x 109 m?/s 0.0067

Bulk concentration C..=C._, 0.01 mol/m* 1

Table 6.1: Physical parameters and the corresponding lattice values for Debye-Hiickel validation

A one-dimensional domain with D1Q3 lattice configuration is chosen for the study and the corresponding
boundary conditions in physical space are given in Fig. (6.2). A constant electric potential of &, = -10
mV is applied on the left boundary, while zero electric potential is applied on the right boundary. The
no-flux condition and bulk concentration of 0.01 mol/m? are set as the conditions for ionic species at the
left and right boundary respectively. The simulation parameters in physical and lattice space are listed
in the Table (6.1).
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Poisson solver

Dirichlet BC (@) \ 10 mV

Nernst-Planck solver

Flux BC (Ng,) ‘ 0 mol/m?s

Poisson solver

Dirichlet BC (@) | 0mv

Nernst-Planck solver

Dirichlet BC (c) | 0.01 mol/m?

Figure 6.2: Domain to validate LBM with Debye-Hiickel theory.

The simulation was performed until the electric potential and the ionic species reached a steady-state
distribution. These results are validated with the distribution defined by the Debye-Hiickel theory as
shown in Fig. (6.5). The results show that there is a good agreement between the BGK-LBM simulation
and the analytical results.

14
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i 11,
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' . 1.0 "o ga.y
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; 0.9
-0.251¢
i 0.8
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2 4 6 8 0 2 4 6 8
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(a) Electric potential. (b) Ionic species distribution.
Figure 6.3: Comparison of analytical and LBM results for ion concentration.
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(a) semilog-y plot for electric potential. (b) semilog-y plot for charge density.

Figure 6.4: Comparison of analytical and LBM results for ion concentration on logarithmic scale.

To better study the agreement between the simulation and analytical results, the nature of the dis-
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tributions are compared. The Debye-Hiickel theory proposes that the distributions should follow an
exponential decay. To validate that a similar trend is resulting from the simulation, a logarithmic plot is
used to compare them. The exponential trend of the Debye-Hiickel electric potential normalized by @,
is translated into a linear profile in the logarithmic plot. The normalized electric potential and charge
density distribution are represented in Fig. (6.4a,6.4b). According to the Debye-Hiickel theory, the
difference between the local concentration and the bulk concentration follows an exponential nature.
Replacing the electric potential in eq. (6.5) with eq. (6.4), gives,

-
— zgp A
—P e

RT
CSP(CC) = Csp,0€ . (6.6)

On expanding the outermost exponential operator in the above equation using Taylor’s series and trun-
cating the higher order terms (based on the Debye-Hiickel approximation) gives

— 2, F®, - Fo
Cop(x) = Cspoo |1+ ( ZRPT exp ( )\x))] : v’RT << 1. (6.7)
Rearranging the above equation,
CSP(m) - CSP o] _ZSpF¢D -
— = — ). 6.8
Caproo BT P\ (68)

The equation that is given by eq. (6.8) translated into a linear function on a logarithmic scale and the
corresponding comparisons for positive and negative ionic species are shown in Fig. (6.5a,6.5b).
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(a) Semilog-y plot for negative ion. (b) semilog-y plot for Positive ion.

Figure 6.5: Comparison of analytical and LBM results for ion concentration on logarithmic scale.

From Fig. (6.5,6.4), there exists a good agreement in the nature of the distribution. Away from the
electrode surface (approximately after 5A), there is a deviation in the nature of the distribution. This is
because the Debye-Hiickel theory considers the domain to be infinitely long such that the concentration
and potential profiles decay asymptotically towards their bulk value at an infinite distance. On the other
hand, concentration and potential tend to the exact values at the bulk as they are forcefully imposed at
the right boundary. Thus, the deviations far away from the left boundary are due to the finite size of the
domain and the distribution is affected by the right boundary condition. The maximum relative error
between the LBM and analytical results for electric potential, positive ion, and negative ion is 1.11%,
1.43%, and 0.45% respectively estimated using

Ciiem — C+ pH
CY:I:,oo

PrMm — Ppu

REg = x 100, RE. =

% 100. (6.9)

o
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Chapter 7

HER: Constant reaction rate

From the previous chapter, there exists a good agreement between the simulation and Debye-Hiickel
theory. So, the simulation methodology is extended to solve and understand the species transport
phenomena in the hydrogen half-cell of the Alkaline water electrolyzer. Since this work considers a
multi-component single-phase (aqueous) system and studies the species transport behavior along with
the heterogeneous reaction, the local concentration of Hy has been kept under solubility limit by using
appropriate simulation conditions. The Hy bubbles start to nucleate when the local Hy concentration
exceeds the solubility limit for the given electrolyte concentration, temperature, and pressure. The
solubility limit of Hs in KOH electrolyte at T=298 and 333 K and 1 bar pressure computed and validated
against experimental data by Parsa [45] and is given in Fig. (7.1). Extrapolating the solubility for
0.001 mol/L KOH electrolyte and T=353 K from the solubility plot in figure (7.1), the maximum local
concentration density of Hy is approximately Ch, 11=0.6 x 1072 mol/L=0.6 mol/m3.
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Solubility of H,, / [10® mol L™']

0 2 4 6 8
KOH Concentration / [mol L"]

Figure 7.1: The solubility limit of Hy depending on the molarity of the KOH solution at T=298,353 K
[45].

In this chapter, the species flux based on a constant current density (fixed reaction rate) is used for
the Nernst-Planck solver to understand the evolution of electric potential and species concentration
density. Further more, the limitation of high electrode potential and the simulation procedure in that
case are discussed. The species involved in the simulation are water (H2O), hydrogen (Hs), hydroxide
ion (OH™) and potassium ion (K*). The operating temperature is chosen to be 80 °C (353.15 K) and the
corresponding transport properties are listed in the Table (2.2). A constant current density of magnitude
1000 A/m? (fixed reaction rate) is used to model the species flux at the electrode using the eq. (2.24)
rather than determining the current density from the kinetics solver. The simulation with the reaction
rate dictated by the kinetics solver is dealt with in the next chapter. One-molar potassium hydroxide
solution is used as the electrolyte. The parameters of the species used for the simulation are listed in the
Table (7.1) below. The species with negative, positive, and zero stoichiometric coefficients respectively
denote the reacting, produced, and non-reacting species present in the hydrogen half-cell.
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H20 H2 OH- K+
Transport properties @ 80 °C [m?/s]
Dy,0 Dy, Doy Dy*
2.295x10° 10 x 10 5.272 x 107 1.956 x 10°
Stochiometric coefficients
Sty0 Sh, Son” S
-1 +1/2 +1 0
Valencies
Zih0 Zy, ZoH 7"
0 0 -1 +1
Bulk concentration [mol/m?]
Ciy0 Chy o Con™ o Cx' o
55500 0.0001 1 1

Table 7.1: Species properties involved in hydrogen half-cell transport phenomena.

7.1 Low cathode potential

The thermal voltage (%) is set as the magnitude of electric potential at the cathode and the simulation

of species transport phenomena in the hydrogen half-cell is performed. The species flux at the cathode
surface which is the heterogeneous source term for the Nernst-Planck solver is modeled using a constant

current density of magnitude |.J|=1000 A/m?. The two-dimensional simulation representing a quasi one-

dimensional case was performed using the D2Q5 lattice configuration and the results are discussed below.
A domain of 0.1 x 0.05 pm in physical space is scaled to 100 x 50 lu in lattice space. The domain and
the boundary conditions chosen for the simulation are given in Fig. (7.2). The simulation is initialized

with the bulk concentration of the species and 0 V potential throughout the domain.

Poisson solver

Poisson solver

(] ’ periodic

Nernst-Planck solver

Co I periodic

Dirichlet BC (®,) | -30 mV
Nernst-Planck solver
Flux BC (N,) SspJ mol/m2s
F

Poisson solver

L,

Dirichlet BC (@) ‘ 0mV

Nernst-Planck solver

o |

Poisson solver

[} | periodic

Nernst-Planck solver
Cy,

periodic

Dirichlet BC (C,)) | C,, ., mol/m?

Figure 7.2: Domain for simulating species transport phenomena in hydrogen half-cell.
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7.1.1 Electric field and potential
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Potential [V] Electric field [V/m] le6
(a) Potential contour. (b) Electric field distribution.

Figure 7.3: (a) Electric potential with electric field quivers, (b) Electric field at t=2 ps for ,=-30 mV,
|.7|=1000 A /m?.

The electric potential and electric field distribution in the domain at time instance t=2.0ps is shown in
Fig. (7.3). To understand the evolution of the electric potential and field profiles, the distribution along
the x-axis at different time instances are compared in Fig. (7.4). The slope of the electric potential in
the electric double layer (z/\ = 1) increases with time. This evolution pattern is due to the increased
accumulation of charge in the double layer. Far away from the EDL (x/\ >5), the slope of electric
potential decreases with time due to the relatively lower charge density away from the EDL. From the
plot for the electric field, there is a massive drop in the magnitude within EDL and then the magnitude
smoothens to a uniform value outside the EDL. At a higher evolution time of t=2.0 ps, the electric field
far away from the EDL converges to zero.

T ~70.0 0.0 16 ey ittt
2.5 ___---——:: ____________________
- -0.5
>0 0.2
8
a B
O aspfd e t=05us |-0.4k T 1.0
oY ---- t=1.0 us = £ ;
< P E ‘2'—1 5%
& 10| — t=2.0ps (06 w2
N :
NS 2.0 5
0.5 -0.8 B t=0.5 us
{ --- t=1.0 us
—2.5 — t=2.0 us
0'%. 5.0 7.5
XfA 0.0 2.5 5.0 7.5
. . . L XA
(a) Normalised electric potential and net ionic con-
centration evolution. (b) Electric field evolution.

Figure 7.4: (a) Electric potential and charge density evolution, (b) Electric field evolution for &,=-30
mV, |J|=1000 A/m?.
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7.1.2 Species concentration
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(c) OH™ concentration density distribution. (d) K* concentration density distribution.

Figure 7.5: Concentration density of neutral and ionic species nd vector plot representing net flux at
t=2 ps for #,=-30 mV, |.J|=1000 A/m?.

The concentration density distribution of all the species in the domain along with the quiver represen-
tation of their net flux at time instance t=2 ps is represented in Fig. (7.5). The concentration density
normalized using the respective bulk concentrations is plotted at different time instances in Fig. (7.6).
For ionic species, the slope of the concentration in the EDL is higher compared to that outside the EDL.
The evolution plot (Fig. (7.7a)) of K* indicates that the KT ions are attracted towards the cathode
resulting in higher concentration near the cathode. This accumulation of K ion screens the negative
cathode potential from the bulk of the electrolyte leading to a higher electric field in the EDL. From
the flux comparisons of ions in Fig. (7.7), there is a relatively large magnitude of the migrating flux
in the EDL, and the diffusive flux of these ions tries to balance the migrating flux resulting in high
concentration gradient in the EDL.
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(b) Neutral species distribution.

Figure 7.6: Species concentration evolution for ,=-30 mV, |J|=1000 A /m?.
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Figure 7.7: Tonic species flux evolution for ¢,=-30 mV, |.J|=1000 A /m?.

Hs is produced at the boundary and diffuses into the bulk of the domain. On the other hand, H,O
is consumed at the cathode, resulting in diffusion of concentration density from the bulk towards the

cathode.

7.2 High cathode potential

For simulations involving very high potential, the magnitude of the potential is ramped up with time.
This procedure is adapted to avoid the instabilities and shock effects that result from directly applying
a very high potential at the boundary. Without a gradual increase in potential, ions, and charges might
experience shock effects, where they suddenly move very fast in response to the abrupt change in the
electric field. In the scope of LBM, the stability of the system also depends on the magnitude of the
migrating velocity in lattice space as discussed in Chapter 2. A rapid increase of potential will result
in very high flux forcing the species to move with a migrating velocity larger than that required for
stability. Besides, gradually ramping up the potential mimics the real-world process more accurately,
where potential changes are often applied gradually. Neglecting this process reduces the physical realism
of the simulation.
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The domain chosen for the study is similar to that used for the low cathode potential simulation but
with a cathode potential of @, = —0.1 V which is approximately three times the thermal potential. The
cathode potential is ramped from 0 V to -0.1 V for 0.9 ps, then the potential is set to be steady at -0.1
V for the rest of the simulation time. The cathode potential trend with respect to time is shown in Fig.
(7.8a).

0.00
-0.02
; -0.04
G
<
2 _0.06 —-2.0
£ —— t=0.1 pus
25 t=0.5 us
-0.08 — t=1.0 us
-3.0 — t=15 us
—019% 0.5 1.0 1.5 0.0 2.5 5.0 7.5
t [us] x/A
(a) Cathode potential ramp-up with time. (b) Normalised electric potential evolution.
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(c) Electric field evolution.

Figure 7.8: (a)®, ramping with time (b) Electric potential evolution, (c¢) Electric field evolution for
$,=-0.1 V, |.J|=1000 A/m?.

The electric potential and electric field profiles at different time steps are given in Fig. (7.8). The slope
of the electric potential in the EDL gradually increases due to the increasing accumulation of charge
density towards the cathode along with the temporal ramping of the cathode potential. After 1.0 us, the
rise in gradient is only due to the increasing charge density towards the cathode as the cathode potential
is set to a steady value. From Fig. (7.8¢c), the magnitude of the electric field is uniform far away from
the EDL and it evolves to zero with time in the bulk of the domain. Hence, there will be a temporal
decrease in the influence of the electric field on the ionic species at the bulk region.

47



]
TUDelft

CHAPTER 7. HER: CONSTANT REACTION RATE

le—6
500 0
— t=0.1 us
t=0.5 us -
400 —1lo g 1
— — ! us —
— t=15 us I
% 300 o 2
£ 9
3 g
S 200 s
IS — t=0.1 pus
—4 t=0.5 us
100 — t=1.0 pus
_5 — t=15 us
0.0 2.5 5.0 7.5 0.0 2.5 5.0 7.5
X/A X/A
(a) H2 concentration evolution. (b) H20 concentration evolution.
1.0
t=0.5 us
0.8 —
40 t=1.0 us
g g — t=1.5 us
306 & 30
. L
S QO
o 04 — t=0.1 us 20
t=0.5 us
0.2 — t=1.0 us 10
— t=1.5 us L
0.0 2.5 5.0 7.5 0.0 2.5 5.0 7.5
X/A X/A
(c) OH™ concentration evolution. (d) KT concentration evolution.

Figure 7.9: Species concentration evolution for ¢,=-0.1 V, |J|=1000 A /m?.

The concentration density of the neutral and ionic species are shown in Fig. (7.9). The neutral species
distributions are identical to that from the low potential simulation as they are not influenced by the
electric field considering the fixed reaction rate of J = 1000 A/m?. From the concentration density
evolution of OH™, the magnitude decreases at the cathode due to the migrating of these OH™ ions. At
time instances t=0.1, 0.5, 1.0 ps, the OH™ is influenced by the electric field both in the EDL and in the
bulk region. This results in reduced concentration at the bulk as they are migrated to the right boundary.
At t=1.5 ps, the produced OH™ at the cathode boundary is moved away from the electrode across the
EDL and stays at the diffusion region between the EDL and bulk. This is due to the electric field at
the bulk evolving to a uniform 0 V/m resulting in no migrating flux of OH™ ions. At the same time,
the electric field across the EDL increases resulting in enhanced migrating flux of OH™ transporting
these negative ions out of the EDL. The flux plots of OH™ also indicate that migrating flux in the bulk
decreases with time tending to zero at t=1.5 pss. Comparing the concentration plots for K* and OH™,
the local charge density of the electrolyte is mainly dependent on the concentration density of KT at
higher evolution times. This is valid at high cathode potential because the migrating flux of K™ and
OH~ (towards or away from the cathode) is higher in EDL resulting in a very high magnitude of K
concentration and a very low magnitude of OH™ concentration.
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Figure 7.10: Migrating and diffusive flux evolution of ionic species for ®,=-0.1 V, |J|=1000 A /m?.
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Figure 7.11: Total flux evolution for OH™

In the classical Poisson Nernst-Planck model for the migration-diffusion problem, the steric effects due to
the finite size of solution species, are usually neglected. As a result, unphysically high ionic concentrations
are typically predicted in the EDL region for high electrode potentials. There are models such as the
size-modified Poisson Nernst-Planck model that consider the finite size of the species thereby restricting
the abnormal accumulation of species in the EDL [46]. This approach used to overcome this issue along
with the added kinetics solver to dictate the rate of the reaction is dealt with in the next chapter.
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Chapter 8

HER: species transport with kinetics

The Poisson Nernst-Planck model for migration-diffusion of species with the reaction rate dictated by
the Butler-Volmer kinetics model is simulated for the hydrogen half-cell and the results are discussed
in this chapter. For the HER, the magnitude of the cathode potential should be greater than the equi-
librium potential for the given temperature and concentration. As a rough estimate, the magnitude
of the cathode potential has to be greater than 0.828V. The default Poisson-Nernst-Planck with such
high cathode potential can result in steric effects causing abnormal ionic species accumulating in the EDL.

To address this issue, it is assumed that the order of the electric potential at the OHP is in mV. The
layer between the electrode surface and the OHP is not considered, and the diffuse layer of the EDL
is considered to be next to the electrode surface. Thus the magnitude of the electric potential used
as a boundary condition for the Poisson solver is taken at the OHP in EDL [47]. Yet to determine the
overpotential, the actual electrode potential which is in the order of volts is used to induce the reaction at
the reacting boundary. The electric potential at the OHP is denoted by @ogp and that at the electrode
surface is denoted by @s. For simplicity, it is considered that the ®oyp is independent of &,. This
consideration is valid because the exponent scaling with HoO in the Butler-Volmer equation is more
dominant than the exponent scaling with the OH™. The simulation with uniform and spatially varying
electrode potential was performed and the results are discussed below.

The two-dimensional domain for the simulation is represented in Fig. (7.2). The current density to
compute the species flux at the cathode based on the HER is evaluated by the reaction kinetics solver.
The reference values for the kinetics solver are given in Table (2.1). The domain size of 0.2 x 0.05 pm
in physical space is chosen for this study and is scaled to 200 x 50 lu in the lattice space. The boundary
condition definitions at the left boundary for each solver are given in the Table (8.1) below.

Left boundary
Poisson solver Reaction kinetics solver Nernst-Planck solver
Dirichlet BC Dirichlet BC Newnann flux BC
OHP potential -50mV  Electrode surface [-0.75,-0.8,-0.85,-0.9] V  Species flux Ssp) ol/m?s
(Popp) potential (D) F

Table 8.1: Boundary condition definition at the left boundary for Poisson-Nernst-Planck model with
reaction kinetics.

8.1 Uniform electrode potential

A uniform electric potential is applied on the left boundary and simulated for different electrode poten-
tials to vary the rate of the reaction. The temporal ramping is applied to both the electrode and OHP
potential. The simulation results for the electrode potential of ®; = —0.8 V are discussed in this section.

The evolution of the overpotential and Nernst potential that is dependent on the electrode potential

(P5), and the pH of the electrolyte is shown in the Fig. (A.6a). The resulting evolution of current density
and species reaction flux (eq.(2.24)) is shown in Fig., (A.6b). In the time band between te [0,0.5]us,
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there is no reaction occurring (the grey area in Fig. (A.6)) because the electrode potential has not
ramped up enough to overcome the Nernst-corrected equilibrium potential for HER. The minimum
energy requirement corresponding to the operating condition for HER is not supplied at the cathode end
in this time window and hence there is no reaction happening. The overpotential and current density
reached a steady value of magnitude |n|= 0.2879 V and |J|= 459.68 A/m?.
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(b) Evolution of current density and reaction flux of
(a) Evolution of Nernst and overpotential (7). species.

Figure 8.1: Evolution of the over and Nernst potential, current density and species reaction flux at
reacting boundary for @, = —0.8 V and $ogp = —50 mV
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(a) Normalised Electric potential evolution. (b) Electric field evolution.

Figure 8.2: Electric potential and electric field evolution for &5 = —0.8 V and ®opp = —50 mV.

The electric potential and electric field distribution and their evolution are shown in Fig. (8.2). The
concentration density distribution of the species from the OHP for electrode potential of #,=-0.8 V and
OHP potential of ®3=-50 mV in the hydrogen half-cell with the HER occurring at the left boundary
(x=0) are shown in Fig. (A.5). The neutral species show a flat profile in concentration density from
t=0 us to t=0.5 us because the ramping up electrode potential did not overcome the minimum energy
barrier in that time band. For ionic species, the profile evolves in the non-reaction time period due to
the influence of the migrating fluxes. The migrating and diffusive flux profiles of the ionic species are
given in Fig. (8.4). The evolution profiles for other electrode potentials are given in the Appendix A.
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Figure 8.3: Species concentration evolution for &3 = —0.8 V and ®opgp = —50 mV.
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Figure 8.4: Migrating and diffusive flux evolution of ionic species for &3 = —0.8 V and ®oyp = —50 mV.
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8.1.1 Influence of electrode potential ¢,

The simulation results for different electrode potentials are compared to understand their influence on
the reacting and produced species. As aforementioned the electrode potential (@) is used by the reaction
kinetics solver to determine the overpotential (1), which is in turn used to determine the kinetic current
density (J). The overpotential increases linearly with the electrode potential for the same electrolyte
concentration and temperature as shown in Fig. (8.5a). The hydrogen profile at t=10.0 us for different
overpotential is represented in Fig. (8.5). The concentration density of Hy at the left boundary increases
with an increase in overpotential because the magnitude of reaction source flux at the left boundary is
related to the current density which is directly related to overpotential.
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Figure 8.5: Hy stats for different overpotential (1)

0.3 Migrating flux In|=0.238 v
=== =0.288 V
02\ i
- ) — |n|=0.339V
IS. t 01 —— |n|=0.391V
x =
S o
] E 00
{S 0.238 V 5
[n|=0.288 V ¢
0.4 —— |n|=0.339 v ~0.2
— |n|=0.391V Diffusive Flux
0.2 -0.3
0 5 10 15 0 5 10 15
X/A X/A
(a) OH™ profile for different overpotential () (b) Migrating and diffusive flux of OH™ for dif-
at t=10.0 us ferent overpotential (1) at t=10.0 us.

Figure 8.6: OH™ statistics for different overpotential (1)

The concentration density and flux profiles of OH™ for different overpotential at t=10.0 us are compared
in Fig. (8.6). At the given time instance the electric field away from the EDL is negligible compared
to that in the EDL. Thus, the migrating flux responsible for transporting these negative ions towards
the bulk (right boundary) is negligible relative to that in the EDL. By increasing the overpotential, the
magnitude of source flux at the reacting site (left boundary) for producing OH™ increases, resulting in
enhanced migrating flux in the EDL because a large amount of negative ions are transported away from
the reacting site. Thus ions that are migrated away from the reacting site due to the high electric field
in EDL stall away from the EDL where the electric field is negligible. This is the reason for the ’hump’
seen in the concentration profiles of OH™ in Fig. (8.6a). The negative gradient of concentration density
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induces a positive diffusive flux for OH™ to move the ions towards the bulk. This is indicated by the
inversion of diffusive fluxes from negative to positive values for |n|=0.339, 0.391 V in Fig. (8.6).

8.2 Spatially varying boundary condition
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(a) Spatial variation of Poup on reacting boundary (b) Spatial variation of @, and the current density
at t=0.1 ps. distribution from the kinetics solver at t=0.1 ps.

Figure 8.7: sinusoidal spatial variation imposed on the potentials at the reacting site and the resulting
current density distribution from the kinetics solver at t=0.1 ps.

In reality, the nucleating bubbles screen the electrode-electrolyte interface and hence the reaction sites
are not uniform. To replicate this system to some extent, a sinusoidal spatial variation of electrode
potential (@) and OHP potential (Ponp) is imposed on the reacting boundary. The sinusoidal wave
used for this purpose is shown below in Fig. (8.7a). A domain size in physical space is 1 x 5 pm which
scales to 250 x 1250 lattice units in lattice space. The dimension along the secondary direction (y-axis) is
greater than the primary direction (x-axis) to ensure that there is a very smooth transition in potential
along the secondary direction due to the applied sinusoidal variation. The total time of the simulation
was taken to be 0.1 ps. The spatial variation has a maximum electrode potential &, = —0.85V and
&4 = —30 mV. Thus, from the Fig. (8.7), the crests are the sites with the maximum reaction rate and
the reaction does not occur at the trough sites as the electrode potential at those regions is lower than
the magnitude of equilibrium potential for the local pOH.

0.000

< 0.000
\ -\"????I:“
—0.005 —0.005
B -0.010> =5 ~0.0105
= s = s
2 € 2 -0.015¢
o -0.0158 s 5 g
> & > N &
T reeey 0020
—0.020 ClEdbiiaiaay .
{ —0.025
—0.025 5
04 06 08 1.0 %.0 0.2 04 06 E . 0.030
x-axis [um] x-axis [um]
(a) Electric potential distribution at t=0.01 (b) Electric potential distribution at t=0.1
2 2

Figure 8.8: Electric potential distribution between the OHP and the right boundary (bulk) and the
vector plot for electric field distribution at t=0.01 and 0.1 ps.

The right boundary is set to be zero potential gradient in the x-axis to let the boundary value evolve
based on the solution in the domain. The evolution of the electric potential distribution from the Poisson
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solver is shown in Fig. (8.8). The Hy produced at local patches on the left boundary where there are
non-zero current densities is shown in Fig. (8.9). The vectors indicate the diffusive flux of Hy that
transports the produced hydrogen away from the reaction site in both primary and secondary directions.
The similar transport behavior of HyO is shown in Fig. (8.10). The maximum local Hy concentration is

0.03 mol/m?, which is lower than the solubility limit and hence it is in the aqueous state.
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Figure 8.9: Local concentration density of Hy and the vector plot for flux at t=0.01 and 0.1ps
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Figure 8.10: Local concentration density of HoO and the vector plot for flux at t=0.01 and 0.1ps
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Figure 8.11: Local concentration density of OH™ and the vector plot for flux at t=0.01 and 0.1 ps

The OH~ and K¥ local concentration density distribution along with their fluxes at regions of interest
are shown in Fig. (8.11,8.12). For better visualization, the clip between x=0 and x=0.07 pm has been
represented. In the case of OH™, while there are low-concentration zones adjacent to the center axis
(indicated in the black axial line), a relatively high concentration exists along the axis. The sinusoidal
spatial variation results in an electric field in the secondary direction (directed towards the center line
Fig. (8.8)) migrating the negative ions away from the center line. The negative ions at the center line
are not migrated in the secondary direction due to zero electric potential at the crest of the spatial
variation. Thus, at the adjacent zones to the center axis, the OH™ ions produced at the local reacting
sites are transported away by the migrating flux in both primary and secondary directions resulting
in a low concentration zone. But along the center line, the produced OH™ ions are migrated only in
the primary direction resulting in a relatively high concentration density at the center axis close to the
reacting site. At t=0.1ps, the potential gradient along the center axis tends to a low constant value
(electric field vectors in Fig. (8.8b)) which further hinders the migration of OH™ away from the reacting
site. This results in a higher accumulation of negative ions and the diffusive flux transporting the ions
in the primary direction (x-axis).

In the case of KT ions, the spatial variation results in the migration of positive ions towards the center
line while those along the center axis are not migrated in the secondary direction due to zero electric field
in that direction. At the zones on either side of the center line, the positive ions are migrated towards
the zone by both the secondary and primary electric fields, while the positive ions along the center axis
are migrated only by the electric field along the primary direction. This results in a high accumulation
of positive ions adjacent to the center line. At t=0.1 ps, there is an inversion in the direction of the
flux in the primary direction along the center axis. Close to the reaction site along the center axis,
the electric field component along the primary axis (x-axis) is zero (vector plots from the Fig. (8.8b))
resulting in the diffusive flux transporting the positive ions away from the left boundary due to the
negative concentration gradient from the electrode surface towards the bulk.
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Figure 8.12: Local concentration density of K™ and the vector plot for flux at t=0.01 and 0.1 ps.

Thus, the transport behavior of the species due to the interplay between the fluxes in primary and
secondary directions for the given case is studied. The distribution profiles for other time instances are
given in the Appendix B.
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Chapter 9

Heterogeneous reaction on a catalyst
particle

In reality, electrodes used for AWE are porous in order to increase the surface area of activation sites.
On resolving the porous electrode, it is seen that there is a random arrangement of catalyst particles
with irregular geometry. The Migration-diffusion of the species with heterogeneous reactions occurring
on the surface of the deformed boundary is interesting to study. Thus, a single catalyst particle with a
simplified circular geometry is chosen as shown in Fig. (9.1).

Electrode

Porous structure Simplified single catalyst

Figure 9.1: Schematic view of the porous electrode, the magnified porous structure, and simplified
geometry of a catalyst particle.

For the simulation of the species transport in hydrogen half cell with the heterogeneous reaction occurring
at the electrode-electrolyte interface, the geometry setup and the boundary conditions are given in Fig.
(9.2). The total domain length is 0.1 x 0.1 pm. The disc of diameter 40 nm with center at x = y =
0.05 pm is used to represent the simplified catalyst particle in the electrode. Thus, the region of interest
is the area around the disc within the domain which is represented by the ‘blue‘ shade in Fig. (9.2). In
the region represented by the ‘orange‘ shade, no physics of interest occurs and hence will be treated as
a dead zone.

The electrode-electrolyte interface is the reacting site with electrode surface potential &5 = —0.85 V.
The OHP potential around the catalyst is chosen to be @ogp = —20 mV. The source/sink flux boundary
condition is used by the Nernst-Planck solver at the electrode-electrolyte interface. The other boundaries
in the domain are modeled using the statistics at the bulk of the electrolyte. Hence, these boundaries
are set up with zero potential and bulk species concentration.

For the simulation purpose the nodes corresponding to the electrode, electrolyte, and the electrode-
electrolyte interface (electrolyte node adjacent to electrode node) should be distinguished. Thus, an
identification number is assigned to each node depending on whether the node represents the electrode,
electrolyte, or electrode-electrolyte interface as shown in Fig. (9.3a).

58



]
TUDelft

CHAPTER 9. HETEROGENEOUS REACTION ON A CATALYST PARTICLE

Poisson solver .
Poisson solver

Dirichlet BC (@) |-20mv

Reaction Kkinetics solver

Dirichlet BC (Ppyp) | 0mV
Nernst-Planck solver
. 3
Dirichlet BC (Cy)) | Cyp, o mol/m Current density J (A/m?) for
) Ds=-0.85 V

[ Leftboundary | T
Flux BC (Ng,) SspJ

il < 2,
Poisson solver 7 mol/m?s
Dirichlet BC (Pgyp)  |0mV  [— Electrode
Dirichlet BC (C,)) | C,,. ., mol/m’ Poisson Solver

Dirichlet BC (Ppyp) | 0mV
Nernst-Planck solver
Dirichlet BC (C,) | C,,. ., mol/m’

Sp, ,©

Poisson solver
Dirichlet BC (®gyp) | 0mV
Nernst-Planck solver
Dirichlet BC (C,)) | C, .. mol/m’®

Sp, %

Figure 9.2: Setup of geometry and boundary condition for hydrogen evolution heterogeneous reaction
around an electrode catalyst particle.

9.1 Modeling Methodology

The FDM in lattice space to solve Poisson’s equation is straightforward and identical to the approach
explained in Chapter 5. The LBM used for the Nernst-Planck model has been slightly modified to model
the domain with the solid and liquid nodes. The modified steps are discussed below.

Electrode-electrolyte
interface node

Electrode node

f«_‘ﬁf
fa

(b) Schematic of electrode-electrolyte

(a) Labeling of nodes. boundary for D2Q5 lattice.

Figure 9.3: (a) Labeling of nodes to distinguish the nodes representing the electrode, electrolyte, and the
electrode-electrolyte interface. (b) schematic of electrode-electrolyte boundary for bounce-back treatment
of distribution functions.

9.1.1 Bounce-Back

Bounce-back is used to model solid stationary or moving boundary conditions and non-slip conditions.
It implies that an incoming particle toward the solid boundary is bounced back into the flow domain.
For the example shown in Fig. (9.3b), the functions streaming towards the electrolyte domain are f,
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and f3. With the Bounce-back model, these distribution functions are given by

f2=f, [fs=Ja (9.1)

For a non-reacting boundary condition (adiabatic), the bounce-back model can be used to determine the
ion concentration at the electrode-electrolyte nodes when the migrating effect is modeled in the collision
operator [43].

9.1.2 Modeling species flux

Since the flux at the electrode-electrolyte interface is directed normally to the surface, the flux vector
(radial direction) for each electrode-electrolyte node is resolved into respective x and y components.
Then either f; or fs is estimated to model the x-component and f3 or f4 is used to model the vertical
component of the flux.

f 3,sp
Ng,.e
sp-Cy Nsp f 3,sp f sp
Ngp. ey f2,sp fl,sp
fZ,Sp fl,Sp
flep fl,Sp
4,sp
fasp
(a) species flux, normal to the electrode-electrolyte (b) Distribution functions to model the species flux
interface. at different radial positions.

Figure 9.4: (a) Normal species flux to the electrode-electrolyte interface and its x and y-component.
(b) Choice of the distribution function to model the species flux at different radial positions on the
electrode-electrolyte interface.

The expressions to model the appropriate distribution functions streaming towards the domain from the
electrode-electrolyte interface can be obtained by extending the methodology used to derive eq. (5.62).
The sequence of the steps to simulate the migration-diffusion of the species in the system is given as
follows.

e The species concentration and the electric potential at the electrode nodes are set to zero. The
electrolyte nodes are initialized with zero electric potential and bulk concentration of respective
species given by,

CH,0,00 = 55500 mol/m?’,C’Hzm =101 mol/m?’,C’OH:oo =Ck+ 00 =1 mol/m?’. (9.2)
e The collision operation is performed as usual, which was explained in chapter 2. The post-collision

distribution functions at the electrode-electrolyte interfacial nodes streaming towards the domain
are updated using the flux boundary condition model for those distribution functions.

e Then the streaming operation is performed on the electrolyte nodes. The distribution functions at
the electrode-electrolyte interfacial nodes are bounced back.

o After the streaming operation, the species concentration is computed at the electrolyte and electrode-
electrolyte interfacial nodes using the zeroth-moment of distribution functions given by eq. (5.46).
The sequence is repeated in a time loop until the final simulation is reached.
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9.2 Results

The electrochemical transportation of the species in hydrogen half cell with the heterogeneous reaction
for the domain given in Fig. (9.2) was simulated for a total time of 1ps. The simulation results are
reported in this section.

9.2.1 Electric potential distribution

0.0000 0.0000
0.10 0.10
-0.0025 -0.0025
0.08 -0.0050 0.08 -0.0050
-0.0075% -0.0075%
— 0.06 2 — 0.06 =
£ e c -
3 -0.0100Z 3 —0.0100Z
>0.04 2 > 0.04 2
-0.0125& -0.0125&
0.02 -0.0150 0.02 -0.0150
0.0 -0.0175 0.0 -0.0175
0800 002 004 006 008 010 %800 0.02 004 006 008 0.0
x [pm] -0.0200 x [um] -0.0200
(a) Electric potential contour at t=0.05 ps (b) Electric potential contour at t=1 ps
Figure 9.5: Electric potential distribution around the electrode catalyst particle at t=0.05, 0.1 ps.
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Figure 9.6: (a) Electric potential evolution. (b) Hy concentration evolution for the electrode surface
potential of ®;=-0.85 V.

The electric potential distribution in the electrolyte around an electrode catalyst particle is given in the
Fig. (9.5) and the simulation holds the expected radial symmetry of the distribution. The distribution
parallel to the x-axis passing through the center of the electrode is given in Fig. (9.6a). It is seen that
the double layer around the electrode grows with time which shields the electric potential from the bulk
of the electrolyte. Thus, the electric field across the evolving double layer also increases with time.
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9.2.2 Species concentration
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Figure 9.7: Hy concentration distribution around the electrode catalyst particle at t=0.05, 0.1 ps.

According to the HER, Hy is produced at the electrode-electrolyte interface and this results in the
increased concentration around the electrode. The mode of transport of Hy is the diffusive flux that
moves it to a low concentration zone. The evolution of He concentration along the axis parallel to the x-
axis and passing through the electrode center is given in Fig. (9.6b). It is seen that the Hy concentration
around the electrode increases with time, but the rate of increase in concentration around the electrode
decreases with time. This is because at early stages the source flux for Hy production is higher than the
diffusive flux responsible for transporting Hy to low concentration zones. The diffusive flux evolves until
it matches with the source flux at the electrode-electrolyte interface.
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Figure 9.8: OH™ concentration distribution around the electrode catalyst particle at t=0.05, 0.1 ps.

The negative OHP potential repels the produced OH™ away from the electrode. This results in a lower
concentration around the electrode. The mode of transport for OH™ is the migrating and the diffusive
fluxes. Though the OH™ is produced at the electrode-electrolyte interface according to HER, the high
electric field magnitude results in the migration towards the bulk where the electric field is negligible
compared to that in the double layer. From Fig. (9.9a), the concentration of OH™ at the electrode-
electrolyte interface decreases until the diffusive flux balances the migrating flux.
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Figure 9.9: K concentration distribution around the electrode catalyst particle at t=0.05, 0.1 ps.
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Figure 9.10: (a) OH~ concentration. (b) KT concentration evolution for the electrode surface potential
of &,—-0.85 V.

The KT ions are attracted towards the negative OHP potential resulting in a higher concentration around
the electrode. The rate of accumulation around the electrode decreases as the diffusive flux evolves to
catch up with the migration flux. This accumulation of the K¥ is responsible for the double layer as the
positive charges screen the negative OHP potential.

Thus, the methodology to simulate the species transportation in a domain with solid electrode catalyst
is formulated and the simulation results have been studied. The limitation of the above mentioned
methodology is that the radial vectors for species flux at the electrode-electrolyte interface are computed
for a defined geometry. This method cannot be extended to a irregular geometry because its analytic
definition is hard to predict.
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Chapter 10

Conclusion and outlook

A hybrid FDM-LBM approach to simulate the transport phenomena with a heterogeneous reaction
kinetics model for hydrogen half-cell of alkaline water electrolyzer has been formulated and studied. The
Poisson model solves the electric potential distribution using the FDM technique in lattice space. The
Pseudo-time LBM is not used for the Poisson solver to reduce the computational time and memory
requirement. The BGK-LBM is used to estimate the species transport behavior using the heterogeneous
Nernst-Planck model. All the species are modeled with the common evolution time, which is achieved
by setting a common reference time (7°) for all the species resulting in species-specific relaxation time
(Tsp). This eliminates the internal iteration within the Nernst-Planck solver for each species (faster
computation), which ensures that the data of the species transferred to the other solver at a time step
are neither over-evolved nor under-evolved. It must be ensured that the relaxation time of the species
are within the stability range for the reference scales chosen. Finally, the coupling of the Poisson-Nernst-
Planck solver with the local reaction kinetics solver has been formulated.

The formulated methodology that solves the migration-diffusion problem without the reaction is put
to the test against the Debye-Hiickel theory. Adhering to this theory a domain of length 10 x A and
a binary electrolyte was considered with appropriate boundary conditions. The electric potential was
taken to be lower than the thermal voltage to ensure that the Debye-Hiickel approximation is valid.
After performing a grid independence study based on the EDL resolution, the steady-state results from
the simulation were compared with the analytical expressions. There existed a good agreement in the
distribution of the physical properties. Furthermore, a good agreement was found between the nature of
the decay until 5\. The finite domain size of simulation that violates the assumption of Debye-Hiickel
theory results in deviation in nature of the distribution function beyond 5A.

The validated technique has then been used to simulate the transport phenomena in hydrogen Half-cell
along with the HER dictated by the Butler-Volmer kinetics equation. To start with the reacting site
with a fixed reaction rate was considered (constant J, no reaction kinetics solver). The evolution of
the electric potential, species concentration density, and fluxes has been studied. The shock effects at
high electric potential were addressed by ramping it up with time. To overcome the steric effect at
high electric potential, the Pogp (O(mV)) was used for the Poisson solver, and the kinetics solver uses
&, (O(V)) to provide the activation energy for the reaction. The evolution of the kinetic and physical
parameters was studied for a set of &5 and their results were also compared. It was observed that the
accumulation of OH™ outside the EDL increases with the increase in @4 due to the increased migration
flux across the EDL (outside the EDL, migration flux converges to approx. zero). This results in the
inversion of the diffusive flux vector (of OH™) to diffuse the accumulated OH™ ions from ’outside the
EDL’ to the bulk. To study the species transport under the influence of the primary and the secondary
forces a spatially varying boundary condition was implemented. The ionic species distribution at the
crest of the spatial variation that is affected by the counter-electric field along the secondary direction
was studied. This scenario could be seen in species transport through a porous media where the EDL of
the catalyst particles can overlap with one another resulting in counter-acting electric fields resulting in
high OH™ concentration in the overlapping region.

As a starting step to study the species transport through the porous media, the simulation technique to

model the migration-diffusion problem with solid-liquid interaction and the surface reaction occurring
at the interface is modeled. A single catalyst particle (simplified to a circular shape) is considered for
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the simulation, and the treatment of the interfacial nodes, for heterogeneous reaction modeling using
BGK-LBM is explained and the results are discussed. This methodology can be extended to understand
the species transport through porous media and also get insights about the local properties due to the
EDL overlaps.

10.1 Outlook

From the study, the maximum local concentration of Hs can be increased by raising the over-potential
for the HER. Increasing the over-potential increases the kinetic current density resulting in higher source
flux for Hy (aqueous). From figure (7.1), the solubility limit drops with increased system temperature
and KOH concentration. Though increasing the over-potential and temperature is forward, the increased
KOH concentration would result in the need for a different high-fidelity transport model.

The Nernst-Planck model is suitable for dilute electrolytes where the transport phenomena of the species
are independent of each other. But, at high concentration solution, this assumption is not valid and a
transport model that accounts for the inter-species interactions has to be used. The Maxwell-Stephan
model discussed in Chapter 1 can be used for concentrated electrolytes. Ju’an Huang formulated a
Lattice Boltzmann model based on the advection-diffusion equation and is coupled with the Maxwell-
Stefan equation by relaxation time [48]. The other issues with the model and the further work toward
perfecting it from the perspective of accuracy, robustness, and ease of computation are discussed below.

10.1.1 Steric effects

The classical Poisson Nernst-Plank model that is used in this study which neglects the steric effects due
to the finite size limit of the species in the electrolyte. As a result, unphysically high ionic concentration
densities are predicted in the EDL at high electrode potential. As a result, this study assumes that a
low electric potential at the inner diffuse layer of EDL (O(1073)V) based on the inferences from the
literature [43],[47],[49]. Thus, the part of the EDL between the electrode surface and the inner diffuse
layer is neglected in this study.

Further, the size-modified Poisson Nernst-Planck (SMPNP) equations that account for the finite size
effects in both the Poisson equation and the Nernst-Plank equation can be used to resolve all regions of
the EDL and expect a realistic distribution of the species in the EDL. The SMPNP is rooted in a lattice
model for the free energy and has been previously utilized in COs electrolysis [46]. The size modification
in the Poisson equation is through the relative permittivity of the aqueous electrolyte which is assumed
to vary with the local concentration of the cationic species (KT) given by

min
r

WK+ CK*
Mu,o

(10.1)

€ =€

° MHQO — wK+C’K+
' Mmu,0

Where €2 and My,o are the relative permittivity at room temperature and molarity (mol/L) of water
respectively. wg+ = 4 denotes the number of water molecules bound to the cation. The dielectric
constant of water at the dielectric saturation condition is denoted by e™". The heterogeneous Nernst-
Planck equation with the finite species size correction is given by

aCsp

DspCsszp
% V. _—

F
eV + Dy Cp

D, VCy, + (10.2)

BepAn 254 a;VC;
1-— An Z?:l a?’Cj '

J

The third term from left in the divergence operator is the added term to the Nernst-Planck model
for finite species size correction. Here, a; denotes the effective solvated size of the unhydrated species
molecules. The magnification factor of the species relates the species size to that of the solvent species

(H20) a, given by

a?

Bsp =2 (103>

3
g

To model the above equation using the LBM technique, the species velocity is modelled as a combined ef-
fect of the migrating flux and the size correction. The species velocity used in the equilibrium distribution
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function f&l, eq. (3.7) becomes,

— Dgpzsp F BspAn D a3V C;
o= ——2P7 gp D, et . 10.4
Yep RT P(l—Anz;_lafcj (10.4)

Thus, it is recommended to use the SMPNP model to better understand the behavior of the species in
the DEL of hydrogen half-cell by extending the LBM technique used in this study.

10.1.2 Multi-relaxation time-LBM

The BGK-LBM technique is used in this work to solve the migration-diffusion problem. Note that
the BGK collision operator is not the only possible collision operator. For example, there exist two-
relaxation-times (TRT) and multi-relaxation-times (MRT) collision operators that utilize more than
just a single relaxation time. (The BGK operator is also often called a single-relaxation-time (SRT)
collision operator.) These extended collision operators allow for avoiding or mitigating some limitations
of the BGK collision operator, such as stability and accuracy issues. For more details about TRT and
MRT-LBM technique it is recommended to refer [40],[42].

10.1.3 Parallel computing

The LBM is more accurate compared to the FDM for complex flows, multi-phase and multi-species
systems. However, it is computationally expensive and consumes a large amount of storage depending
on the type of lattice configuration preferred for the simulation. Yet LBM is naturally suitable for parallel
computing because the particles can be assigned to different processors. This can significantly reduce
the computational time required to solve the problem. Due to its direct and highly local update scheme,
which requires first-neighborhood information only in its linear streaming part, the LBM is inherently
fit for shared-memory as well as large-scale distributed-memory parallelization.

Albeit, the LBM method proposed here, works well for low potential and dilute KOH electrolytic systems.

Thus, the solver structure and methodology can be extended to solve the multi-phase problem such as
Hs bubble nucleation and growth by coupling with an appropriate multi-phase model.
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Appendix A

Results for ¢;=[-0.75,-0.85,-0.9] V
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Figure A.1: Species concentration evolution for & = —0.9 V and @ougp = —50 mV.
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Figure A.2: Evolution of the over and Nernst potential, current density and species reaction flux at
reacting boundary, flux evolution of OH™ for &3 = —0.9 V and ®ougp = —50 mV
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A.2 For surface potential ¢,—=-0.85 V
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Figure B.1: Electric potential distribution between the inner diffuse layer and the right boundary (bulk)
and the vector plot for electric field distribution at t=0.02,0.05,0.07 us.
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APPENDIX B. SPATIALLY VARYING BOUNDARY CONDITION
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Figure B.3: Local concentration density of HoO and the vector plot for flux at t=0.02,0.05,0.07 us
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Figure B.4: Local concentration density of OH™ and the vector plot for flux at t=0.02,0.05,0.07 us
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Figure B.5: Local concentration density of K* and the vector plot for flux at t=0.02,0.05,0.07 us.
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