@NTNU

Norwegian University of
Science and Technology

Current Distribution in Bipolar Cell
Systems for the Chlor-alkali Industry

Per Sverre lversen

Chemical Engineering and Biotechnology
Submission date: June 2018

Supervisor: Svein Sunde, IMA
Co-supervisor:  Egil Rasten, Inovyn

Norwegian University of Science and Technology
Department of Materials Science and Engineering






@NTNU

Norwegian University of
Science and Technology

Current Distribution in Bipolar Cell Systems
for the Chlor-alkali Industry

Per Sverre Iversen

21st June 2018

MASTER THESIS
Norwegian University of Science and Technology
Department of Materials Science and Engineering

Supervisor: Svein Sunde, NTNU,
Co-supervisor: Egil Rasten, Inovyn



ii

ii

This page is intentionally left blank



iii

Preface

This master thesis was written in the spring semester of 2018 at NTNU. The project was done
for the company INOVYN, which is a subsidiary of INEOS. The reason for the project was
to one day being able to predict the lifetime of the electrodes in-situ in a bipolar cell system
for the chlor-alkali process. The anodic and cathodic sample preparations were done in Pors-
grunn at INOVYN and the experimental work was done in Trondheim at NTNU. Samples of
the commercial anodes and cathodes, which were used in the experiments, was provided by
INOVYN.

I would like to thank Svein Sunde (NTNU) for his tremendous efforts in helping and guiding
me throughout the project. I would also like to thank Eqil Rasten (INOVYN) for help and guid-
ance throughout the project and Ingmarie Liberger INOVYN) for all help in the laboratory at
Porsgrunn. I would also like to thank INOVYN which provided the electrode samples and gave
me the opportunity to work on this project.

Trondheim, 21st June 2018
(signature)

Per Sverre Iversen



v

Abstract

The chlor-alkali industry is one of Europe’s largest chemical industries and produces chlorine
gas, hydrogen gas and sodium hydroxide. One of the main production methods is to use mem-
brane cells that are assembled into a bipolar cell system. Operating such a cell system uses a lot
of energy, in addition to consuming rare metals such as ruthenium and iridium by degradation of
the electrode coatings. During the replacements of the electrodes, most of them are sent back to
recoating, without being fully worn out. By increasing the current efficiency and to predict the
lifetime of the coatings in-situ, the operating cost of the chlor-alkali process could be reduced.

The aim of this master thesis was to be able to dynamically simulate the current distributions
throughout the bipolar cell system, including shunt currents. The simulations would be used
to look at what degree of impact the different inlet tube lengths had on the current distribution
during steady state operation and during the discharge stage. Also, to look at what impact the
different capacitance values have for the electrodes had on the discharge rate, in order to see if
it was possible to predict in-situ the state of the electrode coatings, based on discharge data.

A theoretical model for the potentials in the electrolytes throughout the bipolar cell system was
constructed. The model was then used as the basis for programming a code that would be able
to dynamically simulate the potentials during steady state operation and during the discharge
stage. From the potentials and the resistances in the electrolyte, the current distribution could
be found. Electrochemical impedance spectroscopy was done to the anode and cathode samples
in order to determine the capacitance of the electrodes.

It was found that the longer the anodic and cathodic inlet tubes were, the more current went
through the cell system itself, during steady state operation. The increased current through the
cell system led to a decrease of the current going through the headers, and therefore gave a
greater power efficiency. During the discharge stage, it was found that the impact of the inlet
tube lengths were significantly smaller, than during steady state operation. It was also found
that the capacitance values of the electrodes significantly affected the discharge rate.



Sammendrag

Kloralkaliindustrien er en av Europas stgrste kjemiske industrier og produserer klorgass, hydro-
gengass og natriumhydroksid. En av de mest brukte produksjonsmetodene er a bruke membran-
celler satt sammen til et bipolart cellesystem. Driften av et slikt cellesystem bruker mye energi,
1 tillegg til forbruk av sjeldne metaller som ruthenium og iridium ved nedbryting av elektrodbe-
leggene. Under utskifting av elektrodene blir de fleste sendt tilbake til rebelegging uten & veere
helt utslitt. Ved a gke strgmeffektiviteten og ved a kunne forutse levetiden til beleggene in-situ,
kan driftskostnaden for kloralkali-prosessen reduseres.

Malet med denne masteroppgaven var a kunne dynamisk simulere strgmfordelingene i et bi-
polart cellesystem, inkludert for krypstrgm. Simuleringene vil bli brukt til & se pa hvordan for-
skjellige innlgpsrgrlengder pavirket strgmfordelingene under drift og under utladningsfasen. I
tillegg se pa hvilken effekt ulike kapasitansverdier for elektrodene hadde pa utladningshastighet-
en. Dette for a kunne vurdere om det var mulig a forutse elektrodenes levetid in-situ, basert pa
utladningsdata.

En teoretisk model for potensialene i1 elektrolytten gjennom det bipolare cellesystemet ble
konstruert. Modellen ble sa brukt som grunnlaget til & programmere en kode som skulle
kunne dynamisk simulere potensialene under drift og under utladningsfasen. Gjennom a sim-
mulere potensialene og finne resistansen til elektrolyttene, kunne strgmfordelingene bli funnet.
Elektrokjemisk impedansspektroskopi ble utfgrt pa anode- og katodeprgvene for a finne kapas-
itansverdiene til elektrodene.

Det ble funnet at stgrre lengde pa anodisk og katodisk innlgpsrgr fgrte til at en stgrre mengde
strgm gikk gjennom det bipolare cellesystemet under drift. Den gkte strgmmen gjennom cellesy-
stemet fgrte til at en mindre mengde strgm gikk gjennom innlgpsfordeleren, noe som gker
strgmeffektiviteten. Under utladningstadiet ble det funnet at pavirkningen til innlgpsrgrlengden
var betydelig mindre enn under drift. Det ble ogsa funnet at kapasitansverdiene til elektrodene
pavirket utladningshatigheten i stor grad.
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1 Introduction

In 2016, the European chlor-alkali industry accounted for 55 % of the total turnover within the
European chemical industry [7]. The chlor-alkali production uses mostly membrane cells that
are assembled into bipolar cell systems. During operation of these cell systems, electrode coat-
ings and membranes experience degradation. The electrodes and the membranes have different
lifetimes, which means that they have to be replaced at different intervals. The replacement
intervals for the electrodes are periodic and are set in the future based on the predicted lifetime.
Due to the complexity of the replacement procedure and the re-coating of electrodes, the event
has to be planned preferably over a year in advance. To prevent the electrodes from going bey-
ond their service life, a significant margin of the rest thickness in the electrode coating has to
be implemented. By being able to predict the electrode lifetime in-situ, one is able to transition
from periodic maintenance to a condition based maintenance. If the electrode lifetime can be
predicted, the margin of the residual lifetime can be decreased, which allows for a longer utiliz-
ation of the electrodes. By constantly having an overview over the remaining life time the risk
associated with maintenance and operation, which can lead to unpredicted downtime or dam-
age, is reduced. In addition, one avoids sending electrodes with sufficient residue coating to be
re-coated. The consequences of being able to predict the electrode lifetime in-situ will lead to a
significant reduction in operation expenses, as well as a greater control over the process.

The purpose of this work is to develop a model that can dynamically simulate the potentials
throughout the cell system, during operation and during the discharge stage. By being able to
simulate the potentials during the operation, the electrical distribution in the system is given
by Ohm’s law. Since the model will include shunt currents, the impact of these currents on
the overall electrical distributions can be seen. This allows for the possibility to limit the neg-
ative consequences of the shunt currents by adjusting the dimensions of the inlet tubes. For
example, by decreasing the shunt currents, the current efficiency will increase. By being able
to dynamically simulate the potentials in the cell system during the discharge stage, the effect
of the residual life time of the electrodes and the shunt currents, can be seen. The residual life
time is dependent on the coating thickness, which in turn defines the capacitance of the elec-
trodes. By simulating with different capacitance values, one could predict the life time in-situ
by comparing the discharge graphs of the simulation with the natural discharge of the bipolar
cell system.

In this project, cyclic voltammetry and electrochemical impedance spectroscopy will be per-
formed in order to find the capacitance of the anode and the cathode used in the chlor-alkali
industry for bipolar cell systems. A model of the potentials in the electrolyte will be construc-
ted. The model will then be used as the basis for writing a code in Matlab that would be able to
simulate the potentials throughout the bipolar cell system during operation, and to dynamically
simulate the potentials during the discharge of the cell system.
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2 Theory

Parts of the theory are taken from the previously written project thesis from last autumn [11].
The reason for this is because much of the same theory is still relevant for the master thesis
work.

2.1 Bipolar cell systems

The chlor-alkali production uses primarily membrane cells that are assembled into a bipolar cell
structure. Each structure or system consists of several cell elements that are connected in series,
where the equivalent circuit is shown in Figure 2.2. The electrochemical process for chlor-alkali
production is shown in Figure 2.1, for a single membrane cell.

The anode is made of titanium with a coating of titanium oxide, ruthenium oxide and iridium
oxide. The cathode is made of nickel with a coating of nickel oxide and ruthenium oxide.
Both the electrodes have a mesh structure and are dimensionally stable. A membrane separates
the anode chamber from the cathode chamber. The electrolyte in the anode chamber consists
of concentrated brine and the electrolyte in the cathode chamber consists of 30-33 % NaOH.
The concentrated brine solution is pumped into the anode chamber, where the chlorine ions are
reduced to chlorine gas. The sodium ions diffuses through the membrane and reacts with water,
to produce hydrogen gas and sodium hydroxide. The cell reaction is given by the anode reaction

2NaCliaq) == 2Na(,y) + Cly) +2¢~ (2.1)

and the cathode reaction

2Hy00) + 2 Na@q) +2e” &= Hy) +2NaOH,q) 2.2)

which gives the total reaction

2 NaCl(aq) + 2 HQO(]) S ClQ(g) + HQ(g) + 2 NaOH(aq) 2.3)
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Figure 2.1: Illustrates the chlor-alkali process in a membrane cell [6]
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Figure 2.2: Shows the equivalent circuit of membrane cells in a bipolar cell system[17].

During the shutdown of the bipolar cell system, there is a discharge stage. The natural discharge
is shown in Figure 2.3, where the potential is plotted against the time and cell position. As can
be seen, the cell position affects the cell discharge. This is due to shunt currents, in the form of
ion migrations, in the bipolar cell system at the inlet and outlet tubes. The shunt currents are
driven by polarization gradients throughout the system. Figure 2.4 shows the current flow and
the ion migration through the system during steady state operation. The figure displays how
the basis for the two-dimensional model that are simulated, is constructed. From the figure, the
different parts of the bipolar cell system can be seen. The parts indicated by an A, shows the
anode and the parts indicated by a C, shows the cathode. The membranes are indicated by a B.
The cathodic inlet tubes are indicated by a D and the cathodic header is indicated by an E. The
anodic inlet tubes are indicated by a F and the anodic header is indicated by a G.
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Figure 2.3: Illustrates the natural discharge for the cells in a bipolar cell system, where the cell voltage
is plotted against the time and cell position. The figure is obtained from a presentation given by Egil
Rasten at INOVYN in connection to the training in regards of the project work.
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Figure 2.4: Shows the shunt currents in the form of Na* and OH™ ions that are moving through the inlet
tubes. The figure is obtained from a presentation given by Egil Rasten at INOVYN in connection to the
training in regards of the project work.
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2.2 Cyclic voltammetry

Cyclic voltammetry is widely used in electrochemistry to study the characteristics of electro-
active species. For a three-electrode-setup, the working electrode is exposed to a potential
that changes with time. The potential at the working electrode is measured against a reference
electrode. As can be seen from Figure 2.5, the cyclic voltammetry applies a potential with a
triangular waveform. Each cycle starts at a given potential and runs between the anodic limiting
potential (£,,) and the cathodic limiting potential (F,.) [5]. The speed of which the applied
potential is changing, is called the scan rate. The changes in the potential for the working
electrode, creates a corresponding current between it and the counter electrode. The generated
current is due to deviations from equilibrium at the interface and the equilibrium potential [1].
The potential range is set at an interval containing the redox processes of interest[18]. In an
aqueous electrolyte, the anodic and cathodic turning potential, £, and E,, i.e. the limiting
interval potentials, is set at the oxygen and hydrogen evolution potentials [5].

E:a =

Potential (V)
b

m
=]
1

L]

Figure 2.5: By plotting the potential against the time, during cyclic voltammetry, creates a waveform
potential curve. Where E,, is the anodic turning potential and E,,. is the cathodic turning potential. The
slope of the potential curve is the scan rate, v.

Plotting the current between the working electrode and the counter electrode against the poten-
tial between the working electrode and the reference electrode, creates a voltammogram. An
example of a voltammogram is shown by Figure 2.6. For a system with an aqueous electro-
lyte, with no active redox couples in the solution, the current is generated by formation and
dissolution of chemisorbed hydrides and oxide layers on the electrode surface [5]. from point
1 in Figure 2.6, the applied potential increases. When the potential gets high enough to oxidize
the electrode surface, the anodic current increases until it reaches the anodic peak current (,,).
From the point of the anodic peak current, the anodic current decreases. After reaching the
anodic turning potential, a cathodic current will start to generate. The cathodic current is gen-
erated by reduction of the electrode species. The cathodic current increases until it reaches the
cathodic peak potential (z,.). For cyclic voltammetry, the mentioned redox processes repeats as
the potential changes as shown in Figure 2.5.
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Current (4)

Potential (V)

Figure 2.6: In a voltammogram, the current or current density is plotted against the potential. i, is the
anodic peak current and the 7, is the cathodic peak current.

From the voltammogram, the capacitance of the electrode can be found. L. Yanan et.al. defines
the capacitance as a body’s ability to store electrical charge [14]. The capacitance is given in
farad which is defined by the Bureau International des Poids et Mesures as the capacitance of
a capacitor between the plates of which there appears a potential difference of 1 volt when it is
charged by a quantity of electricity of 1 coulomb [15]. The capacitance is given by Equation
(2.4).

_4Q

C_dE

2.4)

where (' is the capacitance, () is the charge and E is the potential. The current density is given
by Equation (2.5).

_dQ

L= (2.5)

where ¢ is the time. By Inserting d() from Equation (2.5) into (2.4) gives the Equation (2.6).

{
dt

Since the scan rate is given by the change of the potential divided by the change of the time.
Equation (2.6) thereby becomes Equation (2.7).

C =

7
14

2.7)

where v is the scan rate.
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2.3 RuO, kinetics

Ruthenium is an element that can occur in many oxidation states, which in turn gives the pos-
sibility of it forming different oxides. The total capacitance of the ruthenium oxide is mainly
due to the pseudocapacitance, in addition to the usual double-layer capacitance [8]. Through-
out the project report, the two ruthenium species that will be taken into account are RuO, and
RuOOH. The equilibrium reaction between ruthenium oxide (RuO;) and ruthenium oxyhy-
droxide (RuOOH) is the cause of the pseudocapacitive abilities. The equilibrium reaction is
given by Reaction (2.8).

RuOy(s) + HoO(¢) + e~ == RuOOH (s) + OH™ (aq) (2.8)

Figure 2.7 shows the voltammogram of ruthenium and titanium in 0.5 M H,SO,. As can be
seen, the voltammogram of ruthenium contains an anodic and a cathodic peak current, i,, and
ipc.- The anodic current generated is due to oxidation of RuOOH to RuO,. The cathodic current
is in turn generated by reduction of RuO, to RuOOH. The mechanism behind the redox reaction
is proton-electron couple transfer [8].

(b) TIO, web

o= T oEm me wE  a - g o Wm g Em ™

Current (A)

Potential (V)

Figure 2.7: The voltammogram of (a) is for a titanium plate and (b) is for TiO; nanofibres coated with
RuO; [19].

2.4 Electrochemical impedance spectroscopy
2.4.1 General theory

Electrochemical impedance spectroscopy is used to learn about the characteristics of electronic
materials and electrochemical systems [16]. This section will address the general theory and its



2.4. Electrochemical impedance spectroscopy 9

application to determine the extent to which a reaction is surface limited. It will also address
measurement models for analysis of impedance data.

When conducting an electrochemical impedance spectroscopy experiment, a constant potential
is imposed on the cell. The potential experiences a frequency with an amplitude of, in this
project, 5 mV'. The frequency form a sinusoidal curve for the potential, which is given by

E, = Eysin (wt) (2.9

where F; is the potential, Fj is the potential amplitude and w is the angular frequency. For a
linear system, the frequency in the potential creates a response frequency for the current [10].
The response frequency form a sinusoidal curve as well, and can be written as

I, = Iysin (wt + o) (2.10)

where [ is the current, /; is the current amplitude and ¢ is the phase angle between the potential
phasor and the current phasor. The relationship between the current phasor and the potential
phasor is shown in Figure 2.8.

w

T

A eori
0

Figure 2.8: The phasor diagram shows the change and the relationship between the alternating current
and potential. The phase angle between the alternating current and the potential is shown as ¢ [2].

The impedance can be interpreted as a generalized resistance. Therefore an expression for the
impedance can be written with Ohm’s law

7 -
I

(2.11)

where Z is the impedance. When inserting Equation (2.9) and (2.10) into Equation (2.11), gives
the equation

Epsin (wt) sin (wt)

" Ipsin (wt+¢)  sin(wt+ ¢) 2.12)

With the euler’s relationship of
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exp (j) = cos () + j sin (¢) (2.13)
makes it possible to write the impedance as the complex form

exp (jwt)
"exp (jwt — ¢)

Figure 2.9 shows an example of an impedance vector diagram. Where the two vectors R, real
and X, imaginary, creates the impedance vector, Z with the angle ¢.

7 = = Zoexp (@) = Zo [cos (¢) + jsin (¢)] (2.14)

R >
A
¢

\

Figure 2.9: Vector diagram of the impedance, where R is the real component and X¢ is the imaginary
component. ¢ is the phase angle between the impedance vector and the real vector [2].

2.4.2 Impedance of a capacitor

For a capacitor with its equivalent R-C circuit as shown in Figure 2.10, the impedance is written
as

Z=R- L (2.15)

where R is the real part and J is the imaginary part. Sinusoidal curves for the potential

and the current for such a CirCCl‘:)lit, when performing EIS is shown in Figure 2.11(a). As can
be seen from Equation (2.15), the real part is independent of the angular frequency. The real
value will therefore be constant and the accompanying Nyquist plot for a capacitor is shown
in Figure 2.11(b). Since the real part in the impedance for a capacitor does not change with
different angular frequencies, the phase angle between the impedance vector and the real part is
90°. This can also be seen in the sinusoidal curves for the capacitor.

R

—

Figure 2.10: Illustrates an equivalent R-C circuit for a capacitor [10].
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Figure 2.11: (a) Shows the sinusoidal curves for the potential and the current with a phase angle of
90° [2]. (b) Shows the Nyquist plot for a capacitor [3].

For a capacitor, the imaginary part of the impedance is given by

- Zimag = 7 N - - A (216)

C— (2.17)

2.4.3 Constant phase element

Constant phase element, hereby denoted as CPE, corresponds to an equivalent circuit for a non-
ideal capacitor [12]. The equivalent R-Q circuit for such an element is shown by Figure 2.12.
The Nyquist plot for the R-Q circuit is shown by Figure 2.13, as a depressed semi-circle. The
impedance for the R-Q circuit is given by

1
Z(w) =R+ — (2.18)
W= Gy
where the real part is given by
cos (&*
Zrea = R+ ( = ) (219)
Qe
and the imaginary part is given by
Zimag = _Sln (7) (220)

Qu*
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Q

— R

Sl
N

Figure 2.12: Illustrates the equivalent R-Q circuit of a CPE [12].

0.5

Zimag
ol

Zreal

Figure 2.13: Nyquist plot of a R-Q circuit for a CPE.

2.4.4 Warburg impedance

For a cell where the rate determine step is semi-infinte diffusion limited, has an equivalent
R.-W circuit that is shown with Figure 2.14 [10].

—Ra —W——

Figure 2.14: Shows an equivalent R.:-W circuit for Warburg impedance [4].

The Warburg impedance for such a circuit can be written as

Z = Zy [w™*® — jw™"?] (2.21)

and 7 is given by

RT
(nF)* C%/2D

(2.22)

Zy =

where C? is the bulk concentration [2] [3]. A Nyquist plot of the Warburg impedance is shown
by Figure 2.15. The phase angle between the real part and the impedance is 45°.
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Figure 2.15: Shows a vector diagram of Warburg impedance. The phase angle between the real com-
ponent vector and the impedance vector is 45° [2].

By comparing the impedance of a capacitor and for Warburg impedance, some conclusion re-
garding surface limited reactions can be made. An electrode with reactions that is not surface
limited, but diffusion limited, will have a Nyquist plot where the phase angle is around 45°.
However, an electrode where the reactions are completely surface limited, the electrode will
have a phase angle between the impedance vector and the real component vector of 90°, as
shown in Figure 2.11(b). Thus, by constructing a Nyquist plot from an electrochemical imped-
ance spectroscopy measurement and checking the phase angle, an assessment of the extent to
which the occurring reactions are surface limited or diffusion limited can be made.

2.4.5 Measurement models

Electrochemical impedance spectroscopy can also be used to determine if a system is station-
ary [16]. The Voight model, that uses electrical circuit analogue shown in Figure 2.16, has a
corresponding impedance equation of

Z(w)=2Zy+Y. _ Bk (2.23)
k

which is consistent with the Kramers-Kronig relationship given by the Equations (2.24) and (2.25).
By fitting the Voight model to the physical impedance data, the stationarity of the system can be
evaluated. A good fit corresponds to a stationary system, which means that it is stable, causal
and linear [16]. The above mentioned sub-sections about electrochemical impedance spectro-
scopy, addresses an assumed completely linear system. Having a good fit confirms that the
system can be analyzed as linear, instead of non-linear, which is significantly harder [10].
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Z, (w) = Z, (00) + ; /0 ez (2 :ZQZ () g (2.24)
Z; (w) = —27“ T4 (ig - f;‘ ) (2.25)
i -

(1) @ e W ey ()

Figure 2.16: Illustrates the Voight electrical circuit analogue with n number of elements [16].
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3.1 Transient model for bipolar electrolyser
The governing equation for the electrolyte is Poisson’s equation

v =L (3.1)

where p is the charge density and € the dielectric constant of the solution. We assume elec-
troneutrality (p = 0), and
Vi =0 (3.2)

where ¢ is the potential in the electrolyte [13]. Suitable boundary conditions at electrode sur-
faces are ”

| = —kV¢ = —FI— 3.3
7 kV o 7 (3.3)

where ¢ is the current density, ~ the electrolyte conductivity, I' to total number of redox-active
sites in the catalytic layer, # the fraction of these that are in the reduced state, and ¢ is the time.
As initial conditions a certain value of # for each solid surface and ¢ for each point in space
may be assumed. Equation (3.2) is an elliptic partial differential equation.

We assume that the time derivative in Equation (3.4) can be related to the potential as

Vo= —prd0de _ 4o

do dt ~ dt (34)

At membrane surfaces we assume that Ohm’s law applies so that the boundary condition be-
comes
— kV¢" = j* (3.5)

where j* is the current density in time-step k (not to be confused with the y coordinate index).
A numerical solution implies a discretization of the Equations (3.2) and (3.4)
¢ (i +1,7) —2¢" (i,) + 6" (i — 1. ) n ¢ (i,j +1) —2¢" (i,2) + ¢* (i,j — 1)
(Az)? (Ay)*

=0 (3.6)

For Az = Ay this reduces to
48 (i,4) =" (i +1,j) =" (i = 1,j) = ¢* (i, j + 1) =" (i,j —1) =0 (3.7

For the boundary condition at the surface of an electrode for which Equation (3.4) applies (given
below for the example in which the surface is placed at j = 1)

2Ax B KAt

(3.8)

15
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or
—3¢" (1,5) + 4" (2,5) — ¢ (3,5) = A [¢" (1,5) — "' (1, 4)] (3.9)
where oA
i
)\ = A (3.10)

k represents time and ¢,j a position in space. Equation (3.12) represents a three-point for-
ward finite difference in space and a two-point forward difference in time. Other discretization
schemes may of course also be used.

The boundary condition for inert surfaces is given by Equation (3.11)

— 36" (1,7) + 46" (2,7) — ¢" (3,7) =0 (3.11)

For the boundary condition at the surface of a membrane for which Equation (3.5) applies (given
below for the example in which the surface is placed at j = 1)

N = —; (3.12)
or
—3¢" (1,7) + 49" (2,5) — 0" (3,4) = —us" (3.13)
where
= me (3.14)

At insulating surfaces the current is zero, and so is therefore the potential. This gives another
set of equations, for example

— 30" (i,1) + 46" (,2) — ¢" (4,3) = 0 (3.15)

if the current is zero at the surface (i, 1).

Equation (3.7) and the boundary conditions above give a set of linear equations to be solved for
each time step k, for which the potentials for the previous time step qﬁﬁ;l are known. The set
may be represented by a sparse, partly banded, matrix for which solvers exist, e.g. in Matlab.

Note that the equations presented here only models the capacitive and ohmic processes. Poten-
tial differences caused by differences in chemical composition along the electrolyser will give
significant and possibly even dominant contributions to the cell and stack potentials. However,
we will argue below that such contributions can be simply included in the model, and that the
model formulation above will give a good representation within the time frame relevant for
diagnostics of the remaining lifetime of electrocatalytic layers at electrodes.



4 Simulation

The simulation was done with the GeneratingMatrixCreepCurrentDynamicSimulation Matlab
code, attached in Appendix A. The code was written as the mayor part of this master thesis
work. In short, the code builds up a 2-dimensional model of the bipolar cell system, with shunt
currents going through the inlet headers. It dynamically simulates the discharge of the bipolar
cell system with respect to the time. At the initial time, the code simulates the steady state of
the bipolar cell system during operation. The 2d model displays the potential values, which in
turn illustrates the current distribution throughout the bipolar cell system.

4.1 GeneratingMatrixCreepCurrentDynamicSimulation

The 2-dimensional model was based on the Figure 2.4. By placing theoretical nodes in the fig-
ure, where each nodes is given an i and j value, an equation setup based on Equations (3.7), (3.9),
(3.11) and (3.13) can then be constructed. Figure 4.1 shows such a layout. The equation setup
represents a discretized 2d model of the bipolar cell system. Due to the shunt currents of the
system, Equation (3.13) has to be written as

— " (i —2,§) +46" (i — 1,5) — 60" (i,5) + 46" (i+ 1,5) —¢" (i +2,5) =0 (4D

This is because the current through the membrane is unknown, due to some of it going through
the inlet headers.

The placement of the nodes, seen in Figure 4.1, determines which discretized equations that are
applicable. The Equation (3.9) applies for nodes placed at the surface of an anode or a cathode.
Equation (4.1) applies for nodes placed at the membrane surface. Equation (3.11) applies to
nodes placed at inert surfaces. For nodes that are placed internally in the anodic chamber,
cathodic chamber, the membrane and in the inlet tubes and headers, Equation (3.7) applies.

17
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Figure 4.1: Nodes are placed in the 2- dimensional model of the bipolar cell system. Each node is
connected to its neighboring node.

In order to build up the model, the written Matlab code goes through the node structure and
recognizes what kind of placement the nodes are given, based on dimensional parameters. The
code uses several for loops which goes through the i1 and j directions, and adds the correspond-
ing discretized equation or equations to that node. The discretized equation sets are represented
by a coefficient matrix, A and the column vector b. Because of the discretization of the Equa-
tions (3.1) and (3.2), the set of linear equations can be represented by

A-z=b (4.2)

Where A represents the coefficient matrix, b represents column vectors and x is the unknown.
For the given model, the unknown x-values represents the potential in the electrolyte at a given
(i,j)-position.
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Figure 4.2 shows an example of a generated coefficient matrix A, done by GeneratingMatrix-
CreepCurrentDynamicSimulation code. Each blue dot represents a value in the given matrix.
The matrix represents a small model with only three cells in a bipolar cell system. Figure 4.3
shows the corresponding column vector b, where the blue dots represents a value in the given
column vector. By dividing the column vector b, with the coefficient matrix A, the x-values are
given. These x-values are shown by Figure 4.4. Where the x-axis represents the position of the
value and the y-axis represents the potential value of the position.

By plotting the x-values with respect of the (i,j)-position, Figure 4.5 is given. The x-axis repres-
ents the i-position and the y-axis represents the j-position. The potential values of x are given by
the z-axis. The middle "wave" in the figure, represents the bipolar cells with anodes, cathodes
and membranes. The outer "waves" represents the inlet headers and its connections between the
middle "wave", represents the inlet tubes to the anode and cathode compartment. The different
parts of the cell system is indicated in Figure 4.5 in the same manner as that of Figure 2.4.

Figure 4.6 shows the flowchart as a diagrammatic representation of the algorithm in the Gen-
eratingMatrixCreepCurrentDynamicSimulation code. The code uses inputs such as model di-
mensions, capacitance values and the size of the time iteration steps, as a way of defining the
system. There are major limitations of the model dimensions, due to insufficient capacity of
the processor and the RAM of a common computer. In order to do a full dimensional simula-
tion, a supercomputer has to be used. The figure also indicates the different parts of the bipolar
cell system, which could be compared Figure 2.4. Where an A indicates the placement of the
anodes and a C indicates the placement of the cathodes. The membranes are indicated by a B.
The cathodic inlet tubes are indicated by a D, and the cathodic header is indicated by an E. The
anodic inlet tubes are indicated by a F and the anodic header is indicated by a G.

The capacitance values found by the EIS experiments are inserted into Equation (3.4). By
definition, the capacitance is given by

dQ
C=-" 4.3
o (4.3)
By multiplying with d¢ and dividing with dt, Equation (4.3) becomes
dp _dQ _
— = —= 4.4
at ~ ar ! *4)
By combining Equation (4.4) with the equation
Q=T0F (4.5)
gives the equation
d¢ do
— =IT'F— 4.6
dt dt (4.6)

From the Equation (3.4) and (4.6), the constant, K, is thereby given as K = —C.
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The conductance, ~ of the anodic electrolyte, of 250 g/L NaCl and the cathodic electrolyte, of
30 % NaOH, are found to be approximately 20.5344 Sm~! and 32.25 Sm~! [9]. Thus the )
value from Equation (3.10), varies with the size of the time iteration step, At.
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Figure 4.3: Column vector b. Each blue dot corresponds to a value in the column. The y-axis represents
the number of equations.

(UL ||1}|||}|||}|||}\\ | H||||

-2

—
I

-3 I I
0 500 1000 1500 2000 2500 3000

Figure 4.4: The x-values are given as potentials values. The x-axis represents the position of the x-value
and the y-axis represents its value.
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Start of function:

GeneratingMatrixCreepCurrentDynamicSimulation

!

Input parameters:

Modell dimensions, capacitance values, size and numbers of time iterations. Etc.

!

Creating 2d model for the bipolar cell system with creep currents during operation

Y

Start of dynamical simulation loop of the model during discharge

F 3

Fortt<or=t

End of dynamical Generating left-hand side Changing counters
simulation loop discretized matrix A, and [»{ and right-hand side
right-hand side matrix b. values

r
Processing data

A 4

Data Display
output data

h 4

End of function:

GeneratingMatrixCreepCurrentDynamicSimulation

Figure 4.6: The figure shows the flowchart of the GeneratingMatrixCreepCurrentDynamicSimulation
code.
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The experimental work consisted of cyclic voltammetry and electrochemical impedance spec-
troscopy. An air-tight three-electrode-setup configuration for a half cell was used to carry out
the experiments. Such a setup is shown by Figure 5.1. In addition, the three-electrode-setup
had one inlet tube and one outlet tube for nitrogen purging. The inlet tube could be lowered
or raised in order to purge oxygen from the electrolyte and the space above it. The end of the
outlet tube was placed in a cylinder containing water to measure the nitrogen overpressure. A
platinum plate was used as the counter electrode and an Ag/AgCl reference electrode was used
as the reference electrode. For the experiments with the anode as working electrode, a solution
of 250 g/L NaCl with a pH of 11 was used as the electrolyte. For the experiments with the cath-
ode as working electrode, a solution of 30% NaOH was used as the electrolyte. The Autolab
PGSTAT30 with the associated NOVA 2.0 software was used as the potentiostat.

[ Potentiostat
WE REF C

WE=Working Electrode
REF = Reference Electrode
Lid CE = Counter Electrode

Wessel

Solution

Luggin capillary

Figure 5.1: Three-electrode-setup for a half-cell that was used in the experiments.
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5.1 Electrodes

The anode and the cathode that were used in the experiments are of the same commercial type
that is used in the chlor-alkali industry. The commercial anode has a mesh structure and is
made of titanium, with a coating of TiO, RuO, and IrO,. The commercial cathode also has a
mesh structure and is made of nickel, with a coating of NiO, and RuQO,. In order to measure
the state of the electrodes, a positive material identification, hereby denoted as PMI, was used.
The PMI uses X-ray fluorescence (XFR) to identify the composition of a metal or an alloy. The
PMI measurements gave a percentage value of Ru from a pre-set standard of Ru content in the
coating. A value of 100 % is the equivalent of that of a new anode. The results from the PMI
measurements of the anode and the cathode, that were used in the experiments, are shown in
Table 5.1.

Electrodes | PMI (%)

Anode 102.8
Cathode 114.1

Table 5.1: The PMI value of the anode and the cathode from a pre-set value of Ru content in the coating.

In order to make the electrode samples, small parts from the anode mesh and the cathode mesh
were sawed-off. The small anode parts were spot welded to a titanium wire and the small
cathode parts were spot welded to a nickel wire. The spot welding resulted in damaged areas on
the electrodes. To make these ares inert, apiezon wax was soldered on to the electrodes. Before
the experiments commenced, the anode was driven with chlorine development and the cathode
was driven with hydrogen development, for two hours. This was done to make sure that the
oxide composition in the coatings were normal.

5.2 Cyclic voltammetry

Cyclic voltammetry, hereby denoted as CV, was used to determine which potential range the
electrochemical impedance spectroscopy experiments could be run within. The results from the
CV is shown in Figure 6.1 and Figure 6.2.

The CV experiment with the anode as the working electrode used a platinum electrode as the
counter electrode and an Ag/AgCl reference electrode as the reference electrode. The electro-
lyte consisted of 250 g/L. NaCl, with a pH of 11. Before the experiment, the electrolyte was
purged with nitrogen for ten minutes. The inlet tube was then raised to purge the space above it
throughout the experiment. The CV was run with a series of five cycles. The scan rate was 100
mV/s and the potential range was between —0.6 V vs. Ag/AgCl and 0.8 V vs. Ag/AgCl.

The CV experiment with the cathode as working electrode used a platinum electrode as the
counter electrode and an Ag/AgCl reference electrode as the reference electrode. The electro-
lyte consisted of 30 % NaOH. Before the experiment, the electrolyte was purged with nitrogen
for ten minutes. The inlet tube was then raised to purge the space above it throughout the ex-
periment. The CV was run with a series of five cycles. The scan rate was 100 mV/s and the
potential range was between —1.05 V vs. Ag/AgCl and —0.1 V vs. Ag/AgCl.
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5.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy, hereby denoted as EIS, was used in order to find the
capacitance of the anode and the cathode. The results are shown in Section 6.2.

The EIS experiment with the anode as the working electrode used a platinum electrode as the
counter electrode and an Ag/AgCl reference electrode as the reference electrode. The electro-
lyte consisted of 250 g/L. NaCl, with a pH of 11. Before the experiment, the electrolyte was
purged with nitrogen for ten minutes. The inlet tube was then raised to purge the space above it
throughout the experiment. A magnetic stirrer was also used during the pre-experimental pur-
ging and during the execution of the experiment. The frequency range of EIS was from 1-10° to
0.1 Hz and had an amplitude of 5 mV. The EIS was run with five different potentials of —0.2, 0,
0.2,0.4 and 0.6 V vs. Ag/AgCl, where each potentials was held for 5 minutes before commen-
cing and during the experiment. The results from the EIS experiment with the held potential of
0.2 V vs. Ag/AgCl, was used further on to find the capacitance.

The EIS experiment with the cathode as the working electrode used a platinum electrode as the
counter electrode and an Ag/AgCl reference electrode as the reference electrode. The electro-
lyte consisted of 30 % NaOH. Before the experiment, the electrolyte was purged with nitrogen
for ten minutes. The inlet tube was then raised to purge the space above it throughout the ex-
periment. A magnetic stirrer was also used during the pre-experimental purging and during the
execution of the experiment. The frequency range of EIS was from 1 - 10° to 0.05 Hz and had
an amplitude of 5 mV. The EIS was run with four different potentials of —0.8, —0.6, —0.4 and
—0.2 V vs. Ag/AgCl, where each potentials was held for 5 minutes before the commencing and
during the experiment. The results from the EIS experiment with the held potential of —0.4 V
vs. Ag/AgCl, was used further on to find the capacitance.
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6 Results

6.1 Experimental work

6.1.1 Cyclic voltammetry

Figure 6.1 shows the voltammogram of the anode sample. The experiment was done with a
scan rate of 100 mV/s. The electrolyte consisted of 250 g/L. NaCl, with a pH of 11. The cell
was purged with nitrogen before and during the experiment. The potential range was between
-0.6 and 0.8 V vs. Ag/AgCl. From the voltammogram, it was decided that the EIS experiment
for the anode could be run with the potentials of -0.2, 0, 0.2, 0.4 and 0.6 V vs. Ag/AgCl.

WE(1).Current (A)

I e e R A o B o

0,60 0,40 0,20 0,00 0,20 0,40 0,60 0,80
Potential applied (V)
Figure 6.1: Cyclic voltammogram of the anode sample in 250 g/L. NaCl and with a pH of 11. The x-axis
shows the potential in V vs. Ag/AgCl and the y-axis shows the current (A).

Figure 6.2 shows the voltammogram of the cathode sample. The experiment was done with a
scan rate of 100 mV/s. The electrolyte consisted of 30 % NaOH. The cell was purged with
nitrogen before and during the experiment. The potential range was between -1.05 and -0.1 V
vs. Ag/AgCl. From the voltammogram, it was decided that the EIS experiment for the cathode
could be run with the potentials of -0.8, -0.6, -0.4, and -0.2 V vs. Ag/AgClI.
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Figure 6.2: Cyclic voltammogram of the cathode sample in 30 % NaOH. The x-axis shows the potential
in V vs. Ag/AgCl and the y-axis shows the current (A).

6.2 Electrochemical impedance spectroscopy
6.2.1 Anode sample

Figures 6.3 and 6.4, show the complex impedance plane plot, normally called a Nyquist plot, for
the anode sample. Figure 6.5 shows its corresponding Bode plot and Figure 6.6 shows the real
and imaginary error at the given frequency. The EIS experiment to which these data belongs
to was conducted with a potential of 0.2 V vs. Ag/AgCl and with an amplitude of 5 mV. The
frequency varied from 1 * 10° to 0.1 Hz. The electrolyte consisted of 250 g/L NaCl, with a pH
of 11.

The red data points in the Figures 6.3, 6.4 and 6.5, are the physical impedance data, while the
blue data points is the simulated ones. As can be seen, there is a good fit between the simulation
and the physical data. For the simulation, a Voight electrical circuit analogue for CPE, with two
Voight elements as shown in Figure 2.16, were used.

As can be seen from Figure 6.3, the real component of the impedance changes little, with respect
to the frequency, compared to the imaginary component. The complex impedance plane plot is
therefore quite similar to that of a capacitor. Figure 6.4 shows the enlargement of the area at
around 1 to 4.5 for the real component of the impedance and -0.5 to 2 for the imaginary part of
the impedance. The complex impedance plane plot of this area shows similarities with Nyquist
plots of a CPE, shown by Figure 2.13.
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Figure 6.3: Complex impedance plane plot of the anode sample done with a potential of 0.2 V vs.
Ag/AgCl. The electrolyte consisted of 250 g/L. NaCl, with a pH of 11.
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Figure 6.4: Enlarged area of the complex impedance plane plot of the anode sample, shown by Fig-
ure 6.3.
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Figure 6.5: Bode plot of the anode sample done with a potential of 0.2 V vs. Ag/AgCl. The electrolyte
consisted of 250 g/L. NaCl, with a pH of 11.
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Figure 6.6: The upper plot shows the imaginary component error and the lower plot shows the real com-
ponent error, with respect to the frequency. The plots corresponds to the EIS data, shown by Figure 6.3
for the complex impedance plane plot and Figure 6.5 for the Bode plot.

Assuming that the anode possesses the properties of a capacitor, the capacitance could be cal-
culated by Equation 2.17. From the EIS experiment, it was found that the capacitance of the
anode sample was around 3.54 x 10~3 F. The impedance data points from the area where the
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anode sample showed the properties to that of a CPE, where ignored during the calculation.

6.2.2 Cathode sample

Figure 6.7 shows the complex impedance plane plot, normally called Nyquist plot, for the cath-
ode sample. Figure 6.8 shows its corresponding Bode plot and Figure 6.9 shows the real and
imaginary error at the given frequency. The EIS experiment to which these data belongs to,
was conducted with a potential of -0.4 V vs. Ag/AgCl and with an amplitude of 5 mV. The
frequency varied from 1 % 105 to 0.05 Hz. The electrolyte consisted of 30 % NaOH.

The red data points in the Figures 6.7 and 6.8, are the physical impedance data, while the blue
data points is the simulated ones. As can be seen, there is a good fit between the simulation
and the physical data. For the simulation, a Voight electrical circuit analogue with three Voight
elements as shown in Figure 2.16, were used. As can be seen from Figure 6.7, the real compon-
ent of the impedance changes little with respect to the frequency, compared to the imaginary
component. The complex impedance plane plot is therefore quite similar to that of a capacitor.
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Figure 6.7: Complex impedance plane plot of the cathode sample done with a potential of -0.4 V vs.
Ag/AgCl. The electrolyte consisted of 30 % NaOH.
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Figure 6.8: Bode plot of the cathode sample done with a potential of -0.4 V vs. Ag/AgCl. The electrolyte
consisted of 30 % NaOH.
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Figure 6.9: The upper plot shows the imaginary component error and the lower plot shows the real com-
ponent error, with respect to the frequency. The plots corresponds to the EIS data, shown by Figure 6.7
for the complex impedance plane plot and Figure 6.8 for the Bode plot.

Assuming that the cathode possesses the properties of a capacitor, the capacitance could be
calculated by Equation (2.17). From the EIS experiment, it was found that the capacitance of
the anode sample was around 0.022 F.
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6.3 Simulations

6.3.1 During operation

The initial condition of the dynamical simulation of the bipolar cell system discharge, shows
the model under steady-state operation. The dynamical simulations were done by the Gener-
atingMatrixCreepCurrentDynamicSimulation code, written in Matlab as the mayor part of the
master thesis work. Figures 6.10 and 6.11 show the potentials throughout the bipolar cell sys-
tem, inlet tubes and headers, during operation. The cell system is compiled by seven membrane
cells. The difference between these two models are that the anodic and cathodic inlet tubes are
five times longer than in Figure 6.11 then for Figure 6.10.

The simulation, shown by Figure 6.10, has a potential drop of 25.21 V through the bipolar cell
system. The potential drops through the anodic header and the cathodic header are respectively
21.13 V and 21.13 V. The simulation, shown by Figure 6.11, has a potential drop of 27.57 V
through the bipolar cell system. The potential drops through the anodic header and the cathodic
header are respectively 15.14 V and 15.14 V. By increasing the anodic and cathodic inlet tubes
by five times, the potential drop through the cell system increases by 2.36 V, and the potential
drops through the headers decreases by 5.99 V.
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Figure 6.10: The figure shows the potential throughout the bipolar cell system with shunt currents, for a compilation of seven membrane cells. The x-axis
represents the i-position. The y-axis represents the j-position. The vertical z-axis, represents the potential values to the given position.
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6.3.2 Discharge by variations of shunt currents

Figures 6.12, 6.13, 6.14, 6.15 and Figures 6.16, 6.17, 6.18, 6.19, shows the discharge simula-
tion of the bipolar cell system with shunt currents for different time intervals. The simulation
done in Figures 6.16 to 6.19 have three times longer anodic and cathodic inlet tubes, than for
Figures 6.12 to 6.15. The time iteration steps, At, are respectively 0.001, 0.01, 0.1 and 1.

Figure 6.12 and 6.16 shows the simulation with the time iteration step 0.001. The simulation
for Figure 6.16 have three times longer anodic and cathodic inlet tube length than Figure 6.12.
From Figure 6.12 it can be seen that the bipolar cell system experiences a potential drop of
1.337 V. The potential drop through the anodic header and the cathodic header are respectively
0.337 V and 0.0888 V. From Figure 6.16, it can be seen that the potential drop through the
bipolar cell system is 1.339 V. The potential drop through the anodic and cathodic headers are
respectively 0.219 V and 0.065 V.

Figure 6.13 and 6.17 shows the simulation with the time iteration step 0.01. The simulation for
Figure 6.17 have three times longer anodic and cathodic inlet tube length than Figure 6.13. From
Figure 6.13 it can be seen that the bipolar cell system experiences a potential drop of 0.0841 V.
The potential drop through the anodic header and the cathodic header are respectively 0.0521 V
and 0.0181 V. From Figure 6.17, it can be seen that the potential drop through the bipolar cell
system is 0.0879 V. The potential drop through the anodic and cathodic headers are respectively
0.0399 V and 0.0225 V.

Figure 6.14 and 6.18 shows the simulation with the time iteration step 0.1. The simulation for
Figure 6.18 have three times longer anodic and cathodic inlet tube length than Figure 6.14. From
Figure 6.14 it can be seen that the bipolar cell system experiences a potential drop of 0.0932 V.
The potential drop through the anodic header and the cathodic header are respectively 0.0747
V and 0.076 V. From Figure 6.18, it can be seen that the potential drop through the bipolar cell
system is 0.0961 V. The potential drop through the anodic and cathodic headers are respectively
0.0672 V and 0.0686 V.

Figure 6.15 and 6.19 shows the simulation with the time iteration step 1. The simulation for
Figure 6.19 have three times longer anodic and cathodic inlet tube length than Figure 6.15.
From Figure 6.15 it can be seen that the bipolar cell system experiences a potential drop of
0.0102 V. The potential drop through the anodic header and the cathodic header are respectively
8.5% 1073 V and 8.5 x 10~3 V. From Figure 6.19, it can be seen that the potential drop through
the bipolar cell system is 0.0105 V. The potential drop through the anodic and cathodic headers
are respectively 7.6 1072 V and 7.7 * 1073 V.
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Figure 6.15: The figure shows the potentials throughout the bipolar cell system with shunt currents, for a compilation of seven membrane cells. The
discharge simulation was done with the time iteration step of 1. The x-axis represents the i-position. The y-axis represents the j-position. The vertical z-axis,

represents the potential values to the given position.
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Figure 6.17: The figure shows the potentials throughout the bipolar cell system with shunt currents, for a compilation of seven membrane cells. The
discharge simulation was done with the time iteration step of 0.01. The x-axis represents the i-position. The y-axis represents the j-position. The vertical

z-axis, represents the potential values to the given position.

300

y-axis




45

3. Simulations

08

‘uonisod uaa13 ay) 01 sanyea renuajod oy sjuasardar ‘sixe-z
[eonoA ayp, ‘uonisod-[ oy syuasardar srxe-A oy, ‘uonisod-1 ay) syuasaidar stxe-x oy, "1°(Q JO dois UOIBISN Wl AY) YA SUOP Sem UOIR[NWIS 3TILYISIP
QUL "S[[90 QUBIqUIdW UAJS JO uone[rdwod € I0j ‘Sjualmd junys Yim wolsAs [[20 rejodiq ayy noysnoay spenualod oyl smoys a3y ay], Q19 3ansIyg

00e SIXe-X
0G¢

sIxe-A 0

_____________ ™
____________ | __________ ~ 0
Jin




46 Results

AL gl
05T Ll
P .____________._._._.______________.___________“____._._____________________ sl
0 03— |
S
N 0.2 —
0.1 —
80
O =
0

250

. 0 i
X-axis 300 y-axis

Figure 6.19: The figure shows the potentials throughout the bipolar cell system with shunt currents, for a compilation of seven membrane cells. The
discharge simulation was done with the time iteration step of 1. The x-axis represents the i-position. The y-axis represents the j-position. The vertical z-axis,
represents the potential values to the given position.
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6.3.3 Discharge by variations of capacitance

Figures 6.20, 6.21, 6.22 and 6.23, shows the discharge simulations of the bipolar cell system
with half the capacitance value for the anode and cathode, than for the simulations shown by
Figures 6.12 through 6.19. The anodic and cathodic inlet tube lengths are of the same di-
mensions as the simulations shown by Figures 6.16 through 6.19. The iteration steps, At, are
respectively 0.001, 0.01, 0.1 and 1.

Figure 6.20 shows the simulation with the time iteration step of 0.001. From the figure, it can
be seen that the bipolar cell system experiences a potential drop of 1.0912 V. The potential
drop through the anodic header and the cathodic header are respectively 0.3864 V and 0.0499
V. Figure 6.21 shows the simulation with the time iteration step of 0.01. From the figure, it
can be seen that the bipolar cell system experiences a potential drop of 0.1699 V. The potential
drop through the anodic header and the cathodic header are respectively 0.909 V and 0.0849 V.
Figure 6.22 shows the simulation with the time iteration step of 0.1. From the figure, it can be
seen that the bipolar cell system experiences a potential drop of 0.0512 V. The potential drop
through the anodic header and the cathodic header are respectively 0.0366 V and 0.0371 V.
Figure 6.23 shows the simulation with the time iteration step of 1. From the figure, it can be
seen that the bipolar cell system experiences a potential drop of 5.2 % 10~ V. The potential drop
through the anodic header and the cathodic header are respectively 3.8 * 1072 V and 3.8 x 1073
V.
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Figure 6.20: The figure shows the potentials throughout the bipolar cell system with shunt currents, for a compilation of seven membrane cells. The
discharge simulation was done with the time iteration step of 0.001 and with half the capacitance value of the anode and cathode. The x-axis represents the
i-position. The y-axis represents the j-position. The vertical z-axis, represents the potential values to the given position.
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Figure 6.22: The figure shows the potentials throughout the bipolar cell system with shunt currents, for a compilation of seven membrane cells. The
discharge simulation was done with the time iteration step of 0.1 and with half the capacitance value of the anode and cathode. The x-axis represents the

i-position. The y-axis represents the j-position. The vertical z-axis, represents the potential values to the given position.
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7 Discussion

The anode and the cathode were assumed to possess the properties of a capacitor. From the Fig-
ures 6.3 and 6.7, it can be seen that the phase angles, between the real and imaginary impedance
components, are close to 90°. The deviation from the 90° can be caused by some small degree
of diffusion of the reactants in the coatings or be caused by a non ideal current distribution dur-
ing the EIS experiments. The phase angle of the anode is closer to 90° than that of the cathode.
This may be because the coating made from nickel oxide and ruthenium oxide on the cathode,
is more porous than the coating made of ruthenium oxide, iridium oxide and titanium oxide on
the anode.

An important aspect of the model presented in Section 3 above is that it does not include other
sources of potential differences in the system, but those related to ohmic drops in the electro-
lyte. Other sources of potential differences in bipolar cell systems may exist, such as those
established by the Nernst equation,

B — E() . RT In 1—Iproductsafy
nkF Hreactants a’

(7.1)

due to compositional differences between the anolyte and the catholyte. In addition to the reac-
tion overpotentials. However, as the electrolyte along the cathode chain is electrically separated
from the anode chain, we may assume that any potential difference resulting from differences
in chemical composition according to Eq. (7.1) can simply be added to all the potentials on
the anode side relative to those at the cathode side. This is applicable during the steady state
operation of the bipolar cell system. For example, a reference electrode submerged at different
points in the catholyte would sense the ohmic drops only with respect to other points in the
catholyte. With respect to a similar reference electrode in the anolyte it would sense the poten-
tial according to Eq. (7.1) in addition. However, this assumption will break down if there are
compositional differences along the cathode or anode chains.

Another way to describe why the Nernstian contributions on the cell potentials can be neglected,
is as follows: Based on Figure 2.4, the cell potentials are given by Ohm’s law, through the
anodic and cathodic electrolyte and the membrane, and the Nernst equation between the anode
and cathode. Since the bipolar cell system is composed of several membrane cells, the cathode
from the left cell will be in contact with the anode from the right cell. So hypothetically, when
moving in the i-position from left to right, the potential will experience a significant drop when
reaching the cathode. But, when moving through the cathode and into the anode, the potential
will experience an equivalent climb. Thus, the Nernstian contribution from the anode and the
cathode will cancel each other out. What remains is then the potential change given by Ohm’s
law. The ability to disregard the Faradaic processes at the anode and the cathode is one of the
strengths of this model.

At the discharge stage of the cell system, the Nernstian contributions may only be neglected for
a short period of time after the cell system is released into open circuit. During the shutdown
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of the cell system, a polarization rectifier is used to hold the cell potentials at around 1.4 V
under the dechlorination stage. At this potential, the bipolar cell system will act as fuel cells,
where oxygen gas is produced at the anodes and hydrogen gas is produced at the cathodes.
When the polarization rectifier is turned off and the electrodes starts to discharge, there will be
oxygen and hydrogen gas at the anode and the electrode surfaces. The activities of these gasses
will influence the cell potentials. For a short time period into the discharge, the activities of
the gasses can be assumed constant. For this time range, the electrodes will only experience
capacitive discharge of the electrode coatings. The gasses would then rise to the top of the cells,
which leads to the activities of the gasses at the electrode surfaces changes with time. Thus, it
could be argued that the discharge stage contains two time intervals, shown by Figure 7.1, with
different types of influences on the cell potentials. The developed model is valid for the first
time interval where the electrodes experiences capacitive discharges.
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Figure 7.1: The figure shows the discharge plot of a anode sample, performed in the previous project
thesis work [11]. The black box indicates the first time interval, where the electrodes undergoes only a
capacitive discharge.

As expected, the length of the anodic and cathodic inlet tubes affects the current distribution
throughout the bipolar cell system during operation. This can be seen by comparing Fig-
ures 6.10 and 6.11. By increasing the anodic and cathodic inlet tube lengths five times, the
potential drop through the cell system increases by 2.36 V. This means that, with the equation,

AU = RAT (7.2)

the current through the bipolar cell system increases with longer anodic and cathodic inlet tubes.
The opposite happens in the headers. When increasing the inlet tubes by five times, the potential
drop through the headers decreases by 5.99 V. Therefore, the amount of current going through
the headers, decreases as the lengths of the anodic and cathodic inlet tube increases. The reason
behind the changes of the current distribution, with respect to the inlet tube lengths, is because
of the increase in the resistance through the longer tubes. It will be harder for the current to go
through the inlet tubes and headers, so a larger amount of current will therefore go through the
cell system instead. This leads to better current efficiency.
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Even though the potential drop through the anodic and cathodic headers are of the same size,
the amount of current going through them are not. The conductance of the anodic electrolyte
is 20.5344 Sm~! and the conductance of the cathodic electrolyte is 32.25 Sm~!. Since the
conductivity can be written as,

1
Relectrolyte = (73)
K

the resistance through the anodic electrolyte is larger than for the cathodic electrolyte. This
leads to a higher amount of current going through the cathodic electrolyte than through the
anodic electrolyte, even though the potential drops are of the same value.

An increase of the anodic and cathodic inlet tube lengths by three times, will not notably change
the potential drop through the cell system and the headers during the discharge stage. By com-
paring the potential drops shown by Figures 6.12 through 6.15 and 6.16 through 6.19, it can be
seen that the potential drop trend from simulation of the steady state process continues. Though
the effect of the inlet tube lengths on the potential drops are significantly smaller. To get a
notable effect, the length of the inlet tube should be increased by a larger amount.

The changes in the capacitance of the anode and the cathode have significant effects on the
potential drops during the discharge stage. By comparing the potential values from the simu-
lations shown by Figures 6.16 through 6.19 and Figures 6.20 through 6.23, it can be seen that
the potential drops happens faster for the simulations done with half the capacitance values for
the anode and the cathode. This was to be expected, based on the discharge experiences done
on the previous work during the project thesis [11]. By measuring the discharge rates based
on the capacitance values and comparing the simulations to the real discharge data, it could be
possible to assume the state of the electrodes. It is nevertheless a long way to go before this is
possible.

The real natural discharge of the bipolar cell system, shown by Figure 2.3, shows a different
picture than for the dynamically discharge simulation done in this master thesis. There may be
several reasons for that. The most evident reason is that the simulation uses the same capacit-
ance values for every anode and the same capacitance value for every cathode. The capacitance
values from a real bipolar cell system that has been run in operation for a few years, will have
lower capacitance values towards the middle of the cell stack. The results of the simulations
done with different capacitance values, shows that it is clear that this will have a significant
impact. The differences in the discharge speed of the anode sample based on the capacitance
values, was also documented in the previous project thesis work [? ]. Another reason may be
that, since this model only addresses the potential changes in the electrolyte, it will not capture
changes in the cell voltages throughout the bipolar cell system. The natural discharge slopes
shown by Figure 2.3, shows the cell voltage, while the simulations in this master thesis, shows
the electrolytic potentials. It may be that the potential drops throughout the bipolar cell system
during a natural discharge, would show similarities with the dynamically simulated potential
drops, shown in the Result chapter.

The dimensions for the bipolar cell system used in the simulations, are to small. Normally a
bipolar cell system for the chlor-alkali production may consist of around 120 to 160 membrane
cells. In these simulation only seven membrane cells were used. In addition, the dimensions
of the inlet tubes and the headers are smaller compared to the cells in real life than for the di-
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mensions used in these simulations. The reason for the small dimensions used in the master
thesis work, is the lack of computer capacity. The algorithm written in the GeneratingMatrix-
CreepCurrentDynamicSimulation code requires a lot of processing power. The data generated,
even though as sparse matrices, requires a huge amount of working memory. A normal portable
computer would not have a chance to dynamically simulate the process with real dimensions.
It is uncertain to what extent a fully dynamical simulation with real dimensions would differ in
comparison to the dynamic simulations with limited dimensional parameters.

7.1 Further work

There are three main areas of which this work could be extended. The first one is to use a
super computer to run the GeneratingMatrixCreepCurrentDynamicSimulation code, in order to
be able to perform dynamical simulations with real life dimension parameters. The second, is
to extend the two-dimensional model into a three dimensional one. This will make it possible
to add the anodic and cathodic outlet tubes and their accompanying headers. The third one,
is to compare and adjust the input parameters of the code, so that it is in accordance to a real
chlor-alkali bipolar cell system.



8 Conclusion

The goal of programming a code that could dynamically simulate the bipolar cell system during
operation and during the discharge stage was achieved. The length of the anodic and cathodic
inlet tubes affected the amount of current going through the bipolar cell system during operation.
Longer inlet tubes resulted in a larger amount of current through the cell system at the expense
of the current going through the headers. A greater length of the anodic and cathodic inlet tubes,
would therefore improve the current efficiency.

The impact of the length of the anodic and cathodic inlet tube during discharge, showed the same
trends as during the operation, only to a much smaller degree. The differences in capacitance
values for the anode and the cathode had a greater impact. A smaller capacitance value for the
anodes and the cathodes, resulted in a faster discharge. The capacitance values for the anodes
and the cathodes are dependent on the state of their coating. It can therefore be concluded that a
poorer state of the electrode coatings will lead to a faster discharge. This conclusion also agrees
with the results from the preceding project thesis work [11].

The simulations done with the GeneratingMatrixCreepCurrentDynamicSimulation code, could
be used to predict the electrode residual coating in-situ. However, in order for that to be possible,
further work may be required.
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A Appendix

A.1 Matlab code

o

% Written by Per Sverre Iversen, in the spring of 2018
function GeneratingMatrixCreepCurrentDynamicSimulation
%$Step length

clear all

clc

t= input ('Time(s)?")
deltat= input ('Delta t(s)?")

$number of cells
Ncells=7;

%cell height, number of grid points in vertical directions
HeightCells=10;

%$anodic chamber width oddetal hvis AnodicInletTubeWidth er odde
AnodicWidth=11;

%$Membrane width

MembraneWidth=15;

%$Kathodic chamber width

CathodicWidth=11;

%$Cell width

CellWidth= (AnodicWidth+1l) + (MembraneWidth+2) + (CathodicWidth+1) -1;
SystemWidth= (CellWidth=*Ncells)+1

o\
o\
o\

O o° o

Creep current parameters
sanodic
AnodicInletTubeWidth=3;

AnodicInletTubeLength=30;
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AnodicTubeWidth=3;
%$cathodic
CathodicInletTubeWidth=3;
CathodicInletTubeLength=30;
CathodicTubeWidth=3;

$placement of the anodic creep current

ACC=(( (AnodicWidth-AnodicInletTubeWidth) /2)+2);
%$round to the nearest integer

ACCI=round(ACC) ;

$correcting values for a in chambers
AA=AnodicInletTubelength+AnodicTubeWidth+1;
$correcting values for a in anodic inlet tube
Aa=AnodicTubeWidth+1+ACCI;

$placement of the cathodic creep current
CCC=(((CathodicWidth-CathodicInletTubeWidth) /2)+1);
%$round to the nearest integer

CCCI=round(CCC) ;

$correcting values for a in chambers
CC=1+AnodicTubeWidth+AnodicInletTubelLength+HeightCells;
$correcting values for a in anodic inlet tube
Cc=(1+AnodicWidth) + (2+MembraneWidth) +CCCI;
%$Cc=CathodicTubeWidth+1+CCCI

SystemHeight=(l+AnodicTubeWidth) + (AnodicInletTubeLength) + (HeightCells)
+ (CathodicInletTubelength) + (CathodicTubeWidth+1)

o\
o\
o\
o\°

$A=zeros ( (HeightCells+2) « (CellWidth+1) *Ncells);

X=zeros (1) ;
%$anodic chamber left
acl=-0.5;

%$anodic chamber right
acr=-0.5;

$membrane left
ml=1.5;

$membrane right
mr=-1.5;

$cathodic chamber left
ccl=0.5;

$cathodic chamber right
ccr=0.5;
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%$anodic inlet tube left
aitl=0;

%$anodic inlet tube right
aitr=0;

$dynamic for loop

$anode $%%%%%5%%%5%5%5%%%%%5%%%%
%$capacitance

%$CapacitanceAnode=0.00354;

CapacitanceAnode=0.00177;
Conductancea=20.5344;

lambdaa=- ( (CapacitanceAnode*2) / (Conductanceaxdeltat))

$cathode $%%%%%%%%%%%%%%%%%%%
%$capacitance

%$CapacitanceCathode=0.022257;
CapacitanceCathode=0.0111285;

Conductancec=32.25;

lambdac=- ( (CapacitanceCathode=*2)/ (Conductancecxdeltat))

for tt=1:t

A{tt}=zeros();

b{tt}=zeros();
jo=1;

%$anodic chamber internal points

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1));
a=AA+1;
for k=1:HeightCells
a=a+t+l;
i=(m*CellWidth*Ncells) +ta+ (zxCellWidth) ;
for 1=1:AnodicWidth
A{tt} (3,1)=4;
i=1i+1;



4

=j+1

4

b{tt} (3,1)=0;
J
=m+1

4

end

m
end
z=z+1

end
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)
<

jo;

=1:Ncells

for n

(AnodicInletTubelength+ (AnodicTubeWidth+1)-1);

m:
a=AA-1;

HeightCells

a+l;

=1

for k

a=



1:MembraneWidth
A{tt} (3,1)=-1;

i+1;

j+1;

7

i
J
=m+1

14

i=(AnodicWidth+2)+ (m*CellWidthxNcells)+a+ (z+xCellWidth) ;
for 1
end
m
end
z=z+1

end
jo=3;
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CathodicWidth

A{tt} (J,1)=4;

i

1:
i+l
J+1

4
14

+(z+xCellWidth) ;

b{tt} (3,1)=0;

HeightCells
]

a+l
i=(AnodicWidth+MembraneWidth+2) + (mxCellWidth*Ncells) +a

1

4

Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1) +0);

a=AA+1;
m=m+1

a
for 1
end

1
=z+1

for n
for k
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z

end
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-1 subdiagonal anodic chamber

jo;

%
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for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1) +0);
a=AA+0;
for k=1:HeightCells
a=a+t+l;
i=(AnodicWidth+MembraneWidth+2) + (mxCellWidth*Ncells) +a+
(z+xCellWidth) ;
for 1=1:CathodicwWidth
A{tt} (3, 1)=-1;

i=i+1;
j=3+1;
end
m=m+1;
end
z=z+1;
end
©9000900090000000000900000000090000000000900090000000000090000000
OO0OO0OO0OOOOOOOOOOOOOODOOOODOOOODODOOOODOOOODOOOODODOOODOOOOODODOOODOOOOOODO

8990090090000 0 00

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1) +0);
a=AA+2;
for k=1:HeightCells
a=a+l;
i=(AnodicWidth+MembraneWidth+2) + (m*xCellWidth*Ncells) +a+
(z*CellWidth) ;
for 1=1:CathodicWidth
A{tt} (J,1)=-1;
i=1i+1;
J=3+1;
end
m=m+1;
end
z=z+1;
end

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1) +1);
a=AA+2;
for k=1l:HeightCells
a=a+l;
i=(AnodicWidth+MembraneWidth+2) + (m*xCellWidth*Ncells) +a+



icwidth
_1;

Cathodi

=1
A{tt}(

(z+*CellWidth) ;

for 1
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A{tt} (j,1)=-1
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HeightCells
(z+xCellWidth);
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end
m

7

1
(Anodic
a=AA+0
z+1

4

for k
end
g=

for n
end

lower -1 diagonals
m

<)
<

o~

M

M

o
oe
o\

o\
o
o
o
o
oe
o
o
o\
o\
o\
o\
o
o
o
o
o
o
o
o\
o\
o\

o
o
o
o
o
o
o
o\
o\

o
o
o
o
oe
o
oe
o\
o\

o\
o
o
o
o
o
o
o
o\

o\
o
o
o
o
o
o
o

test ok

[
°

o\
o\
o\

o\
o
o\°
o\
o\
o\
o\
o\°
o\

o\°
o\
o
o\
o\
o\
o\
o\
o\
o\
o\©
o\

o
o\
o\°
o\
o\
o\
o\
o\
o\

o
o\°
o\°
o\
o\
o\
o\
o\
o\

o\
o
o\
o\
o\
o\
o\
o\
o\

o\
o\
o
o\
o\
o\
o\
o\

o
o
o
o\
o\

o\
o\
o
o
o
o
o
o
o\
o\
o\
o\
o
o
o
o
o
o
o
o\
o\
o\

o
o
o
o
o
o
o\
o\
o\

o\°
o
o
o
o
o
o\
o\
o\

o\
o\
o
o
o
o
o
o
o\

o\
o\
o
o
oe
o
o
oe

%$Edge point boundarie
Anodic chamber

°

[

o\
o\
o\°
o\
o\

o\
o\
o\°
o\°
o\°
o\°
o\
o\
o\

o\
o\
o\°
o\°
o\°
o\
o\
o\
o\
o\
o\
o\

o\°
o\°
o\°
o\
o\°
o\°
o\
o\
o\°

o\
o\°
o\
o\
o\°
o\
o\
o\
o\

o\
o\
o\°
o\°
o\
o\
o\
o\
o\

o\
o\
o\°
o\°
o\
o\°
o\
o\

Left

°

[

o\
o\
o\

o\
o\
o
o\
o\
o\
o\
o\
o\
o\
o\
o\

o
o\
o\
o\
o\
o\
o\
o\
o\

o
o\°
o\
o\
o\
o\
o\
o\
o\

o\
o\
o\°
o\
o\
o\
o\
o\
o\

o\°
o\°
o
o\
o\
o\
o\
o\



A.1. Matlab code

71

j=Jjo;
z=0;

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1)-1);
a=AA-1;
for k=1: (HeightCells+2)
a=a+l;
i=(m*xCellWidth*Ncells) +a+ (zxCellWidth) ;
for 1=1:AnodicWidth
A(J,1)=-3;
i=i+1;
J=3+1;
end

d° o o oo oe

if tt==
A{tt} (3,1)=-3;
b{tt} (j,1)=acl;
else
A{tt} (j,1)=-3-(lambdaa);
b{tt} (J,1)=—(b{tt-1}(j, 1)) * (lambdaa) ;
end
i=1i+1;
Jj=3+1;
m=m+1;
end
z=z+1;
end

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1)-1);
a=AA+0;
for k=1: (HeightCells+2)
a=a+l;
i=(m*CellWidth*Ncells)+a+ (zxCellWidth) ;
for 1=1:AnodicWidth
A(j,1)=4;
i=i+1;
Jj=3+1;
end
A{tt} (J,1)=4;
i=1i+1;

o0 o0 oo o° oe

Jj=3+1;
m=m+1;
end
z=z+1;
end

j=Jjo;
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z=0;

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1)-1);
a=AA+1;
for k=1: (HeightCells+2)
a=a+l;
i=(m*CellWidth*Ncells)+a+ (zxCellWidth) ;

$for 1=1: (AnodicWidth+1)
% A(j,1)=-1;

% i=i+1;

% J=J+1

%end

A{tt}(3,1)=-1;

i=i+1;
j_j+ll
m=m+1;
end
z=z+1;
end
Jo=7];
9990000000000000000009000000000000000000000000009000000000000000000000
OO0OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO©OOO™O
o
stop
00 0000000000000000000000000000000000000000000000000000000000000000
0000000000000 0000000 0000000000000 0000000000000 0000000000 0000000000
J=3]0;
z=0;

for n=1:Ncells
m= (AnodicInletTubelLength+ (AnodicTubeWidth+1)+HeightCells);
a=AA+HeightCells+0;
$for k=1:Ncells

a=a+l;

i=(m*CellWidth*Ncells) +a+ (z+xCellWidth) ;

for 1=1:AnodicWidth+1

A{tt} (3,1)=-3;

i=i+1;
b{tt} (3,1)=0;
J=3+1;
end
m=m+1;
$end
z=z+1;
end
j=jo;
z=0;

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1) + (HeightCells-1));
a=AA+HeightCells-1;

$for k=1:Ncells
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A.1. Matlab code

1:AnodicWidth+1

A{tt}(3,1)

(mxCellWidth*Ncells) +a+ (z+«CellWidth) ;

a+l;

2=
i=
for 1

4;

__l;

i+1;

J+1;

1:AnodicWidth+1
A{tt} (J,1)

i+1;

Jj+1;

i

J
1:Ncells

i

J

m+1;
a+l;
(m*xCellWidth+Ncells)+a+ (zxCellWidth) ;
m+1;

end

H
a:
for 1
end
=

H

m

i

1:Ncells
(AnodicInletTubelLength+ (AnodicTubeWidth+1) + (HeightCells-2));

AA+HeightCells-2;

z+1
z+1

%end
$for k
%$end

zZ
zZ

for n

a

14

end
j=Jjo;

m

end
jo=3
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(ACCI-1)

1:

1:Ncells

a+l;
(mxCellWidth*Ncells)+a+ (z+«CellWidth) ;

for 1

a

i

1:Ncells
(AnodicInletTubelength+ (AnodicTubeWidth+1)-1);

AA-1;

$for k

for n
m

a=

jo;
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A{tt} (3,1)=-3;

i=i+1;
b{tt} (J,1)=0;
j=3+1;

end

for 1=(ACCI): ((ACCI)+AnodicInletTubeWidth-1)
A{tt} (3,1)=0;
i=1i+1;
b{tt} (J,1)=0;
J=3+1;

end

for 1=((ACCI)+ (AnodicInletTubeWidth) ) : (AnodicWidth+1)
A{tt} (3,1)=-3;
i=1i+1;
b{tt} (j,1)=0;
J=3+1;

end

m=m+1;

%end
z=z+1;
end
j=jo;
z=0;

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1) +0) ;

a=AA+0;
$for k=1:Ncells
a=a+l;
i=(m*CellWidth*Ncells) +ta+ (zxCellWidth) ;
for 1=1:(((AnodicWidth-AnodicInletTubeWidth) /2)+1)
A{tt} (3, 1)=4;
i=1i+1;
J=J+1;
end
for 1=(((AnodicWidth—-AnodicInletTubeWidth) /2)+2):
((((AnodicWidth-AnodicInletTubeWidth) /2)+1)+
AnodicInletTubeWidth)
A{tt} (j,1)=0;
i=i+1;
J=3+1;
end
for 1=((((AnodicWidth—-AnodicInletTubeWidth) /2)+1)+
AnodicInletTubeWidth+1) : (AnodicWidth+1)
A{tt} (j,1)=4;
i=i+1;
Jj=3+1;
end
m=m+1;
%$end
z=z+1;

end
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j=Jjo;
z=0;

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1) +1);

a=AA+1;
$for k=1:Ncells
a=a+l;
i=(m*xCellWidth*Ncells) +ta+ (zxCellWidth) ;
for 1=1:(((AnodicWidth-AnodicInletTubeWidth) /2)+1)
A{tt} (J,1)=-1;
i=1i+1;
j=3+1;
end
for 1=(((AnodicWidth—-AnodicInletTubeWidth) /2)+2):
((((AnodicWidth-AnodicInletTubeWidth) /2)+1)+
AnodicInletTubeWidth)
A{tt} (j,1)=0;
i=i+1;
J=J+1;
end
for 1=((((AnodicWidth-AnodicInletTubeWidth) /2)+1)
+AnodicInletTubeWidth+1) : (AnodicWidth+1)
A{tt} (j,1)=-1;
i=i+1;
J=J+1;
end
m=m+1;
%end
z=z+1;
end
jO=j,
5555555555555 55555%5% 55555555555 5%5%555%5%%555%555%5%%5%5%5%5%5%5%%%5%5%5%5%5%5%5%%%
%$Membrane
$Left

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1)-1);
a=AA-1;
for k=1: (HeightCells+2)
a=a+l;
i=(m*xCellWidth*Ncells)+a+ (z+CellWidth) + (AnodicWidth+1) ;
% for 1=1:AnodicWidth
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A(jli)=_3;
i=i+1;
J=3+1;

end

A{tt} (jl i)=-6;

i=i4+1;

b{tt} (3,1)=0;

Jj=3+1;

m=m+1;

end

z=z+1;

o° o° o oe

end

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1)-1);
a=AA+0;
for k=1: (HeightCells+2)
a=a+l;
i=(m*CellWidth*Ncells) +a+ (z+xCellWidth) + (AnodicWidth+1) ;
for 1=1:AnodicWidth
A(3,1)=4;
i=1i+1;
j=3+1;

o° o° o° o oe

end
A{tt} (3,1)=4;
i=1i+1;
J=3+1;
m=m+1;
end
z=z+1;
end

j=Jjo;
z=0;

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1)-1);
a=AA+1;
for k=1: (HeightCells+2)
a=a+l;
i=(m*CellWidth*Ncells)+a+ (z*CellWidth) + (AnodicWidth+1) ;
$for 1=1: (AnodicWidth+1)

% A(3,1)=-1;
% i=1+1;

5 J=9+1
%end

A{tt} (3,1)=-1;
i=i+1;

j=3+1;

m=m+1;
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end
z=z+1;
end

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1)-1);
a=AA-2;
for k=1: (HeightCells+2)
a=a+l;
i=(m*CellWidth*Ncells)+a+ (zxCellWidth) + (AnodicWidth+1) ;

$for 1=1: (AnodicWidth+1)
% A(j,1)=-1;

% i=i+1;

% j=j+1

%end

A{tt}(3,1)=4;

i=i+1;
J=3+1;
m=m+1;
end
z=z+1;
end
j=jo;

z=0;

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1)-1);
a=AA-3;
for k=1: (HeightCells+2)
a=a+t+l;
i=(m*CellWidth*Ncells)+ta+ (zxCellWidth) + (AnodicWidth+1) ;

$for 1=1: (AnodicWidth+1)
% A(j,1)=-1;
% i=i+1;
% J=7j+1
%$end
A{tt} (3,1)=-1;
i=i4+1;
Jj=3+1;
m=m+1;
end
z=z+1;
end
jo=3;
5555555555555 555555555555 %55%55%5%5%55%55%55%55%55555%55%55%5%5%5%5%%5%%%%
$top
0.0 0 00 0.0 0 00 0.0 0 0 0. 0 0 0 0.0 0 0 0 0 00 0.0 0 O 0 0 0 00 0.0 0 00 0.0 0 00 0.0 0 00
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j=Jjo;
z=0;

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1) + (HeightCells+0));
a=AA+HeightCells+0;
$for k=1:Ncells

a=a+l;

i=(m*CellWidth*Ncells)+a+ (zxCellWidth) + (AnodicWidth+1) ;

for 1=1:MembraneWidth+2

A{tt} (3,1)=-3;

i=1i+1;
b{tt} (3,1)=0;
J=3+1;
end
m=m+1;
$end
z=z+1;
end
j=Jjo;
z=0;

for n=1:Ncells
m= (AnodicInletTubelLength+ (AnodicTubeWidth+1)+ (HeightCells-1));
a=AA+HeightCells-1;
$for k=1:Ncells

a=a+t+l;

i=(m*CellWidth*Ncells) +ta+ (z*CellWidth) + (AnodicWidth+1) ;

for 1=1:MembraneWidth+2

A{tt} (3,1)=4;

i=1i+1;
J=3+1;
end
m=m+1;
$end
z=z+1;
end
Jj=jo;
z=0;

for n=1:Ncells
m= (AnodicInletTubelLength+ (AnodicTubeWidth+1l)+ (HeightCells-2));
a=AA+HeightCells-2;
%$for k=1:Ncells

a=a+t+l;

i=(m*CellWidth*Ncells)+ta+ (zxCellWidth) + (AnodicWidth+1) ;

for 1=1:MembraneWidth+2

A{tt) (3,1)=-1;
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i=i+1;
j=3+1;
end
m=m+1;
Q
$end
z=z+1;
end
Jo=7];
00 0000000000000000000000000000000000000000000000000000000000000O0
© 0000000000000 00000000000000000000000000000000000000000000000000
o .
$right
0000000000 0.0 0 O 0.0 0 O 0.0 0 O 0.0 0 0 0O 0.0 00000000 0.0 0 0 0O 0.0 0 0 O 0.0 0 00

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1)-1);

a=AA-1;
for k=1: (HeightCells+2)
a=a+l;
i=(m*CellWidth*Ncells)+a+ (z*CellWidth)+ (AnodicWidth+1)
+ (MembraneWidth+1) ;
% for 1=1:AnodicWidth
% A(jlj—):_3;
% i=1i+1;
5 Jj=3+1;
% end
A{tt} (jl i)=_6;
i=i+1;
b{tt}(3,1)=0;
Jj=3+1;
m=m+1;
end
z=z+1;
end
j=jo;

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1)-1);
a=AA-2;
for k=1: (HeightCells+2)
a=a-+l;
i=(m*CellWidth*Ncells)+a+ (zxCellWidth) + (AnodicWidth+1)
+ (MembraneWidth+1) ;

% for 1=1:AnodicWidth
% A(3,1)=4;

% i=1i+1;

5 Jj=3+1;

% end
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A{tt} (J,1)=4;

i=i+1;
J=3+1;
m=m+1;
end
z=z+1;
end
j=Jjo;

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1)-1);
a=AA-3;
for k=1: (HeightCells+2)
a=a+l;
i=(m*CellWidth*Ncells)+a+ (zxCellWidth)+ (AnodicWidth+1)
+ (MembraneWidth+1) ;
for 1=1:AnodicWidth
A(jlj—>=7l;
i=i+1;
J=3+1;
end
A{tt} (3,1)=-1;
i=i+1;
J=3+1;
m=m+1;
end
z=z+1;

o° o° o° o° oP°

end

j=Jjo;
z=0;

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1)-1);
a=AA+0;
for k=1: (HeightCells+2)
a=a+l;
i=(m*CellWidth*Ncells)+a+ (z+xCellWidth) + (AnodicWidth+1)
+ (MembraneWidth+1) ;
for 1=1:AnodicWidth
A(3,1)=-1;
i=i+1;
J=3+1;
end
A{tt) (3,1)=4;
i=1+1;
Jj=3+1;
m=m+1;
end
z=z+1;

o0 o° o o° oe
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end

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1)-1);

a=AA+1;
for k=1: (HeightCells+2)
a=a+l;
i=(m*CellWidth*Ncells)+a+ (zxCellWidth)+ (AnodicWidth+1)
+ (MembraneWidth+1) ;
% for 1l=1:AnodicWidth
% A(]I j—)=7l;
% i=i+1;
5 j=3+1;
% end
Af{tt} (J,1)=-1;
i=i+1;
j=3+1;
m=m+1;
end
z=z+1;
end
Jo=7Jys
999000000000 0009000090000900000009000000000000000000000000000000000000000
O O0OO0OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO™©
$bottom
999000000000000000900009000000090000000000000000000000090000000000000000o0
OO0OO0OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOWOOO©OO™O
J=3J0;

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1)-1);

a=AA-1;
$for k=1:Ncells

a=a+l;

i=(m*CellWidth*Ncells)+a+ (zxCellWidth) + (AnodicWidth+1) ;

for 1=1:MembraneWidth+2
A{tt} (3,1)=-3;
i=i+1;
b{tt} (j,1)=0;
j=3+1;

end

m=m+1;

$end



MembraneWidth+2

A{tt}(3,1)=4

Ncells
7
=1

=1
a+l
i=(m*CellWidth*Ncells) +ta+ (zxCellWidth) + (AnodicWidth+1) ;

7
Ncells
a
for 1

z+1
1:

$for k

z
m= (AnodicInletTubelength+ (AnodicTubeWidth+1) +0) ;
a=AA+0

end
for n
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o~

14

4
4
4
4

MembraneWidth+2

Af{tt} (j,1)=-1;

i
J

=i+1
=j+1
Ncells
;

=1:
=i+1
=j+1

7

i
]

=1

a+l
i=(m*CellWidth*Ncells) +ta+ (z*CellWidth) + (AnodicWidth+1)

m+1

4

end
m=m+1;
Ncells
a
for 1
end
m

7

z+1
z+1

1
m=(AnodicInletTubelength+ (AnodicTubeWidth+1) +1);

a=AA+1;
end

$end
g=
$for k
e}

o=

o
o

end
7

end
for n
jo=3j
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for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1) + (HeightCells+0));
a=AA+HeightCells+0;
$for k=1:Ncells
a=a+l;
i=(m*CellWidth*Ncells)+a+ (z+xCellWidth) + (AnodicWidth+1) +
(MembraneWidth+2) ;
for 1=1: (CathodicWidth+1l) - (CathodicInletTubeWidth+CCCI-1)-1
A{tt} (3,1)=-3;
i=i+1;
b{tt} (3,1)=0;
J=3+1;
end
for 1=(CathodicWidth+1l) - (CathodicInletTubeWidth+CCCI-1) :
((CathodicWidth+1)-CCCI)
A{tt} (3,1)=0;
i=1i+1;
b{tt} (3,1)=0;
j=3+1;
end
for 1=((CathodicWidth+1l)-CCCI)+1: (CathodicWidth+1)
A{tt} (3,1)=-3;

i=i+1;
b{tt} (3,1)=0;
J=J+1;
end
m=m+1;
$end
z=z+1;
end
j=jo;
z=0;

for n=1:Ncells
m= (AnodicInletTubelLength+ (AnodicTubeWidth+1l)+ (HeightCells-1));
a=AA+HeightCells-1;
$for k=1:Ncells
a=a+t+l;
i=(m*CellWidth*Ncells)+ta+ (z*CellWidth) + (AnodicWidth+1) +
(MembraneWidth+2) ;
for 1=1:(CathodicWidth+1l) - (CathodicInletTubeWidth+CCCI-1)-1
A{tt} (3, 1)=4;
i=1i+1;
b{tt} (3,1)=0;
j=3+1;
end
for 1=(CathodicWidth+1) - (CathodicInletTubeWidth+CCCI-1) :
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((CathodicWidth+1)-CCCI)
A{tt} (3,1)=0;
i=1i+1;
b{tt} (j,1)=0;
J=3+1;
end
for 1=((CathodicWidth+1)-CCCI)+1: (CathodicWidth+1)
A{tt} (J,1)=4;

i=1i+1;
b{tt} (j,1)=0;
J=J+1;
end
m=m+1;
%$end
z=z+1;
end
j=jo;
z=0;

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1) + (HeightCells-2));
a=AA+HeightCells-2;
$for k=1:Ncells
a=a+l;
i=(m*CellWidth*Ncells)+a+ (zxCellWidth)+ (AnodicWidth+1)
+ (MembraneWidth+2) ;
for 1=1: (CathodicWidth+1l) - (CathodicInletTubeWidth+CCCI-1)-1
A{tt}(j,1)=-1;
i=i+1;
bitt} (3,1)=0;
J=3+1;
end
for 1=(CathodicWidth+1l) - (CathodicInletTubeWidth+CCCI-1) :
((CathodicWidth+1)-CCCI)
A{tt} (3,1)=0;
i=1i+1;
b{tt} (3, 1)=0;
J=3+1;
end
for 1=((CathodicWidth+1)-CCCI)+1: (CathodicWidth+1)
A{tt} (3,1)=-1;
i=1i+1;
b{tt} (,1)=0;
J=3+1;
end

m=m+1;
%end
z=z+1;
end

jo=3;
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$right
j=jo;
z=0;
for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1)-1);
a=AA-1;
for k=1: (HeightCells+2)
a=a+t+l;
i=(m*CellWidth+*Ncells) +ta+ (z*CellWidth) + (AnodicWidth+1)
+ (MembraneWidth+1) + (CathodicWidth+1) ;
% for 1=1:AnodicWidth
5 A(3,1)=-3;
% i=i+1;
% J=3+1;
% end
if tt==
A{tt} (3,1)=-3;
b{tt} (j,1)=ccr;
else
A{tt} (j,1)=-3-(lambdac);
b{tt} (j,1)=-(b{tt-1} (3, 1)) » (Lambdac) ;
end
% A{tt} (3, 1)=-3;
% b{tt} (j,1)=ccr;
i=1i+1;
J=3+1;
m=m+1;
end
z=z+1;
end
j=Jjo;
0;

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1)-1);
a=AA-2;
for k=1: (HeightCells+2)
a=a+l;
i=(m*CellWidth*Ncells) +a+ (z*CellWidth) + (AnodicWidth+1)
+ (MembraneWidth+1) + (CathodicWidth+1) ;
for 1=1:AnodicWidth
A(jli>:4;
i=1i+1;

o° o° oo
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5 j=3+1;
% end
A{tt} (3,1)=4;
i=1i+1;
J=3+1;
m=m+1;
end
z=z+1;
end
j=jo;
z=0;
for n=1:Ncells
m=(AnodicInletTubelength+ (AnodicTubeWidth+1)-1);
a=AA-3;
for k=1: (HeightCells+2)
a=a+l;
i=(m*CellWidth*Ncells) +a+ (z*CellWidth) + (AnodicWidth+1)
+ (MembraneWidth+1) + (CathodicWidth+1) ;
% for 1=1:AnodicWidth
% A(j,1)=-1;
% i=1+1;
5 j=3+1;
% end
A{tt} (§,1)=-1;
i=i+1;
J=3+1;
m=m+1;
end
z=z+1;
end
jo=3;
$bottom
Jj=jo;
z=0;

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1)-1);
a=AA-1;
$for k=1:Ncells
a=a+t+l;
i=(m*CellWidth*Ncells) +a+ (z*CellWidth) + (AnodicWidth+1)
+ (MembraneWidth+2) ;
for 1=1:CathodicWidth+1
A{tt} (3,1)=-3;
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i=i+1;
b{tt} (j,1)=0;
J=3+1;
end
m=m+1;
$end
z=z+1;
end
j=Jjo;
0;

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1) +0) ;

a=AA+0;
$for k=1:Ncells
a=a+l;

i=(m*CellWidth*Ncells)+a+ (zxCellWidth) + (AnodicWidth+1)
+ (MembraneWidth+2) ;

for 1=1:CathodicWidth+1
A{tt} (3,1)=4;

i=i+1;
J=3+1;
end
m=m+1;
$end
z=z+1;
end
j=jo;

for n=1:Ncells
m= (AnodicInletTubelength+ (AnodicTubeWidth+1) +1);

a=AA+1;
$for k=1:Ncells
a=a+l;

i=(m*CellWidth*Ncells)+a+ (zxCellWidth) + (AnodicWidth+1)
+ (MembraneWidth+2) ;

for 1=1:CathodicWidth+1
A{tt} (3,1)=-1;

i=i+1;
Jj=3+1;
m=m+1;
o
send
z=z+1;
Jo=7];
999090000000000000000000000000000000000000000000000000000000000
OO0OO0OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO™©
©90000090000000000900000000009000900000009000900000000009000000000000
OO0OO0O0OOOOOOOOOOOOOODOOOOOOOOODOOOODOOOOOOOODODOOOODOOOOODOOODODOOOOOOOOOO©



—4diagonal for internal points for anodic inlet tube

$internal points anodic inlet tube
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A.1. Matlab code
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4
4

AnodicInletTubeWidth

A{tt} (j,1)=-1

i
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1
i+1

7
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14

a
i
for 1
end
m
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end
J

90 Appendix

jo

o\

o\°
o\°
o\°
o\
o\
o\
o\
o\°
o\
o\
o\
o\°
o\°
o\°
o\
o\
o\
o\
o\°
o\°
o\
o\
o\°
o\°
o\°
o\
o\
o\
o\°
o\°
o\
o\

o\°
o\°
o\
o\
o\
o\
o\
o\°
o\

o\°
o\°
o\°
o\
o\
o\
o\
o\
o\
o\
o\
o\°
o\°
o\
o\
o\
o\
o\

o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\

o\
o\
o\
o\
o\
o\
o\
o\
o\

o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\°
o\
o\
o\
o\
o\

edge point boundaries

AnodicInletTube

o
°
)

<

o\°
o\°
o\°
o\°
o\
o\
o\
o\
o\
o\
o\
o\°
o\°
o\°
o\
o\
o\
o\
o\
o\
o\
o\°
o\
o\°
o\°
o\
o\
o\
o\
o\
o\
o\
o\

o\°
o\°
o\
o\
o\
o\
o\
o\
o\

o\°
o\°
o\°
o\
o\
o\
o\
o\
o\

o\°
o\°
o\°
o\°
o\
o\
o\
o\°

Left

o\
o\
o\
o\
o\
o\
o\°
o\
o\
o\
o\
o\
o\
o\
o\
o\°
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\

o\
o\
o\
o\
o\
o\
o\
o\
o\

o\
o\°
o\
o\
o\
o\
o\
o\
o\
o\
o\
o\°
o\°
o\
o\

oe -

o\

oo -

4

4

4

aitl

:AnodicWidth
A(jli):_3;
7
7

1
i+1

j=3+1

’
1
’
’
’

AnodicInletTubelLength

a+l
i=(m*CellWidth+*Ncells) +ta+ (z*CellWidth)

J+1

m+1

1

for 1

end

A{tt} (J,1)=-3;
i+1

i

Ncells

a=

b{tt} (J,1)
]

m

7

o
Cl
z+1

1
(AnodicTubeWidth+1)

a=Aa-2;

for k
end
z

for n
m:
end
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for n=1:Ncells
m= (AnodicTubeWidth+1) ;
a=Aa-1;
for k=1l:AnodicInletTubelLength
a=a+t+l;
i=(m*xCellWidth*Ncells) +ta+ (zxCellWidth) ;
% for 1=1:AnodicWidth
% A(j,1)=4;
% i=1i+1;
5 j=3+1;
% end
A{tt} (3,1)=4;
i=i+4+1;
J=3+1;
m=m+1;
end
z=z+1;
end
j=jo;
z=0;
for n=1:Ncells
m= (AnodicTubeWidth+1) ;
a=Aa+0;
for k=1l:AnodicInletTubelength
a=a+l;
i=(m*xCellWidth*Ncells)+a+ (zxCellWidth) ;
$for 1=1:(AnodicWidth+1)
% A(3,1)=-1;
% i=i+1;
% J=7j+1
%end
A{tt} (3, 1)=-1;
i=i+1;
J=3+1;
m=m+1;
end
z=z+1;
end
jo=3;
$right
j=Jjo;
z=0;

for n=1:Ncells
m= (AnodicTubeWidth+1) ;
a=Aa-1;
for k=1:AnodicInletTubelLength
a=a+l;
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i=(m*CellWidth*Ncells) +ta+ (z*CellWidth)+AnodicInletTubeWidth;
for 1=1:AnodicWidth
A(jli):73;
i=1i+1;
J=3+1;
end
A{tt} (J,1)=-3;
i=1i+1;
b{tt} (j,1)=aitr;
Jj=J+1;
m=m+1;
end
z=z+1;
end

o° o° o o oe

for n=1:Ncells
m= (AnodicTubeWidth+1) ;
a=Aa-2;
for k=1l:AnodicInletTubelLength
a=a+l;
i=(m*CellWidth*Ncells)+a+ (z*CellWidth)+AnodicInletTubeWidth;
for 1=1:AnodicWidth
A(j,1)=4;
i=i+1;
J=3+1;
end
A{tt) (3,1)=4;
i=1i+1;
J=3+1;
m=m+1;
end
z=z+1;
end

o° o o o° oe

j=Jjo;
z=0;

for n=1:Ncells
m= (AnodicTubeWidth+1) ;
a=Aa-3;
for k=1l:AnodicInletTubelength
a=a+l;
i=(m*CellWidth+*Ncells) +ta+ (z*CellWidth)+AnodicInletTubeWidth;
for 1=1:AnodicWidth
A(j,1)=-1;
i=1i+1;
J=3+1;
end
Af{tt} (3,1)=-1;
i=1i+1;

o° o° o o oe
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4
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1:
i+l
J+1

4
4

AnodicTubeWidth
b{tt} (3,1)=0;

A{tt} (J,1)=4;
]

i

1:

a+1l
(m*xCellWidthxNcells) +a+ (zxCellWidth)
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=
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(((Ncells*CellWidth)+1)—-((ACCI-1)+ ((AnodicWidth+2)

- ((ACCI-1)+AnodicInletTubeWidth))) - (MembraneWidth+1)

—(CathodicWidth+1))

1

4

AnodicTubeWidth

a+1l
i=(m*CellWidth*Ncells) +a+ (z«CellWidth)

A{tt} (3,1)=-1;

1

;
for 1

ACCI-1
for k
a

-1 subdiagonal anodic chamber
a

)
<



i=i+1;

Jj=3+1;
end
m=m+1;

end
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J+1;

1:
i+1;

A{tt}(3,1)=-1;
i_

(m*CellWidth+Ncells)+a+ (z+xCellWidth) ;
J

1:AnodicTubeWidth

a+l;

for 1

i
m=m+1;

for k
a
end
end
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m
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(((NcellsxCellWidth)+1)—-((ACCI-1)+ ((AnodicWidth+2)

- ((ACCI-1)+AnodicInletTubeWidth))) - (MembraneWidth+1)

—(CathodicWidth+1))

i+1;
j+1;

1:

A{tt} (3,1)
i_

(m*xCellWidth*Ncells) +a+ (z+«CellWidth) ;
J

1l:AnodicTubeWidth

a+l;
m+1;

for 1
end

a
i
m

for k
end

2;
ACCI+1;

m

upper -1 diagonal
a

%
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1:
i+1
J=3+1;

4
4

AnodicTubeWidth

a+1l
A{tt} (3,1)=-1;

i

1:
(m*xCellWidthxNcells) +a+ (zxCellWidth)
m+1

a=
for 1
end

i
m

for k
end

4
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AnodicWidth

1

(AnodicTubeWidth+1)

a+1l
i=(m*CellWidth#*Ncells) +ta+ (z«CellWidth)

4

Ncells
=1:
for 1

’
a

1
%

for n=
ACCI-2
for k

jo;
m
a

=—3;

A(j, 1)

o

i+1;
j+1

i
J

o\

4

o\

7

i+l

end
A{tt} (J,1)=-3

i

o~

0

b{tt}(3,1)

]

m

4

J+1
m+1;

4

end
z=z+1
end
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j=Jjo;
z=0;
% for n=1:Ncells
m=0;
a=ACCI-1;
for k=1: (AnodicTubeWidth+1)
a=a+l;
i=(m*CellWidth+*Ncells) +a+ (zxCellWidth) ;
% for 1=1:AnodicWidth
% A(3,1)=4;
% i=1i+1;
% J=3j+1;
% end
A{tt} (3,1)=4;
i=i+1;
J=3+1;
m=m+1;
end
z=z+1;
% end
j=jo;
z=0;
% for n=1:Ncells
m=0;
a=ACCI+0;
for k=1: (AnodicTubeWidth+1)
a=a+l;
i=(m*xCellWidth*Ncells)+a+ (z+«CellWidth) ;
$for 1=1: (AnodicWidth+1)
% A(j,1)=-1;
% i=1i+1;
% Jj=7j+1
%end
A{tt} (3,1)=-1;
i=1i+1;
J=3+1;
m=m+1;
end
z=z+1;
% end
jo=3;
$top
j=jo;
corra=( (AnodicWidth-7)/2)+1;
z=0;
zz=0;

for n=1: (Ncells-1)
m= (AnodicTubeWidth+1) ;
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a=AnodicTubeWidth+AnodicInletTubeWidth+ACCI;
$for k=1:Ncells

a=a+l;

i=((zz* (AnodicInletTubeWidth-1))+ (m*CellWidthxNcells) +a
+(z* (AnodicInletTubeWidth+
((CathodicWidth+l1+MembraneWidth+2+AnodicWidth+1)
—((ACCI-corra)+AnodicInletTubeWidth)))));

for 1=1:((CathodicWidth+l+MembraneWidth+2+AnodicWidth+1)
—(AnodicInletTubeWidth+1))
A{tt} (3,1)=-3;

i=i+1;
b{tt} (3,1)=0;
J=3+1;
end
m=m+1;
%end
z=z+1;
zz=zz+1;
end
j=jo;
z=0;
zz=0;
for n=1:(Ncells-1)
m= (AnodicTubeWidth+0) ;
a=AnodicTubeWidth+AnodicInletTubeWidth+ACCI-1;
$for k=1:Ncells
a=a+l;
i=((zz* (AnodicInletTubeWidth-1))+ (m*CellWidth+Ncells)
+a+ (z* (AnodicInletTubeWidth+ ( (CathodicWidth
+1+MembraneWidth+2+AnodicWidth+1)
—((ACCI-corra)+AnodicInletTubeWidth)))));
for 1=1:((CathodicWidth+l+MembraneWidth+2+AnodicWidth+1)
—(AnodicInletTubeWidth+1))
A{tt} (3,1)=4;
i=i+1;
J=3+1;
end
m=m+1;
%end
z=z+1;
zz=zz+1;
end
j=jo;
z=0;
z2=0

14

for n=1:(Ncells-1)

m= (AnodicTubeWidth-1);

a=AnodicTubeWidth+AnodicInletTubeWidth+ACCI-2;
$for k=1:Ncells
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a=a+l;

i=((zz* (AnodicInletTubeWidth-1) )+ (m*xCellWidth*Ncells)
+a+ (z* (AnodicInletTubeWidth+ ( (CathodicWidth
+1+MembraneWidth+2+AnodicWidth+1)
- ((ACCI-corra)+AnodicInletTubeWidth)))));

for 1=1:((CathodicWidth+l+MembraneWidth+2+AnodicWidth+1)
— (AnodicInletTubeWidth+1))
A{tt) (3,1)=-1;

i=1i+1;
J=3+1;
end
m=m+1;
%end
z=z+1;
zz=zz7+1;
end
Jo=7];
$right
j=jol
z=0;
% for n=1:(Ncells-1)
m=0;
a=(((NcellsxCellWidth)+1) - (MembraneWidth+2) - (CathodicWidth+1)
- ((AnodicWidth+1) - (ACCI+AnodicInletTubeWidth))-1);
for k=1: (AnodicTubeWidth+1)
a=a+l;
i=(m*CellWidth*Ncells) +a+ (z+xCellWidth) ;
% for 1=1:AnodicWidth
% A(jli)=_3;
% i=1+1;
5 J=3+1;
% end
A{tt} (J,1)=-3;
i=i4+1;
b{tt} (3,1)=0;
Jj=3+1;
m=m+1;
end
z=z+1;
% end
j=Jjo;
z=0;
% for n=1:(Ncells-1)
m=0;
a=(((NcellsxCellWidth) +1) - (MembraneWidth+2) - (CathodicWidth+1)

- ((AnodicWidth+1) - (ACCI+AnodicInletTubeWidth))-2);
for k=1: (AnodicTubeWidth+1)

a=a+l;

i=(m*CellWidth*Ncells)+a+ (zxCellWidth) ;
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for 1=1:AnodicWidth
A(],1)=4;
i=1i+1;
J=3+1;
end
A{tt} (J,1)=4;
i=i+4+1;
Jj=3+1;
m=m+1;
end
z=z+1;
% end

o° o° o o oe

o\°

for n=1:(Ncells-1)
m=0;
a=(((NcellsxCellWidth)+1) - (MembraneWidth+2) - (CathodicWidth+1)
- ((AnodicWidth+1) - (ACCI+AnodicInletTubeWidth))-3);
for k=1: (AnodicTubeWidth+1)
a=a+l;
i=(m*xCellWidth*Ncells)+a+ (zxCellWidth) ;

o — . . o

% for 1l=1:AnodicWidth

o 3 1 — .

o A(jll)__ll

) 1 =1 .

% i=i+1;

o T .

© jij+1l

o

% end

Af{tt} (J,1)=-1;

i=i+1;

j=3+1;

m=m+1;

end
z=z+1;

o
% end
Jo=7J;
0 0000000000000000000000000000000000000000000000000000000000000
5555555555555 %555%5%5%5%5%5%%5%5%5%5%5%5%5%5%5%5%%5%5%5%5%5%5%5%5%5%5%5%5%5%%%%
o
$bottom
00 000000000000000000000000000000000000000000000000000000000000
© 0000000000000 00000000000000000000000000000000000000000000000o0
J=30;
z=0;

o\

for n=1:Ncells

m=0;
a=ACCI-2;
$for k=1:Ncells
a=a+l;

i=(m*xCellWidth*Ncells) +a+ (zxCellWidth) ;

for 1=1:(((Ncells*CellWidth)+1) - (ACCI-2) - ((AnodicWidth+1)

— (AnodicInletTubeWidth+ (ACCI)) ) - (MembraneWidth+2)
— (CathodicWidth+1))
A{tt} (J,1)="-3;
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i=i+1;
b{tt) (3,1)=0;
J=J+1;
end
m=m+1;
$end
z=z+1;
% end
j=jo;
z=0;
% for n=1:Ncells
m=1;
a=ACCI-1;
$for k=1:Ncells
a=a+l;
i=(m*CellWidth*Ncells)+a+ (zxCellWidth) ;
for 1=1:(((Ncells*CellWidth)+1)-(ACCI-2) - ( (AnodicWidth+1)
- (AnodicInletTubeWidth+ (ACCI))) - (MembraneWidth+2)
—(CathodicWidth+1))
A{tt} (3,1)=4;
i=i+1;
J=3+1;
end
m=m+1;
%end
z=z+1;
% end
j=jo;
z=0;
% for n=1:Ncells
m=2;
a=ACCI+0;
$for k=1:Ncells
a=a+l;
i=(m*CellWidth*Ncells)+a+ (zxCellWidth) ;
for 1=1:(((Ncells*CellWidth)+1)—-(ACCI-2) - ( (AnodicWidth+1)
- (AnodicInletTubeWidth+ (ACCI))) - (MembraneWidth+2)
—(CathodicWidth+1))
A{tt} (3,1)=-1;
i=1i+1;
j=3+1;
end
m=m+1;
%end
z=z+1;
% end
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l:CathodicInletTubeWidth

Af{tt} (j,1)=-1;

j+1;

CathodicInletTubeLength
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(m*SystemWidth) +a+ (zxCellWidth)
m+1;
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m=CC-1;
a=Cc;
for k
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for 1
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1:AnodicWidth

A(j, 1)

CathodicInletTubelLength

a+l;
(mxSystemWidth) +a+ (zxCellWidth)

=1
a:
for 1

i=
o
°

1:Ncells

for n

m=CC;

a=Cc-1;
for k

=-3;

o\

i=

o\

i+1;

Jj+1;

j:

oe

end
A{tt} (3,1)=-3;
i+1;

i_

o~

0

b{tt} (3,1)

]

CathodicInletTubeLength

j+1;
m+1;
1:

4

m
z+1
1:Ncells

end

z
end
for n
m=CC;
a=Cc;

for k

jo;
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% a=a-+l;
i=(mxSystemWidth) +a+ (z+xCellWidth) ;
for 1=1:AnodicWidth
A(jlj—):4;
i=i+1;
J=3+1;
end
A{tt} (3,1)=4;
i=1i+1;
Jj=J+1;
m=m+1;

o° o° oo o° oe

end
z=z+1;
end

j=Jjo;
z=0;

for n=1:Ncells

m=CC;
a=Cc+1;
for k=1:CathodicInletTubeLength
% a=a+l;
i=(m*SystemWidth) +a+ (z+«CellWidth) ;
$for 1=1: (AnodicWidth+1)
% A(j,1)=-1;
% i=1i+1;
% j=3j+1
%end
A{tt} (3,1)=-1;
i=i+1;
j=3+1;
m=m+1;
end
z=z+1;
end
Jo=7J];

o .
$right
9900000000000000000000000000000000000000000000
OO0OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO©OD©
J=30;

z=0;

for n=1:Ncells
m=CC;
a=Cc+CathodicInletTubeWidth;
for k=1:CathodicInletTubeLength
a=a+t+l;
i=(m*SystemWidth) +a+ (z+«CellWidth) ;
for 1=1:AnodicWidth
A(jli):_3;
i=1i+1;

o\

o oo oe
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g J=3+1;
% end
A{tt} (3,1)=-3;
i=1i+1;
b{tt} (3,1)=0;
J=J+1;
m=m+1;

end

z=z+1;

end
j=jo;

z=0;

for n=1:Ncells
m=CC;
a=Cc+CathodicInletTubeWidth-1;
for k=1:CathodicInletTubelLength
% a=a+l;
i=(m*SystemWidth) +a+ (z+«CellWidth) ;
for 1=1:AnodicWidth
A(jli):4;
i=1i+1;
J=3+1;
end
A{tt} (3,1)=4;
i=i+4+1;
Jj=3+1;
m=m+1;
end
z=z+1;

o° o° o° o° o

end

for n=1:Ncells
m=CC;
a=Cc+CathodicInletTubeWidth-2;
for k=1l:CathodicInletTubelength
a=a+l;
i=(mxSystemWidth) +a+ (z+xCellWidth) ;
for 1=1:AnodicWidth
A(3,1)=-1;
i=i+1;
J=3+1;
end
A{tt} (3,1)=-1;
i=1i+1;
Jj=J+1;
m=m+1;

o

o° o° o0 o° oe

end
z=z+1;
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end
=3;
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SystemWidth- (1+AnodicWidth) - (2+MembraneWidth)

—-(CCCI-1)-CCCI

’

1

CathodicTubeWidth
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i=(m*SystemWidth) +a+ (z+«CellWidth) ;
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a
for 1
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m
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SystemWidth- (1+AnodicWidth) - (2+MembraneWidth)

—-(CCCI-1)-CCCI
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j+1

4

CathodicTubeWidth

a+1l
i=(m*SystemWidth) +a+ (z*«CellWidth) ;

A{tt} (3,1)

i
J

1:
m+1

a
for 1
end
m=

4

-1 subdiagonal anodic chamber
m=CC+CathodicInletTubeLength
a=Cc-1

for k
end

j=jo;

%
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A.1. Matlab code
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4

CathodicTubeWidth
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=a+l
i=(m*SystemWidth) +a+ (z*«CellWidth) ;
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4
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SystemWidth- (1+AnodicWidth) - (2+MembraneWidth)

- (CCCI-1)-CcCcCI

A{tt} (3,1)=-1;

i

=1:

for 1
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end

m=m+1;

end

o\
o\

o\
o\
o\°
o\°
o\°
o\°
o\°
o\°
o\
o\
o\
o\
o\
o\°
o\°
o\°
o\
o\
o\
o\
o\
o\

o\
o\°
o\°
o\°
o\°
o\°
o\
o\
o\

o\
o\
o\°
o\
o\°
o\
o\
o\
o\
o\
o\
o\
o\°
o\°
o\°
o\
o\°
o\
o\
o\
o\
o\
o\
o\°
o\°
o\°
o\°
o\
o\
o

o\°
o\
o°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o°
o°

o\°
o\°
o\°
o\°
o\°
o\°
o\°
o°
o°

o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o°

o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o°
o°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o°
o°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\

upper -1 diagonal
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CC+CathodicInletTubeLength+1;

Cc

m
a

7

CathodicTubeWidth

a+1l
i=(m*SystemWidth) +a+ (z+xCellWidth)

for 1

1:

for k

14

a

4

SystemWidth- (1+AnodicWidth) - (2+MembraneWidth)

—(CCCI-1)-CcCcCI

A{tt} (3,1)=-1;

=1:

i+1;

i
]

=j+1;

end

m=m+1;

end
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lower -1 diagonals

o
°

CC+CathodicInletTubeLength-1;

m=
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a=Cc;
for k=1:CathodicTubeWidth
% a=a+l;
i=(m*SystemWidth) +a+ (z+«CellWidth) ;
for 1=1:SystemWidth- (1+AnodicWidth) - (2+MembraneWidth)
- (CCCI-1)-CcccI
A{tt} (J,1)=-1;
i=i+1;
J=J+1;
end
m=m+1;
end
jo=3;

[

%edge point boundaries
$for cathodic tube

5555555555555 555555%5%5555%555%5%%55%5%555%5%%%55%5%555%%%%5%5%%%%

% Left

555555555 55%5%555%5%555%5%555%5%555%5%5555%5%5%5%5%5%555%5%5%5%5%5%5%5%5%5%%

Jj=jo;

z=0;

% for n=1:Ncells
m=CC+CathodicInletTubelLength;
a=Cc-1;

for k=1: (CathodicTubeWidth+1)
% a=a+l;
i=(m*SystemWidth) +a+ (z+«CellWidth) ;
% for 1=1:AnodicWidth
% A(3,1)=-3;
% i=1i+1;
5 Jj=3+1;
% end
A{tt} (jl i)=-3;
i=i+1;
b{tt} (3,1)=0;
Jj=3+1;
m=m+1;
end
z=z+1;

% end

j=jo;

z=0;

% for n=1:Ncells
m=CC+CathodicInletTubelLength;
a=Cc;

for k=1: (CathodicTubeWidth+1)
% a=a+t+l;

i=(mxSystemWidth) +a+ (z+xCellWidth) ;
% for 1l=1:AnodicWidth
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% A(3,1)=4;
% i=1i+1;
5 j=3+1;
% end
A{tt} (3,1)=4;
i=i+1;
J=3+1;
m=m+1;
end
z=z+1;

% end

j=jo;

z=0;

% for n=1:Ncells

m=CC+CathodicInletTubeLength;
a=Cc+1;
for k=1: (CathodicTubeWidth+1)

% a=a-+l;
i=(mxSystemWidth) +a+ (z+xCellWidth) ;
$for 1=1: (AnodicWidth+1)

% A(j,1)=-1;
% i=1i+1;
% J=3j+1
$end
A{tt} (3,1)=-1;
i=1i+1;
Jj=3+1;
m=m+1;

end

z=z+1;

% end

jo=3;

5555555555555 5555555555555 555555%55555%555%5%5555555%5%5%555%5%55%5%%

$top

55555555 555%5555%5555%555%5%5555%5%555%5%%555%5%555%5%5%5%5%5%5%55%5%%5%5%5%5%%5%%

j=Jjo;

z=0;

o\

for n=1:Ncells
m=CC+CathodicInletTubelength+CathodicTubeWidth;
a=Cc-1;
$for k=1:Ncells
a=a+l;
i=(m*SystemWidth) +a+ (z+«CellWidth) ;
for 1=1:SystemWidth- (1+AnodicWidth) - (2+MembraneWidth)
—(CCCI-2)—-(CathodicWidth—(CCCI-1) —-CathodicInletTubeWidth)
A{tt} (J,1)=-3;
i=1i+1;
b{tt} (j,1)=0;
Jj=3+1;
end

o\
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m=m+1;
%end
z=z+1;

% end

j=Jjo;

z=0;

% for n=1:Ncells
m=CC+CathodicInletTubelLength+CathodicTubeWidth-1;
a=Cc-1;

$for k=1:Ncells
% a=a+l;
i=(m*SystemWidth) +a+ (z+«CellWidth) ;
for 1=1:SystemWidth- (1+AnodicWidth) - (2+MembraneWidth)
—(CCCI-2) - (CathodicWidth-(CCCI-1) -CathodicInletTubeWidth)
A{tt} (3,1)=4;
i=i+1;
J=3+1;
end
m=m+1;
$end
z=z+1;

% end

j=Jjo;

z=0;

% for n=1:Ncells
m=CC+CathodicInletTubelLength+CathodicTubeWidth-2;
a=Cc-1;

$for k=1:Ncells
% a=a+l;
i=(mxSystemWidth) +a+ (zxCellWidth) ;
for 1=1:SystemWidth- (1+AnodicWidth) - (2+MembraneWidth)
- (CCCI-2)-(CathodicWidth-(CCCI-1) -CathodicInletTubeWidth)
A{tt} (3,1)=-1;
i=i+1;
J=3+1;
end
m=m+1;
$end
z=z+1;

% end

jo=3;

$right

j=Jjo;

z=0;

o\

for n=1:(Ncells-1)
m=CC+CathodicInletTubelLength;
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o\°

o

o\

o\

o\

a=SystemWidth-CathodicWidth+CCCI+CathodicInletTubeWidth-1;
for k=1: (CathodicTubeWidth+1)
a=a+l; CathodicWidth
i=(m*SystemWidth) +a+ (z+«CellWidth) ;
for 1=1:AnodicWidth
A(]J,1)=-3;
i=i+1;
Jj=3+1;
end
A{tt} (jri)=_3;
i=i+1;
b{tt} (j,1)=0;
Jj=3+1;
m=m+1;
end
z=z+1;

o° o o oo oe

end

for n=1:(Ncells-1)
m=CC+CathodicInletTubeLength;
a=SystemWidth-CathodicWidth+CCCI+CathodicInletTubeWidth-2;

a=SystemWidth- (CCCI-1)-1;
for k=1:(CathodicTubeWidth+1)
a=a+l;
i=(m*SystemWidth) +a+ (z*CellWidth) ;
for 1=1:AnodicWidth

A(3,1)=4;

i=i+1;

j=3+1;

o0 o0 oo o° oe

end
A{tt} (J,1)=4;
i=i+1;
j=3+1;
m=m+1;
end
z=z+1;
end

j=Jjo;
z=0;

o\

for n=1:(Ncells-1)
m=CC+CathodicInletTubeLength;
a=SystemWidth-CathodicWidth+CCCI+CathodicInletTubeWidth-3;
a=SystemWidth- (CCCI-1)-2;
for k=1: (CathodicTubeWidth+1)
a=a+t+l;
i=(mxSystemWidth) +a+ (z+xCellWidth) ;
% for 1=1:AnodicWidth
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% A(j,j_)=—l;
% i=1i+1;
5 Jj=3+1;
% end
A{tt} (3,1)=-1;
i=i4+1;
J=3+1;
m=m+1;
end
z=z+1;
% end
jo=3;
5555555555555 5555555555555 555555555555%55%5%555555%5%55%5%5%5%5%5%%
$bottom
5555555555555 5555 5555555555555 555555555%55%55%555%55%5%5%5%5%5%5%5%5%%
Jj=jo;
corrc=((CathodicWidth-7)/2)+1;
z=0;
zz=0;

for n=1: (Ncells-1)

m=CC+CathodicInletTubeLength-1;

a=Cc+CathodicInletTubeWidth;
%$for k=1:Ncells

% a=a+l;

% i=((zz+* (CathodicInletTubeWidth-1))+ (m*SystemWidth) +a
+(z* (CathodicInletTubeWidth+ ( (CathodicWidth
+1+MembraneWidth+2+AnodicWidth+1) - (CCCI+AnodicInletTubeWidth)))));

i=(m*SystemWidth) +a+ (z+«CellWidth) ;
for 1=1: ((CathodicWidth+l+MembraneWidth+2+AnodicWidth+1)
—(CathodicInletTubeWidth+1))
A{tt} (3,1)=-3;
i=i+1;
b{tt} (J,1)=0;
j=3+1;
end
% m=m+1;
%end
z=z+1;
zz=zz+1;
end

Jj=jo;

z=0;

zz=0;

for n=1: (Ncells-1)
m=CC+CathodicInletTubelLength;
a=Cc+CathodicInletTubeWidth;
$for k=1:Ncells
a=a+l;
i=((zzx (CathodicInletTubeWidth-1))+ (m*xSystemWidth)
+a+ (z* (CathodicInletTubeWidth+ ( (CathodicWidth

o° oP
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+1+MembraneWidth+2+AnodicWidth+1)
- (CCCI-corrc+AnodicInletTubeWidth)))));
i=(m*SystemWidth) +a+ (z«CellWidth) ;
for 1=1:((CathodicWidth+l+MembraneWidth+2+AnodicWidth+1)
—(CathodicInletTubeWidth+1))
A{tt} (j,1)=4;

i=i+1;
J=3+1;
end
% m=m+1;
$end
z=z+1;
zz=zz+1;
end
j=jo;
z=0;
zz=0;

for n=1: (Ncells-1)
m=CC+CathodicInletTubeLength+1;
a=Cc+CathodicInletTubeWidth;
$for k=1:Ncells
a=a+t+l;
i=((zz+* (CathodicInletTubeWidth-1) )+ (m*SystemWidth)
+a+ (z+* (CathodicInletTubeWidth+ ( (CathodicWidth
+1+MembraneWidth+2+AnodicWidth+1)
— (CCCI-corrc+AnodicInletTubeWidth)))));
i=(m*SystemWidth) +a+ (z+«CellWidth) ;
for 1=1:((CathodicWidth+l+MembraneWidth+2+AnodicWidth+1)
—(CathodicInletTubeWidth+1))
A{tt} (J,1)=-1;
i=1i+1;
J=3+1;
end

o° oe

o

m=m+1;

{

A and b must be in the same time
SA = sparse (A{2});

Sb = sparse(b{2});

figure (1)
s spy (A)
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spy (SA)

figure (2)

spy (Sb)

Al = A(:,1l:end-((Ncells—-1)* (HeightCells+2)));
S1 = S(:,1l:end-((Ncells—-1)x* (HeightCells+2)));

o o

u=A1\X;
u=SA\Sb;
Su=X\A;

o\

figure (3)
plot (u);

if Ncells ==
cut=( (AnodicWidth+1) + (MembraneWidth+2) + (CathodicWidth+1) ) xNcells;

else

o\

cut=( (AnodicWidth+1l) + (MembraneWidth+2) + (CathodicWidth+1) ) *Ncells
- (Ncells-1);
cut=SystemWidth;

end

xlswrite ('generatedMatrix.xlsx',A)
x1lswrite ('generatedMatrixAl.xlsx',Al)

o° oo

xlswrite ('generatedMatrixl.xlsx', Sb)
Z=vec2mat (u, cut) ;

o\

x1lswrite ('generatedMatrix2.xlsx',u)
x1lswrite ('generatedMatrix3.xlsx',Z)

o° oo

figure (4)
surf (Z)

$break
end
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