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Abstract

Zero Emission Fuels (ZEF B.V) is a start-up working to build a sustainable methanol micro-plant. Carbon
dioxide and water is obtained from atmosphere. Hydrogen is obtained from captured water through alkaline
electrolysis and the hydrogen is used for methanol production. The alkaline electrolyser should run at 50
bar and 90°C with 30% KOH as the electrolyte. It is a multi-cell design and the electricity supplied to the
electrolyser leaks within the system through the electrolyte. This is the energy supplied to the system not
being used for splitting water into hydrogen and oxygen. Leaking current and flow scale with the length and
the radius of any channel in the system and contradict each other in terms of requirements.

This study focuses on characterising the electrolyser to validate a modified version of the existing Matlab
model at a channel in the system for two different dimensions of the channel. The Matlab model predicts
the flow and the leaking currents in the system. Estimating the flow in the system is essential to validate the
model and using the model, the leaking currents are estimated. Experiments were performed on a single cell
version of the electrolyser at atmospheric pressure to obtain the flow and thermal characteristics. Comsol
simulations were ran on the single cell system to support the Matlab results.

The heating curve of the system was obtained at four different points in the system to check for the necessity
of insulation. The system went up to 56°C at the hottest point in the system after 2 hours. This confirmed
for the necessity of insulation. The diameter of the bubbles at the electrode were measured and compared to
the estimated diameter in Matlab. They were 34% off. The flow part of the experiments were done at a lower
current density to simulate 50 bar flow at 1 bar. The flow rate of the electrolyte was estimated using high
speed cameras and tracking fluorescent particles at one of the channels in the system. The values of the flow
rate from Comsol, Matlab and Comsol were 25% away from each other whereas Matlab and experiments were
65% away from each other. The mass flow rate predicted by Comsol was in between Matlab and experiments.
The absence of a temperature network to estimate temperature at every part of the system, the approximate
geometry and ignoring smaller resistances to flow in the Matlab model are responsible for the offset.

Leaking currents were estimated in the single and multi-cell system using Matlab. The power lost due to
leaking currents were higher in the multi-cell system as compared to the single cell system. The reduction in
leaking currents by using gas slugs was estimated and the current design achieves the electrical efficiency of
99%. Recommendations were to make the channel diameter larger and remove the part of the channel that is
in the cell. Further modifications to the Matlab and Comsol model were suggested to improve the prediction.
Experiments related to multi-cell setup have to be done to estimate the actual electrical efficiency of the
system and validate the Matlab model.
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Introduction

The increasing concern about pollution and climate change has led towards greener options, out of which
hydrogen is appealing and has the potential of being the fuel of the future [14]. Hydrogen has advantages
like it does not produce harmful by-products [26]. There are many ways of hydrogen production [38], among
which electrolysis in 2011 accounted for nearly 4% of the total hydrogen produced among the other sources
like coal and hydro carbons, and 8% is used to produce methanol [4]. Hydrogen production by electrolysis can
be made carbon neutral by using renewable energy sources like solar panels. Modelling and optimisation of
electrolysis using solar panels have also been studied previously in [32] and [42]. Alkaline electrolysis systems
have advantages like long lifetime and low material costs [38]. But when it is compared to the liquid fuels,
hydrogen is relatively not easy to be stored and transported. Hydrogen is also explosive and exists as a gas
at room temperature [19]. Hence, an alternative to hydrogen had to be a fuel which does not have these
drawbacks. Methanol is one such fuel which can be an alternative due to higher octane rating, low NOy and
SOy emissions. Methanol can be easily produced from hydrogen and carbon dioxide. Zero Emission Fuels
(ZEF B.V)) is a start-up that is working on making a small scale and low cost methanol plant by using hydrogen
produced through alkaline electrolysis. Table 1.1 shows how the specifications of the alkaline electrolyser
used by ZEF compare to the typical specifications of an alkaline electrolyser [13].

Table 1.1: Comparison of typical specifications of an alkaline electrolyser [13] with the ZEF alkaline electrolyser

Parameter Alkaline electrolyser Units
Typical ZEF
Temperature 60-80 90 | °C
Pressure <30 50 | bar
Current density | <0.45 0.3 | A/lcm™
Cell voltage 1.8-2.4 2|V
Cell area 3-3.6 31073 | m?

1.1. Zero Emission Fuels

Zero Emission Fuels (ZEF B.V)) is a start-up in the Netherlands. The aim of the company is to produce
methanol at 50 bar at a small scale and low cost. Multiple micro-plants will be used at a particular loca-
tion as opposed to using one big plant for the production bringing down the complexity of the system. The
path taken by ZEF to produce methanol is by capturing water and carbon dixodie from air and producing
methanol with a well-defined process. The process is shown in Figure 1.1. The process begins with capturing
water and carbon dioxide from atmosphere using direct air capture system. This is desorbed from the system
at 0.1 bar and pressurised to 55 bar using compressors.

The mixture is then passed through a degasser, where the carbon dioxide is separated from water. The water
is then stored at 55 bar for being supplied to the alkaline water electrolyser. The water is then supplied to the
electrolyser which contains potassium hydroxide (KOH). The alkaline water electrolyser is a system that uses
electricity to split water into hydrogen and oxygen.
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Figure 1.1: Flowchart showing the path taken for methanol production method at ZEE Carbon dioxide and water are captured from air.
Hydrogen obtained from water through electrolysis and carbon dioxide from air are used to produce methanol.

The temperature and pressure inside the electrolyser are maintained at 90°C and 50 bar respectively. Produc-
tion of methanol at a pressure of 50 bar takes place in a methanol synthesis reactor using carbon dioxide from
the direct air capture unit and hydrogen from the alkaline water electrolyser. The system does not produce
methanol at the required level of purity.

The water content in the methanol has to be removed before it is stored and shipped. The distillation unit
contains a wick and a heater to separate methanol from water. The final product required is 99.99% pure
methanol. The whole system requires energy in places like the heater in methanol synthesis reactor and the
electricity for hydrogen production in the alkaline water electrolyser. The energy is supplied by three solar
panels, making the process sustainable.

1.2. Scope and research questions

This thesis focuses on the characterisation and improvement of the alkaline water electrolyser of the ZEF
micro-plant to conduct experiments on the electrolyser and obtain the thermal and flow characteristics of
the system. It is important that the system operates at 90°C and 50 bar. A smaller system was designed to
analyse both the thermal and flow characteristics of the system. There is no external heat supplied to the
system at the moment. The temperature of the system is the consequence of the alkaline electrolysis being
operated at exothermic conditions. The thermodynamics of the system will be discussed later. Hence, it is
a requirement that the temperature is maintained by the reaction. The flow in the system cannot be seen
when the system is operational as it is not accessible visually. Hence, the problems with the flow and its
characteristics cannot be determined when the whole system is operating. There are a few contradicting
parameters like flow and leakage currents in the system for which a decision in the design had to be made.
This thesis aims at answering one main research question:

Can the flow rate of the electrolyte be improved in the current ZEF alkaline electrolyser design while
keeping the leaking currents in check?

To answer the main question, the following sub-questions have to be answered:

1. Can the electrolysis system be modelled and validated with respect to flow and temperature?
2. What are the thermal/flow problems in the current design?

3. How does the geometry affect the flow and leaking currents and how can it be improved?
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1.3. Methodology

The thesis started with obtaining knowledge about electrolysis process and the various factors that can af-
fect the parameters in the system like flow, temperature and electric current along with analytical equations.
Knowledge about the current design of the ZEF alkaline electrolyser and the test setup was obtained from
former ZEF members. The matlab model developed by M.Geraedts [18] was to be validated.

Simulations from modelling software and experiments were done for comparison of the results from the Mat-
lab model. The set of characterisation parameters for the validation of the model were temperature, flow and
leaking currents in the system. The experiments were meant to be done on a smaller multi-cell ZEF alka-
line electrolyser. Due to delays in the setup and safety reasons, the system was not analysed. A single cell
electrolyser was used for the validation of flow and temperature results from the system. The same system
was designed using Adobe Fusion 360 and the same design was imported and simulated using Comsol Mul-
tiphysics.

Some modifications were done on the Matlab model to convert into a single cell setup and incorporate the
effects of temperature. The flow results from Matlab and Comsol were compared with each other which were
validated through experiments. Based on the results obtained from the current design, a modification was
done to the design to see if it improves the system with respect to flow while keeping leaking currents within
desired limits. Conclusions were drawn and recommendations were provided for further analysis/improve-
ment of the model and the design of the electrolyser.

1.4. Structure of the report

The report is divided into 5 chapters. Chapter 1 gives an introduction to the general information about the
company and the project of which the electrolyser is a part. Chapter 2 gives a summary of knowledge and
literature including a description of the test setup. A few analytical solutions and results obtained are also
a part of this section. Chapter 3 consists of the initial analysis on the system for identifying the potential
problems/additions to the models. It also explains the method followed to simulate the system using Comsol
Multiphysics and Matlab. A description of how the experiments were performed is also mentioned in this
chapter. The results of the simulation and experiments along with the comparison is presented in Chapter 4.
Chapter 5 consists of conclusion and recommendations.






Theory

The main parameters to be estimated in the electrolyser are with respect to temperature, flow and leaking
currents in the system. Before the analysis begins, an introduction to working of an electrolyser, the resis-
tances, the current design of the electrolyser in ZEF are discussed in this section. A few equations relevant to
the study are also derived in this section.

2.1. Working of the electrolyser

In chemistry, electrolysis is the process of using current as a driving force to perform a non-spontaneous
chemical reaction. The electrolysis of water (H,0) involves passing current through water, decomposing it
into hydrogen and oxygen.

There are three main types of water electrolysis, namely, alkaline water electrolysis, proton exchange mem-
brane water electrolysis and solid oxide water electrolysis. The alkaline water electrolyser is explained further
as that is the technology being used in the setup under consideration.

A schematic of an alkaline water electrolyser is shown in Figure 2.1. The electrolyser consists of an anode
(positive electrode) and a cathode (negative electrode) connected to an external power source. The electrodes
are in contact with the electrolyte consisting of an alkali in water.

Figure 2.1: Working of an alkaline water electrolyser [17]. Current is applied across the diaphragm to produce hydrogen at the cathode
and oxygen at anode. The electrolyte is an aqueous alkaline solution. The diaphragm ensures that the gases on the either side of the
diaphragm do not mix inside the electrolyser.

The electrodes are separated by a separator which is permeable to hydroxyl ions and water molecules but not
permeable to the gases produced at the either electrodes. By passing the right amount of voltage, the water
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molecules are split into hydrogen and oxygen. Oxygen is generated at the anode and hydrogen is generated
at the cathode in the form of bubbles. The bubble detaches from the electrode and rises to the top.

2.2. Thermodynamics of electrolysis
Current is passed through two electrodes that are dipped in water. By applying the right amount of potential
across the electrodes, the following reactions occur,

Anode(+) : 20H™ — 0.502(g) +H,0 +2e~ (E° = 0.400V vs RHE @ pH = 14) (2.1)

Cathode(-) : 2H,0 +2e~ — Hy(g) +20H (E° = —0.830V vs RHE @ pH = 14) (2.2)

The voltages that are mentioned in the above equations are the reversible voltages. Usually, the conductivity
of water is improved by either adding an acid or a base to the electrolyte. In the case of acid electrolysis, the
environment is highly corrosive and hence, the electrodes used in such electrolysers are made of expensive
materials like platinum.

In the case of alkaline electrolyser, cheaper materials like nickel can be used for the electrodes as corrosion
issues are less significant with higher concentration of potassium hydroxide [6]. Typically, potassium hydrox-
ide is used for improving the conductivity of the electrolyte. Up to 40 wt% of KOH in water is used to provide
good conductivity up to temperature of 90°C [25]. Since the electrolyte is basic, the voltages corresponding
to the pH values of basic solution are presented in the above equations.

The electrolysis of water is not thermodynamically favourable and requires energy input for the reaction to
occur. The total energy required for the electrolysis to occur can be supplied by either heat or electricity. The
energy requirements are estimated using the Gibbs equation given by,

AG® =AH° - TAS° (2.3)

where G° is the standard Gibbs free energy, H is the standard enthalpy of formation (286.03 kJ/mol), S is
the ideal gas entropy (0.163 k] mol~'K™!) and T is the temperature in Kelvin. The Gibbs energy of water at
298K is given by,

AG° =286.03 — (298 x 0.163) = 237.46 kJ/mol

The voltage that has to be supplied for electrolysis can be calculated using the Gibbs free energy [12]. The
voltage required is given by,

(2.4)

Viev=—

nF

where Viey is the reversible voltage, G, is the standard Gibbs free energy of formation of water, n is the number
of electrons released per mole of hydrogen and F is the Faraday’s constant. The number of electrons required
to produce hydrogen is 2 and the Faraday’s constant is 96485 C/mol. Using these values, the reversible voltage
is calculated to be -1.23 V.

If the reaction has to occur at reversible voltage, the water that is reacting has to be in vapour phase. But in
reality, the temperature of the water is lower than the evaporation temperature and hence, extra energy has
to be supplied to the electrolyser [12]. The voltage at which the reaction has the necessary energy is called
thermo-neutral voltage. The thermo-neutral voltage is given by,

AH°

Vin = —
tn nF

(2.5)

Using Equation 2.5, the thermo-neutral potential is -1.48V at 298K. Figure 2.2 shows the variation of the
thermo-neutral voltage (U, (T, 1) in the figure) and reversible voltage (Urey(T,1) in the figure) with the tem-
perature at 1 bar pressure.
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Figure 2.2: Variation of thermo-neutral voltage and reversible voltage with temperature [6]
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Low temperature electrolysers usually work in exothermic mode to satisfy the heat requirements with the
internal heat generation [6]. The electrolyser being used is working with a supply voltage larger than the
thermo-neutral voltage. Hence, it has to be verified if the heat dissipation is enough to run the electrolyser at

the right temperature.
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the thermo-neutral voltage.
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2.3. Losses in the electrolyser

Although water electrolysis is possible at thermo-neutral voltage (1.48 V), the actual reaction at this voltage is
very slow. To split the water molecules in the electrolyser into hydrogen and oxygen, the voltage applied to the
electrolyser must be significantly larger than the thermo-neutral voltage in order to let a significant current
density flow across the cell and reduce capital expenses [25]. The potential applied over the thermo-neutral
voltage to reach the corresponding current density is called over-potential. Some part of the over-potential is
used to overcome the losses in the cell.

To explain the losses in the electrolyser, the electrical circuit analogy of water electrolyser [40] is used as
shown in Figure 2.4.

R1 — Ranode — Rbubble,02 — Rmembrane = Rions [— Rbubble H2 — Reathode — R 1

Figure 2.4: Losses in an electrolyser

Figure 2.5 shows the relative magnitude of each of the losses at various values of current density.
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Figure 2.5: Contribution of different losses in an electrolyser. This is a plot of voltage versus current at 90°C. The curve shown by I is
thermodynamic voltage, II is ohmic drop due to electrolyte, III is overpotential on anode side, IV is overpotential on cathode side, V is
ohmic drop at the electrodes. [24]

2.3.1. Circuit resistances

Circuit resistances are the contributions made by the wiring and connections to the overall increase in the
supplied voltage. These resistances are represented by R; and R/1 at the anode and cathode side respectively
in Figure 2.4. These resistances can be calculated using Ohm’s law (Equation 2.6) or using Equation 2.7.

R_K (2.6)
=5 .
R_i (2.7)
T kA ’

In Equation 2.6, R is the effective resistance offered, and I is the current for supplied voltage V. In Equa-
tion 2.7, 1 is the length of the wires, « is the specific electrical conductivity of the electrolyte and A is the area
of cross section of the wires.
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2.3.2. Transport resistances

Transport resistance is the physical resistance offered by the bubble formation and transportation in the elec-
trolyser. During electrolysis, gas bubbles are formed at anode and cathode. If the bubbles cover the electrode,
less surface area of the electrode is in contact with the electrolyte and this leads to a reduction in the efficiency
of the electrolyser.

In Figure 2.4, Rpubble,0, and Rypubble,H, are caused as a result of oxygen and hydrogen bubbles covering the
electrode. Resistance due to ionic transfer in the electrolyte is represented by Rjonic and resistance offered by
the membrane is represented by Rinembrane in Figure 2.4.

2.3.3. Electro-chemical reaction resistances

Electro-chemical reaction resistances are the over potential values that are applied to the electrolyser to over-
come the activation energies for the formation of oxygen and hydrogen at the electrodes. The surface pa-
rameters of the electrode play an important role in determining this over-potential. These resistances are
represented as Reathode and Ranode in Figure 2.4.

The over-potential of hydrogen is measured by Tafel equation,

R T j
Zeonst % oo S 2.8)
aFeonst Jo
The exchange current density, jo, is a function of the material used in the electrode [35]. Hydrogen over-
potential is directly related to the hydrogen formed near the electrode. The hydrogen formation depends on

concentration of electrolyte, temperature and electrode properties.

MH, = 2.3

The over-potential of oxygen evolution reaction is generally measured by Tafel equation,

R T i
N0, = 23— Jog ) 2.9)

(1-a@)Fconst ~ Jo
R used in both the equations is the universal gas constant (8.314 J/mol- K) The reaction rate is inversely pro-
portional to the activation energy, so reducing activation energy is always favoured. The typical Tafel plots for

the hydrogen and oxygen evolution reaction is shown in Figure 2.6.
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Figure 2.6: Typical Tafel plots for hydrogen and oxygen evolution [40]

The losses caused by the reaction resistances increases slowly with the rise in the current density. The energy
loss in the circuit is relatively small. But the energy loss due to ionic transfer resistance becomes more relevant
at higher current density. Generally, it is easier to reduce the hydrogen over-potential as compared to the
oxygen over-potential due to the complex mechanism [8] and irreversibility of oxygen evolution reaction.

2.4. Bubbles and flow patterns

2.4.1. Forces acting on the bubble
The ZEF alkaline electrolyser does not have any external pumps to circulate the electrolyte within the system.
Bubble formation and departure is one of the reasons for the electrolyte to be driven in the system. It also



10 2. Theory

one of the reasons for the losses in the electrolyser and hence, there is a need to learn the effects of it. The
behaviour of gas bubbles and their effect on the cell voltage has been studied by Zhang et. al [41]. Figure 2.7
shows the forces acting on the gas bubble attached to the electrode.

/
oot
) t
ecroy

(a) (b)

Figure 2.7: (a) Gas bubble on electrode and (b) forces acting on it

Due to the difference in gas and liquid densities, buoyancy and surface tension exist. If there is electrolyte
flow, then, there is lift and drag force on the bubble. Due to the motion of the electrolyte, the contact angle
is not same on all the sides of the bubble. The upward tilting of bubble leads to the formation of advancing
and receding angles. The effect of temperature was not considered as the electrolyte was kept at the constant

temperature. The force due to buoyancy is,

FB:/ pL(x)dA+f deA—f ppgdV (2.10)
AB AC VB

The drag force (Fp) and lift force (Fr) are given by,

1 1
Fp = EchvaAaex F = 5CL,oLuzAaey (2.11)
where Cp is the drag coefficient and Cy, is the lift coefficient. It was also found that surface tension is a func-
tion of electrolyte concentration gradient, pressure gradient, temperature gradient and voltage gradient. The
temperature field and the bubble movement causes the bubble to depart prematurely.

2.4.2. Different multiphase flow patterns
The gas-liquid flow in the top channel can have different flow patterns. The common flow patterns are: bub-

bly, slug, annular and churn [21]. A representation of the different flow patterns are shown in Figure 2.8 [27].
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Figure 2.8: Vertical two phase flow patterns [27]
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1. Bubble flow : When the liquid and gas velocities are low, the gas phase is dispersed in the liquid phase.
This regime is called as bubble flow.

2. Slug flow: With larger gas velocities, the bubbles coalesce forming bubbles large enough to span across
the cross-sectional area of the channel. This flow regime is called slug flow.

3. Churn flow: This type of flow pattern is seen when the continuity of the liquid in between two succes-
sive bubbles is broken repeatedly.

4. Annular flow: With further increase in the gas velocity, the gas phase becomes continuous and the
liquid moves along with the bubble as a thin film in between the bubble and the wall. This flow regime
is called annular flow

2.4.3. Pressure drop in the multiphase flow channel
The pressure drop in the channel where the multiphase flow of the electrolyte and the gases take place is
given by [3] Equation 2.12.
APo _ 2fvipi
Lenh den

a (2.12)

where ALLCS‘ is the pressure drop per unit length of the channel, f is the friction factor given by Equation 2.13,
U is the average of the gas and liquid velocity, p is the density of the electrolyte, d., is the diameter of the
channel and «a; is the volume fraction of the electrolyte.

16

0.465d
Z 22| 4 2%
Re

Lol (2.13)
S

f

where Re is the Reynolds number, Ca is the Capillary number given by Equation 2.14 and Lg is the length of
the slug in the channel.

_ Hug
e

Ca (2.14)

where g is the dynamic viscosity of the electrolyte, ug is the bubble velocity and o is the surface tension of

the electrolyte.

I 1.27
S

— =3451
ch

(2.15)

RegEo

where Reg is Reynolds number calculated using the superficial gas velocity and Eo is Eotvos number or Bond
number given by Equation 2.16.

_ (pg— pl)gdgh
S

Eo (2.16)

2.5. Equation for void fraction/gas holdup

The driving force for the natural convection is due to bubbles and the void fraction is one of the parameters
to be estimated. A simplified model to derive an equation for the average void fraction was given by Nagai
et al [28]. Figure 2.9 shows the cut section of one half of the cell. The cathode is to the left of the image and
the x coordinate is aligned with the electrode for the ease of deriving the equation. The electrolyte is blue in
colour and the small element chosen in the electrolyte is white in colour. The height of the element is dx and
the total height of the electrode is Hgep represented as H in Figure 2.9. The amount of hydrogen produced is
proportional to the current density on the electrode. The volume flow rate of hydrogen gas (Equation 2.19) is
given by Equation 2.17 [36] and Equation 2.18.

. jWdx
iy, [mol/s] = (2.17)
nF
PV =mRT (2.18)
. 5 RT jW
my, [m°/s] = 7 3F (2.19)

where W is the width of the electrode, j is the current density, F is Faraday constant, P is the pressure of the
system, T is the temperature of the system, R is the universal gas constant. The value of n is 2 as the number
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Figure 2.9: Cut section of half cell and orientation of coordinates in the void fraction derivation. The left line represents the cathode of
the cell releasing hydrogen into the electrolyte (blue colour). The x coordinate of the system is aligned along the electrode for this
derivation. The height of the electrode is H. Movement of the electrolyte is along the positive x direction.

of electrons from one mole of hydrogen is 2. Similarly, for the case of oxygen, the value of n is 4. The equation

for volume flux of oxygen produced (in m3/s) at anode is given by,

. _RTjw
M0 = TPy

Adding Equation 2.19 and Equation 2.20 gives the total volume flux of gas produced in the element at anode

and cathode.

dx (2.20)

__3RTjwW
Mowl =75
The void fraction (@) depends on the coordinate x and if all the bubbles are assumed to have a constant
velocity (vg), the gas volume balance in the element is given by,

(2.21)

3RT jW
2utW(a+da) =2utWa+ - ——dx (2.22)
4 P F
This leads to,
3RT j
da=>"2 gy 2.23)
8 P Fut
Solving for Equation 2.23, the void fraction is obtained as a function of the void fraction.
3RT jx
a=—-——-— (2.24)
8 P Fut
The expression for the average void fraction is given by,
1 [Hea 3 RT jH,
Ay = —f adx = —— J el (2.25)
Hcen Jo 16 P Fut

2.6. Scaling of resistances with the channel diameter

[ AV
Current Relec
a Channel Dch
Electrolyte flow AP
Q B Rﬂow
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Figure 2.10: Representation of current and electrolyte flow in a segment of the system. The element offers resistance to the flow and the
current. The electrical resistance scales with the square of the channel diameter whereas the flow scales with the fourth power of the
diameter.
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To find how the flow and electrical resistances scale with the channel hydraulic diameter, the Ohm’s law and
Hagen-Poiseuille equation are used. To obtain the Hagen-Poiseuille equation, the Darcy Weisbach equation
is used. The Darcy-Weisbach equation [11] is given by,

AP fpu?
Icn 2Dcn

(2.26)

Equation 2.26 relates the pressure loss per unit length of the channel (i—f) to the channel diameter (Dgp,). f is

the friction factor which is % in the laminar flow case where Re = %. The electrolyte flow rate Q; is given
by,

nD?
s ch
7 (2.27)
Using Equation 2.26 and Equation 2.27,
AP 128uG
aF _128u9 (2.28)
lCh nDCh

Also, the flow rate of electrolyte is related to pressure drop by the equation,

G =22 (2.29)
| = R .
Comparing Equation 2.28 and Equation 2.29,
128l
R= Eh 2.30)
nD
ch
To obtain the scaling of electrical resistance Pouillet’s law gives,
lch 4]
Rejpp = — = —— 2.31
elec KA KﬂDgh ( )

where Rgjec is the electrical resistance of the channel, A is the cross sectional area of the channel, D, is the
diameter of the channel and « is the conductivity of the channel.
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Figure 2.11: Variation of the mass flow rate and the leaking current with the diameter of the top channel. The mass flow and the leaking
current are observed to raise continuously with the channel diameter but decreases with the length. Hence, an optimal point has to be
found to balance both the parameters.

The leaking currents have to be minimised and the flow rate has to be maximised. This leads to maximising
Rejec and minimising R). If the diameter is decreased by a factor of 2, the electrical resistance increases by a
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factor of 4, but the resistance to the flow increases by a factor of 16. Figure 2.11 shows the effect of the length
and diameter of the channel on leaking currents and mass flow rate of the electrolyte. The leaking currents
and the mass flow rate increase with the diameter of the channel and the flow rate is more sensitive to the
diameter of the channel. The different values of the channel length considered are mentioned in the legend.

The current design was built around the idea of decreasing the leaking currents and hence, the diameter of
the channels are made as small as possible. The effect of this channel diameter has been investigated in the
upcoming chapters.

2.7. Equation for the heating curve

The thermal behaviour of the electrolyser with respect to time had to be determined for looking at whether
the system reaches the expected temperature during operation. The heat supplied to the electrolyte is lost
through the PMMA. Here, it is assumed that the initial temperature of the system is not the same as the
ambient temperature. The heat balance of the electrolyser for one half of the cell is given by,

da T
Qelec = P1AXCH—— dt Re,air AT () = Teny) (2.32)

where Qgec is the heat supplied at the electrode , p is the density of the electrolyte, x is the thickness of the
cell, ¢p is the specific heat at constant pressure of the electrolyte, ki ai; is the heat transfer coefficient of natural
convection for air which will be used as / in the derivation, Tepy is the ambient temperature and A is the area
of the electrode. The equation is rearranged and integrated for obtaining the relation between time and the
temperature of the electrolyte.

T A
ar___h —(Q"l“ + Te)] (2.33)
dt p1Axcy hA
dr hA

= e (2.34)
1
[T—(%+Te)] P

Let the temperature at time t = 0 be Tj. Integrating fromt=0tot=t,

To— (Qelec n Te)] __ ht (2.35)
h p1xCp

In —In

T—(%ﬁchTe)

[T (Qelec”e)]
[To (QeleL+Te)]

(Qezc +T) To - (th‘;c +Te)

Steady state temperature (7,) is reached when the temperature does not change anymore. This condition is
substituted in Equation 2.32 to obtain the condition for the steady state temperature,

—ht

=efrro (2.36)

—ht

errxep (2.37)

T=

Qelec = hA(Too — Te) (2.38)
Qel
Too = ﬁ + Te (2.39)
Using this result in Equation 2.37,
—ht
T=Tew+ [Ty — Toolerr*e (2.40)
T=Te+[AT]e ¥ (2.41)

where T is the temperature value at time t, AT is the difference between initial temperature and final temper-
ature and k = is a constant with unit s~'. This shows that the curve resulting from the equation takes

n
p1xcp
the form of an exponential recovery curve.
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2.8. Characterisation parameters
The two main parameters to be measured are:

¢ Temperature

¢ Velocity of KOH solution

2.8.1. Temperature

To measure the temperature in various parts of the alkaline electrolyser, thermistors are used. A thermistor
is a type of resistor whose resistance is sensitive to temperature [5]. Assuming first order approximation and
linear relationship between temperature and resistance,

AR = kAT (2.42)

where AR is the change in resistance, k is the first order temperature coefficient and AT is the temperature
change. If k value is positive, then the thermistor is called a positive temperature coefficient thermistor. If the
k value if negative, the thermistor is called a negative temperature coefficient thermistor and the resistance
of the thermistor deceases with the increase in temperature. I had used the temperature sensors in the setup
to measure the temperature at various locations of the setup.

2.8.2. Velocity of KOH solution

To obtain the velocity of the electrolyte, fluorescent particles were used which track the flow and can be
distinguished from other elements in the frame like the electrode and bubbles. Fluorescent particles have the
ability of absorbing light from different wavelength and emitting a spectrum of light with different wavelength
[31].

Particle Tracking Velocimetry (PTV) was used to obtain the velocity of the particles. PTV is one of the forms
of pulsed light velocimetry [34] techniques where the position of the particle is tracked and expressed as a
function of time. Different image processing techniques can be used for improved object identification like
boundary thresholding [2].

2.9. ZEF alkaline electrolyser

Electrodes and membrane

» Oxygen outlet Gas passage

Degasser ,——> Electrical passthrough
——> Stainless steel casing

( Clamp

| l | I ‘ l Hydrogen outlet

» Hydrogen buffer

KOH passthrough

Hydrogen downcomer

\——> Downcomer - Oxygen side
> Dummy cookie
» Stainless steel lid » Middle cookies

End cookie - Hydrogen side

NTC slots

Figure 2.12: Cross section view of the full electrolyser design

The alkaline water electrolyser at ZEF is used to produce hydrogen gas from water at 50 bar. The input to the
electrolyser contains a mixture of water and carbon dioxide. The output contains hydrogen. KOH is present
in the electrolyser and is added or removed based on the liquid level in the electrolyser.

Figure 2.12 gives the cross section view of the electrolyser showing the components that are in the electrolyser.
For reference purposes, the side of the electrolyser where the oxygen comes out is called the oxygen side and
that where the hydrogen comes out is called the hydrogen side. There are 19 yellow identical components at
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the centre of the system. Each one of these is called as a 'cookie’ and will be referred that way in the rest of the
report. Each cookie has a wall separating two successive electrolysis cells and two successive cookies make
up one cell with the electrode and separator assembly in between.

(a) Front view (b) Rear view

O-Ring

—+——> Flash tank

| 5 Channel to flash tank

Electrode

Separator
] Cookie wall

Stainless steel bolt

Channel to the reaction chamber

Bottom channel

(c) Cut section view

Figure 2.13: Various views of the middle cookie. (a) shows the front view of the cookie with the electrode (blue in colour). (b) shows the
rear view of the cookie with the electrode and the O-Ring (black) used to make the system leak-tight at higher operating pressures. (c)
shows the cut section view of two cookies assembled. Red arrows in (c) show the direction of the electrolyte flow.

» External casing: The external casing consists of three components: tube casing, lids and the clamps.
The material used for the external casing is stainless steel. The clamps are used to seal the lids with the
tube. The lids have holes for the pass-throughs and the electrical cables.

¢ Pass-through: The pass-throughs are used for allowing fluids to enter or leave the system. There are
four pass-throughs in total: hydrogen pass-through, oxygen pass-through, KOH pass-through and wa-
ter pass-through. Water pass-through is used to supply water to the system that enters to the degasser
before being sent to the middle cookies. Hydrogen pass-through and KOH pass-through are present on
the hydrogen side and the oxygen pass-through and the water pass-through are present on the oxygen
side.

¢ Dummy cookie: Dummy cookie is the cookie present between the lid and degasser that provides sup-
port to the pass-throughs on the oxygen side.

* Degasser: Degasser is used to reduce the percentage of carbon dioxide in the water supplied to the
electrolyser. The oxygen produced in the electrolyser is passed through the water that is supplied into
the electrolyser. When oxygen moves through the water containing CO,, some of the CO, moves from
water to oxygen. In this way, the purity of water is increased before it undergoes electrolysis.



2.10. Setup description 17

* Down-comer cookies: When the gases are evolved during electrolysis, they carry some of the elec-
trolyte along with them. Hence, some electrolyte ends up in the flash tank. This is brought back to
the bottom of the setup through the downcomer cookies. The downcomer cookie on the oxygen side
contains the level sensor. The level sensor is used to monitor the level of KOH and control the valves at
the KOH pass-through and the water inlet.

¢ Middle cookies: The middle cookies are the main part of the electrolyser which contain the electrodes,
separators and the electrolyte. This it the place where the water is split into hydrogen and oxygen. Fig-
ure 2.13 shows the different views of the middle cookie. The front view (Figure 2.13a) shows the elec-
trode which is blue in colour, flash tank on the hydrogen and oxygen side at the top and the channels
at the bottom to feed the electrolyte into the reaction chamber.

The back side of the middle cookie is shown in Figure 2.13b. O-ringis seen at the back of the cookie. The
flow of the electrolyte is shown in Figure 2.13c with red arrows. O-rings between two middle cookies
are present to make sure that there are no leaks at high pressure. One side of one middle cookie and the
one side of the other middle cookie make up for one electrolysis cell.

¢ Flash tank / gas passages: In the flash tank, the hydrogen is present in the hydrogen flash tank channel
and is removed from the right side of the electrolyser. Similarly, oxygen is removed from the left of the
electrolyser which is present in the oxygen flash tank channel. There is also electrolyte flowing into the
flash tank from the cell through the top channels.

* Electrodes and separators: Every middle cookie contains two electrodes on either face and the end
cookies contain one electrode. The electrode is made of Nickel mesh with Permascand coating. The
electrode is a mesh and hence, allows the membrane to be in contact with the separator. Electrical
connection is completed by passing the electricity from the electrical pass-through in the end cookies
to the electrodes using stainless steel studs. Every middle cookie is provided with four such studs for
the electrical connection.

The separator is Agfa Perl UTP-500. The separator is placed in between every middle cookie and makes
sure that the gases evolved at the electrodes do not mix. Hydroxyl ions are the charge carriers and they
pass through the separator. Zero gap configuration is used in the setup. Hence, the electrodes are in
contact with the separator.

* End cookies: The end cookies are the two cookies present in between the middle cookie stack and the
down-comers. On one side, they have the same features as the middle cookies and on the other side,
they have the other half of the down-comer. They are also thicker to house the electrical pass-through
bolt. Power is supplied through cables, electrical pass-through bolts and to the stainless steel studs.

¢ Hydrogen buffer: After hydrogen is produced by electrolysis, it is stored in the buffer until it is being
required by the downstream processes.

* NTC slots: NTC slots are used to house the temperature sensors in the system Every middle cookie
consists of one slot at the bottom and one slot at the top so that the temperature sensors can be placed
wherever necessary.

2.10. Setup description

Due to safety reasons, the full setup was not ready to be functional and thus, could not be characterised.
Hence, a smaller setup with same geometry was used for observing the flow and temperature profile during
operation. Figure 2.14 shows the front view of the setup that was designed using Adobe Fusion 360. The
cookies were manufactured by Pieter from ZEF and the rest of the setup was done by me.

The bubble evolution and motion was observed from this view using a high speed camera. More information
related to this part of the setup is presented in chapter 3. The cookie was adjusted so that the flow inside the
channels is also observed. Hence, two square channels with the hydraulic diameter equal to that of the actual
channel along with the angle of inclination same as that of the actual channel was designed.

Five bolts are seen from the front. The bolt in the centre is the bolt that provides the electrode (purple colour
sheet) with the electricity. The remaining four bolts are used for pressing the electrode against the membrane
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ensuring zero gap configuration during operation. Depending on the polarity of electricity on the bolt, the
part of the cell under observation can be hydrogen side or oxygen side.

The path taken by the flow is same as that of the actual setup: 30% KOH solution enters cell from the bottom
channel through the square channel at the bottom and passes along the electrode, generating gas bubbles.
The flow then enters the upper channel to reach the flash tank.

Flash tank

Channel exit

Channel to flash tank

Electrode support

Electrical bolt
Electrode
Membrane

Channel to cell

Bottom channel

Figure 2.14: Front view of the setup

Figure 2.15 shows the other side of the setup which consists of the down-comer and the other bolt that works
as the electrical pass-through for the other electrode. There are two down-comers on either side of the bolt
with the down-comer on the left side being present for the flow seen on the front side of the setup and the
down-comer on the right side being present for the flow through the other side of the membrane.

Flash tank

Channel exit

‘-,-‘,—» O-Ring groove

Bolt

Connection channel

Bottom channel

Figure 2.15: Back view of the setup

This setup totally consists of one electrolysis cell with two electrodes and one membrane in zero gap config-
uration, two stainless steel bolts for electrical connection, two CPVC cookies for the body of the electrolysis
cell and two PMMA covers on either side of the setup for transparency. Figure 2.16 shows all the components
mentioned. O-rings are necessary if the system is operated at higher pressure. Hence, O-ring grooves were
machined.
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Main Cookie
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| »Channel to cell

 —»Bottom channel
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Figure 2.16: Cut section view of the test setup. The zero gap configuration is achieved by pressing the electrode-separator on either
sides with the supports. The passage to the right of the electrode-separator assembly is the oxygen side and the one to the left is the
hydrogen side.

The location of the temperature sensors are not shown in the 3D drawing of the setup. There are two tem-
perature sensors on either side of the setup. A hole is made on PMMA cover for every temperature sensor.
The sensitive part of the NTC is kept in the flow whereas the connecting ends of the NTCs are present on the
outside of the setup. The terminals of the NTC are connected to and controlled by an Arduino controller.

]—) Terminal
||

11

Figure 2.17: Temperature sensor used in the setup. The actual sensor is placed in contact with the electrolyte and the terminals are
soldered with electrical wires to be connected with the rest of the circuit. Four temperature sensors were used in total.

The temperature sensor used in the setup is shown in Figure 2.17. The faces of the PMMA cover is shown in
Figure 2.18. Several holes and engravings were done on the PMMA covers. The holes are made for housing
the stainless steel bolts (shown as bolt hole) and the temperature sensors. In both the PMMA covers, there are
two small holes of 2 mm diameter which hold the temperature sensor. The hole is made leak proof and the
temperature sensor is held by means of epoxy glue. The advantage of using epoxy glue is that it is transparent
and hence, it does not block any visual information from inside.
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—— > NTC hole
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(a) Front cover (b) Back cover

Figure 2.18: Front and back PMMA covers showing various holes and engravings on them

In Figure 2.18a, all curves except the bolt hole, NTC hole and the actual circle marking the diameter of the
PMMA cover are engraving lines. The scale is used to scale the images and videos to the right size when post
processing it. The electrode bolts are also made from PMMA so that they are transparent. The marking is
done on the PMMA cover so that the location at which the bolts have to be stuck are made obvious.

In Figure 2.18b, all the curves are cutting curves and the PMMA engraving and cutting was done using a laser
cutting machine. The laser cutting is done with high power for the curves which are supposed to be cutting
curves and for the ones which are meant to engraved, the laser operates at lower power making an engraving
roughly 0.2 mm deep.
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The are two main factors that affect the temperature distribution are advection and diffusion of heat. The
source of heat is at the electrodes. The electrolyser heats up whenever the supplied voltage is greater than the
thermo-neutral voltage (1.48 V in this case). The effect of diffusion was studied using the simulation option
available in Adobe Fusion 360 and the other effects were analysed in the Matlab model. This section con-
tains the initial analysis and description of the simulations done using Matlab and Comsol. The information
related to experiments are also mentioned in this section.

3.1. Advection-diffusion equation
The advection-diffusion equation was solved for the current system to see the temperature profile in the sys-
tem due to conduction and convection. The electrolysis system is opaque and one of the options to quantify
the flow inside the system was to use the already existing temperature sensors. For this method to be reli-
able, the relative dependence of temperature on advection and diffusion had to be studied. The advection-
diffusion equation is given by,

T dT = ad*T

ar - Yz " Vaz
where u is the velocity of the fluid, T is the temperature, z is the vertical distance with z = 0 being the bottom of
the electrode and z = H being the top of the electrode, a being the thermal diffusivity of the fluid and S being
the volume heat flux that is heating the fluid. The steady state solution is obtained when the temperature
stays constant with time. This would mean that the left hand side of equation 3.1 becomes zero. Equation 3.1
is then,

+S (3.1

dT  d*T
uazaﬁ+8 3.2)

General solution to equation 3.2 is,

ae'c c Sz
+—+0c (3.3)
u

T(z) =

3.1.1. Between z=0 and z=H

The heat source S is at the electrode as the heating happens due to the Joule effect. Hence, equation 3.3 has a
positive value for S between z=0 and z=H and zero everywhere else. Let the temperature at z=0 be Ty. Using
this condition, equation 3.3 becomes,
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z=H

Flow direction

Electrode

z=0

I=—x

Figure 3.1: Representation of the z axis in the flow

Equation 3.3 becomes,

aS uez-H asS Sz
T(z)=——e & + —+—+Tp (3.7)
u ulea
Atz=H,T=Ty, S S S
a a
Th=-—+ —+—+T (3.8)
u wle's u

3.1.2. Betweenz=-ococoandz=0
Atz = —00, T=T_. Equation 3.3 becomes,

Tooo =0 3.9)
T=2"9 1 (3.10)
u
Atz =0, T=T, y
c=(To—T-x0)— (3.11)
a
T(Z)=e'a (Ty—Too) + T-oo (3.12)

3.1.3. Betweenz=H and z = oo

The temperature at z = H is Ty. The temperature beyond z = H cannot increase because there is no heat
source and the temperature cannot decrease because there are no heat losses taken into consideration. This
means that the temperature is constant beyond z = H. Hence, the equation for temperature profile becomes,

TH<z<o00)=Tx (3.13)

3.1.4. Plotting the temperature profile

The temperature profile is plotted using the equations 3.7, 3.12 and 3.13 for different parts of the flow. The
dimensionless number that relates the convective heat transport to the diffusive heat transport is the Péclet
number [33]. Péclet number is defined as,

uH  Convection transport

- = 3.14
a Diffusion transport ( )

Pe =

where H is the height of the electrode, u is the velocity of the electrolyte and « is the thermal diffusivity of the
electrolyte. Using the velocity as input, the dependence of temperature profile on Péclet number is obtained



3.2. Fusion 360 modelling 23

and plotted in Figure 3.2. The various colours of the plot are the various locations in the electrolyser. Red
colour is when the flow has not entered the cell yet, blue colour is when the flow is in the cell and green
colour is after the cell. The temperature before the electrolyte increases with the decrease in Péclet number
as diffusion becomes more significant. The y axis is normalised for better comparison of the different cases.
In all the three cases, the temperature beyond the electrode is constant.

0.1 4

0 | ] ! e | | I | |
-0.05 -0.04 -0.03 -0.02 -0.0 0 0.01 0.02 0.03 0.04 0.05
Distance from bottom of electrode [m]

Figure 3.2: Temperature profile for various values of Péclet number. Every temperature profile is split into three parts: red part being
before the electrode, blue part being at the electrode and the green part being after the electrode. The temperature rise due to the
convection is more significant with the increase in the Peclet number.

3.2. Fusion 360 modelling

Adobe Fusion 360 software used for designing the system consists of a thermal analysis module which was
used in the initial analysis. The software does not have a flow module in it. Hence, two extreme cases could
be simulated: zero flow case and high flow case by modifying the thermal conductivity of the electrolyte.

Table 3.1: Parameters used for the simulation

Parameter Value | Units

Heat generated | 5.2 w

he air 5 W/m?K
Tenv 20 °C

A 0.637 | W/mK
Ahigh 5000 W/mK
o1 1280 | kg/m3
Cp,l 2950 | W/m?K

Table 3.1 gives all the parameters required to run the simulation. The heat generated is provided at the elec-
trode and separator assembly. The heat (Q) generated by the system is given by the formula,

Q=(V-Vu)xI=(2-1.48)x10=5.2W (3.15)

where V is the supplied voltage, I is the supplied current and Vi, is the thermo-neutral voltage. The natural
convective heat transfer coefficient of air is obtained from [20]. The thermal conductivity of the electrolyser
is modified for the different cases. When the thermal conductivity is equal to that of 30% KOH (1)), the zero
flow case is simulated and when the same value is kept at maximum (Ap;gp), the high flow case is simulated.
This analysis also shows if the system is in safe limits when there is no flow in the electrolyser. Teny is the
ambient temperature.
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Figure 3.3: 3D view of the flow domain in the electrolyser setup. The blue colour is the flow domain in the setup and red colour is the
part where the heat is supplied. The rest of the setup is made transparent in the figure for better visibility.

Figure 3.3 shows the setup with the flow domain shown in blue colour. The heat is supplied on the electrode
separator assembly which is shown in red colour. The rest of the setup is made transparent so that a clear
view of the inside is obtained.
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5628
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38 93 Min

Figure 3.4: Temperature profile of the zero flow case. The maximum temperature is 82°C at the cell and the temperature is almost
constant at the down-comer. There is a significant temperature difference across the top and bottom channel.
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Figure 3.5: Temperature profile of the high flow case. The temperature in the system is lower and more uniform.

Figures 3.4 and 3.5 show the results of the simulation for the low and high thermal conductivity. The temper-
ature difference between the electrolyte inside and outside the cell is greater in the low thermal conductivity
than in the high thermal conductivity case. Figure 3.4 shows that the maximum temperature of the system
would be at 82°C. This means that in a situation where there would not be any flow in the system, the system
does not exceed the melting point of PVC [39].

3.3. Matlab modelling

3.3.1. Introduction and results from previous work

Matlab modelling was done for characterising the electrolyser by M.Geraedts [18]. The basis of the model was
the electrical circuit analogy for determining the flow and electrical parameters in various parts of the sys-
tem. For evaluating the flow parameters, hydrodynamic force balance is done and for obtaining the electrical
parameters, an electrical circuit is built and solved.

Fluid flow c t
> urren
Y
High . i
Pressure High
voltage L
Resistance ;
——=Batte Resistance
Pump T ry §
Low
voltage
Low
Pressure
< i
" Reservoir Ground
Fluid flow = SFressure Current = 2Yolage
~ Resistance Resistance

Figure 3.6: Analogy between the fluid flow circuit (left) and the electrical circuit (right). The laminar fluid flow is analogous to the
electrical current and the pressure is analogous to electrical voltage. Fluid flow in the figure represents the volumetric flow rate of the
fluid.

Figure 3.6 shows the electrical-hydraulic analogy. A laminar flow circuit is analogous to an electrical circuit
where the flow rate of the electrolyte is the current, pressure at different points in the system is the voltage
and friction is the resistance in the circuit. The algorithm of the code is explained in the Figure 3.7.
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LHS matrix is

built
Assign the LHS matnx_for
node equation
value ) .
is built
System Inma_l Element setup [—>] System
Input calculations calculations
Equation is
applied to RHS matrix
calculate obtained using
Node structure LHS matrix
setup

Figure 3.7: Representation of the algorithm for the matlab code. The nodes and elements were defined and the electrical analogy
network was solved for electrical and flow case. The equations applied depend on the physics for which the network is built.

A set of linear equations are obtained for every node and element in order to calculate the unknown param-
eters. The final matrix is of the form
Ax=B (3.16)

where A is the LHS matrix and B is the RHS matrix described in Figure 3.7. x is the matrix containing all the
parameters of the system like voltage, pressure, resistance, current and flow rate.

The system parameters like temperature and pressure are defined along with the dimensions of various chan-
nels of the system. The hydraulic diameter for all these channels are also calculated for the hydrodynamic
force balance. Ohm’s law and Kirchoff’s law are used in the electrical parameter calculations at nodes. In order
to estimate the power loss, Joule’s law was used with the voltage and current information that was calculated
previously.

In the case of estimating the hydrodynamic parameters, Hagen-Poisuelle equation was used to determine the
initial K value (resistance to the flow) and the mass flow rate is determined. The mass flow rate from laminar
model was used to calculate the Reynolds number. Darcy friction factor was estimated using Churchill equa-
tion and turbulent K values (resistance to the flow) were calculated. The mass flow rate was calculated with
these values and the velocity at various parts of the system is estimated.

Figure 3.8 shows the result of the hydrodynamic calculations of the Matlab code. The system simulated has 5
cells with 2 down-comers on either side. The hydrogen side (blue colour) and oxygen side (red colour) have
their values of pressure at each node and velocity at every element. The elements which are black in colour
represent the small channel connecting the electrolyte on the anode and the cathode side.

In this model, only the effect of bubbles on the flow rate has been estimated. Void fraction was included to
account for the density change in the electrolyte due to bubbles and the flow rates were obtained for those
density values. The effect of temperature and change in the density of electrolyte as a result of change in
temperature is not taken into account. With only the influence of bubbles taken into account, Table 3.2
provides the results from the model simulated by M.Geraedts.
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Figure 3.8: Hydrodynamic network result of the Matlab model with 5 electrolysis cells and 2 down-comers on the either side [18]. This
figure shows the flow velocity at different parts of the system. The pressure at each node is also indicated. The vectors and nodes
coloured in blue represent the hydrogen side of the system and the ones in red represent the oxygen side. Nh denotes nodes and Eh

denotes element with a unique number given to every node and element in the system.

Table 3.2: Results from the matlab model [18]

Parameter Value Unit
Bubble diameter 0.18 mm
Mass flow rate 2.01x107% | kg/s
Average velocity 1.39x107% | m/s
Leaking current efficiency 98.45 %
Void fraction 0.94 %
Average current 11.3 A
Bypass current 0.175 A

3.3.2. Modifications and preliminary analysis on the Matlab model
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Figure 3.9: Relative importance of bubbles and temperature on the density as a function of temperature and pressure. The ratio of the
density difference due to bubbles and temperature taken on the y axis. Since the curve always lies below 1, it shows that temperature is
always important in (a). In the case of pressure, the effect of bubbles dominate below a pressure of 3 bar as seen in (b).
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The significance of including the temperature in the model was seen through a Matlab plot where the relative
importance of density difference due to temperature and bubbles was observed by me. Figure 3.9 shows how
the effect of temperature and void fraction play a role in modifying the density of the electrolyte. Figure 3.9a
shows the relative importance of the two factors from 1 bar to 50 bar. The electrolyser is meant to be operated
at 50 bar and at this pressure, the effect of temperature dominates and as the pressure decreases, the effect of
void fraction becomes more relevant. In Figure 3.9b, the effect of temperature is seen on the relative impor-
tance of the two factors. The effect of the temperature on the density is far more pronounced than the effect
of bubbles on the density of the electrolyte. This makes it more important to include the effect of temperature
in the Matlab model.

Some modifications were done so as to account for the effects of the temperature. The two factors affecting
the temperature are advection and diffusion. The modifications to the Matlab model were added in steps and
the variation in the resulting velocity values were tabulated in table 3.3.

1. Boussinesq approximation: Boussinesq approximation was added to account for the variation in the
density of the electrolyte with the temperature. The effect of adding temperature to the model is seen
in the other two cases and hence, the Boussinesq approximation was added but not used in this case.
Also, iterative solving was added to the model with the mass flow convergence being the condition.

2. Effect of conduction on convection: The effect of conduction on the temperature of the system is al-
ready analysed using Adobe Fusion 360. The zero flow case in the Adobe Fusion 360 model provides the
required information for the pure conduction case. Based on this, the temperature driven flow is ob-
tained. This is a case where the conduction and convection are decoupled and the effect of conduction
on convection is seen. No iterations were used in this case as the temperature values are well defined
for each cell.

3. Convection and looping: For the case of convection, the Matlab model [18] was used. The total heat
supplied to the system is calculated in equation 3.17 and the mass flow rate is obtained from the case
of flow driven by bubbles. The resulting temperature difference is calculated using equation 3.18.

qup = (Vsup = Vin) Isup (3.17)
qup = Hiltot X Cp,1 X dT (3.18)
Tb t + Tt
Top = Toor +dT  Teon = ———+ (3.19)

Here, Tiop is the temperature of the electrolyte at the exit of the cell, Ty is the temperature of the
electrolyte before it enters the cell, T, is the temperature of the electrolyte inside the cell, dT is the
temperature difference between the top and bottom of the cell, qup is the heat supplied to the cell, Vgp
is the supplied voltage, V4, is the thermo-neutral voltage, Is,p is the supplied current . The temperature
values are updated in all the elements and the mass flow rates are calculated again. This iteration
continues until the mass flow rate values converge.

Table 3.3: Comparison of the cases on the Matab model

Parameter | Base case | Casel Case 2 Case 3 Units
m 6.55E-05 | 6.55E-05 | 8.32E-05 | 8.19E-05 | kg/s
Ucell 1.58E-04 | 1.58E-04 | 2.45E-04 | 2.08E-04 | m/s
Vdc 3.02E-04 | 3.02E-04 | 4.49E-04 | 3.90E-04 | m/s
Ubotch 6.52E-02 | 6.52E-02 | 9.93E-02 | 8.40E-02 | m/s
Vtopch 7.59E-03 | 7.59E-03 | 1.14E-02 | 9.95E-03 | m/s

The base case results are the model used as such without any modifications done. The effect of adding the
iterations were shown in case 1. The difference in mass flow rate or velocity are not seen as the temperature
is not added yet and the flow velocity obtained from the model is already through iterations in the individual
module (oxygen and hydrogen flow calculation module).

For case 2, the mass flow rate improvement is seen because the temperature difference simulates the effect
of change in density due to temperature. As in the case of convection (case 3), the temperature difference
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causes the flow to improve but the flow is lesser than that of the conduction case because the temperature
difference between the downcomer and the cell is lesser (5 K) in case 3 than that of case 2 (11 K). Although
the inclusion of the effect of the temperature is not as robust as including a third network for estimating the
temperature, this gives an idea about the influence of temperature on the model.

3.4. Modelling

Two applications, namely, Matlab and Comsol Multiphysics were used by me for the prediction of tempera-
ture and flow values in the alkaline electrolysis cell during operation. The various parameters chosen for the
analysis are presented in this section.

3.4.1. Matlab modelling

The general matlab model for the alkaline electrolyser [18] was modified to predict the electrical and hydro-
dynamic characteristics of the setup. The general parameters were the same as that of the main setup like
the angle of the flow channels and the diameter of the channels. But the down-comer and flash tank channel
width are made equal on both the sides in the setup instead of different sizes as in the case of the actual setup.
This was done so that the polarity of the electric current can be switched and the flow in the inner half cell
can be visualised on the outer half cell. If the downcomer and flash tank were not same on both the half cells,
they will also play a role if any difference in the flow is noticed. The method of estimating the parameters has
already been explained in the previous section.

3.4.2. Comsol Modelling

To see the combined effects of flow and temperature and to get a visual plot of the same, a multiphysics
simulation was done using Comsol Multiphysics. The model was split into various bodies so that it becomes
easier to quantify the flow velocity from the results at a later stage.

— > Downcomer

Electrical bolt
Cell

PMMA \

Figure 3.10: Various parts of the 3D model used in the analysis. The
part of the image coloured in blue is the part of the system which

has the electrolyte. Figure 3.11: Part of the system where the body force is

applied
The heat input to the system was from the faces of the electrode and the value of the heat input was calculated
based on the voltage and current that is supplied to the system. For alkaline water electrolysis, the thermo-
neutral voltage (Vi) is 1.48 V and assuming supplied voltage (V) as 2'V, the heat input to the system is,

Q=V-Vip)xI=(2-1.48)x10=5.2W (3.20)

The heat generated due to that is spread across both the electrodes. Initially, the simpler model has one half
of the cell with the bottom channel, channel to the cell, channel from the cell and the down-comer. The flow
is natural convection and the main driving force for the flow is the formation of bubbles at the cell which
decreases the effective density of the fluid in the cell. This buoyancy driven flow is simulated using a volume
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body force. The laminar flow module in Comsol is used to obtain the flow parameters. The velocity predicted
by Matlab model helped in identifying the flow regime and the Reynolds number was low enough for the flow
to be considered as laminar flow. As seen in Figure A.9, the velocity at various sections of the electrolyser was
used to calculate the Reynolds number. Using this value, the order of Reynolds number was estimated by,

d,
Re = w (3.21)

H

Table 3.4: Predicted Reynolds and Péclet number at various locations of the test setup

Location dgow (M) vi(m/s) Re Pe
Down-comer 0.0117 | 1.27E-04 1.91 33
Bottom channel 0.0020 | 4.30E-03 | 11.08 403
Channel to cell 0.0010 | 1.72E-02 | 22.15 | 1236
Cell 0.0093 | 2.01E-04 2.41 52
Channel from cell 0.0015 | 7.85E-03 | 15.17 689
Flash tank 0.0102 | 1.66E-04 2.18 21

The value of Reynolds number and Péclet number at various locations is presented in Table 3.4. As it can be
seen in Table 3.4, the value of Reynolds number is less than the transition Reynolds number of 2300. Hence,
the assumption of laminar flow is valid. Since the Péclet number is larger than 1, heat transfer through ad-
vection is greater than the flow through diffusion. The effect of gravity is included with the flow being set to
incompressible. In addition to the 'Laminar flow’ module, the 'Heat transfer in fluids’ module was used to
see the temperature distribution during the flow. In the heat transfer module, a boundary heat source was
added where the electrode area is exposed to the fluid and the boundary convection heat flux was described
to simulate the heat loss to the walls of the test setup. For the stationary solution case, the following equations
were used by Comsol to iteratively solve the given problem:

p-V)u=V-[-pl+uVu+Vu) )] +F, + pg (3.22)
pV-(u) =0 (3.23)
pcpu-VT+V-q=Q+Qp+ Qg (3.24)

Equations 3.22 and 3.23 are the momentum and mass conservation equations used to solve for the flow part
of the problem. Equation 3.24 is used to solve for the heat part of the problem. In equation 3.22, F, is the
body force given in terms of the void fraction at the cell.

F=axpxg (3.25)

where « is the void fraction. The non isothermal flow module was used from the multiphysics menu of Com-
sol to couple the effects of heat and flow to each other. In the module, there is an option to vary the density
of the fluid with the temperature using Boussinesq approximation. This assumes that the density of fluid in
the system is a linear function of the temperature. The incompressible flow option was chosen initially to
account for the variation in the density only in the body force term using this approximation.

The grid independence study was done and the results are provided in Appendix A. The mesh used for the
analysis was a compromise between accuracy and computation time. Figure 3.12 shows the mesh used for
the analysis. Using a reference temperature, the density and the thermal coefficient of expansion, the density
values can be calculated for other temperature values. This assumption is valid as long as the temperature
variation is not too high. Equation 3.26 shows the equation form of the effective density of the fluid.

01 = Prefll = B(T — Trep)] (3.26)

Time dependent simulations were run on the model for obtaining the heating curve of the electrolyser. This
will give an expected estimate for the temperature of the system after a particular duration. The level of
insulation required was estimated from Comsol by running the simulations for different values of % air (con-
vective heat transfer coefficient of air). The comparison is done for the temperature at the front,top location.



3.5. Experiments 31

iV

;V;‘AVR S SVAVAVAN

N
S A A ANEVATN
KRS S ATV
R S SSNR

gﬁ'AAVmgh

Iz

27
O 2
Ay

Vo

N
o
R

Figure 3.12: Mesh generated by Comsol. The mesh size was based on the in-built options in Comsol. The degree of refinement can be
chosen and the level of discretisation was decided by Comsol based on the physics. [9]

The resulting curves are compared with the curve obtained from the experiments to see what value of in-
sulation is effectively present and how much insulation has to be added to increase the temperature of the
system. The ambient air temperature was assumed to be at 20°C and the time dependent calculations were
done based on the following equations in Comsol:

pa-Viju=V-[-pI+puVu+ vu) )1+ Fp + (0 — pref)8 (3.27)
oV-(w)=0 (3.28)

oT
pcpa +pcpu-VT+V-q=Q+ Qed (3.29)
q=-kVT (3.30)

3.5. Experiments

The electrolyser has to be characterised with respect to flow and heat. The actual electrolyser of ZEF would be
running at a pressure of 50 bar. But the current experiments are run at 1 bar where the characteristics of the
flow and heat are different when measured simultaneously. Hence, the heat and fluid characteristics cannot
be obtained at the same time. This is because the void fraction in the cell is lower at higher pressure for the
same current density and the heat generated in the system is dependent on the current density. The strategy
to obtain these characteristics are as follows:

¢ The thermal characteristics were obtained by running the system at the same current density and at-
mospheric pressure

¢ The flow characteristics were obtained by running the system at lower current density and atmospheric
pressure

Figure 3.13 shows the front and rear views of the actual test setup before the experiments. The location of the
temperature sensors are also visible along with the silicone rubber sealing which is pink in colour. The level
of KOH is also seen in the flash tank. The rear view shows the two temperature sensors at the back along with
the electrical connection bolt. The entrance of the bottom channel is also seen at the bottom to left half of
the downcomer.
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(a) Front view (b) Rear view

Figure 3.13: Front and rear views of the test setup. The image of the front view was taken after the silicone sealing was applied whereas
the rear view was taken before the silicone sealing was applied.

e v e Bosl

Figure 3.14: The top channel showing a bubble flowing through it to the flash tank. To get a feeling of a scale, the channel is 15 mm in
length and the scale below the channel to the right shows 1 mm graduations.

Figure 3.14 shows the top channel (channel from cell) during operation. The bubble formed at the cell is flow-
ing through the channel to the flash tank. Some bubbles are also seen at the flash tank. The bubble diameter
is bigger than the channel width and is hence, elongated as it flows through the channel. There is also some
KOH leaving the system along with the generated gas bubbles [7]. The flow measurement equipment and the
flow measurement technique is presented in Appendix B.

3.6. Thermal characterisation

The thermal characteristics of the test setup was obtained by me, using temperature sensors (NTC). The cur-
rent density was kept at the same rate as that of the actual electrolyser and it was run at atmospheric pressure.
This will give an estimate for the temperature rise in the system. A temperature profile as a function of time
can also be obtained for these locations to see how long it takes before the system reaches steady state con-
ditions. The test was run for about 7200 seconds. For this test, Table 3.5 shows the operating conditions:
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Table 3.5: Operating parameters for the thermal characterisation

Parameter Value Unit
Current 0.3 A/cm?
Voltage 2.2 \%

KOH concentration 30 %
Quantity of KOH 54 ml
Density of KOH 1280 | kg/m®
Pressure 1 bar

3.7. Flow characterisation
The void fraction in the electrolysis cell was calculated using equation 2.25,

gy = 3 KT 531
16 PFugt

As seen in equation 3.31, the void fraction is inversely proportional to the pressure of the system. Hence,

to simulate the effect of bubbles at 50 bar in the current setup, the current density has to be decreased by a

factor of 50 to offset the atmospheric pressure at operating conditions. At this current density, the thermal

characteristics will be different but the hydrodynamics will still be close to 50 bar operating conditions.

The experiments were intended to be conducted at a density of 1280 kg/m3, but the fluorescent particles were
not available for that density. Particle flotation test was done for about an hour and the particles did not stay
in the flow with 30% KOH. Hence, the experiments were conducted at a lower density where the percentage
of KOH was at 20%.

There were a few parameters based on which the matlab model was developed. To check for the deviation
of the model predictions from the actual test setup, the few parameters to be identified with respect to flow
characterisation are:

1. Average bubble diameter while leaving the electrode
2. Flow pattern of the electrolyte in the cell

3. Average velocity at some part of the cell

3.8. Design modification

The current design suggests that there is a problem with the flow in the channels. Due to unsteady flow at the
top channel, the dynamics of the electrolyte flow are not ideal. Hence, the channel at the top was widened to
see if it improves the flow. The depth of the channel cannot be modified as the thickness of the front cookie
is about 2 mm at the thinnest point where the channel is present.

Hence, the width of the channel was modified to be twice the value of current design. Figure 3.15 shows the
modified version of the front cookie. The top channel was widened to 3 mm and all the flow parameters were
obtained for this system for comparison with the original setup design.

There was a significant layer of gas filled at the top of the cell which was not able to get out of the cell as the
entrance of the channel was below the top wall of the cell. Figure 3.16 shows the narrow channel with the
electrolyte level being at the same height as that of the channel entrance. The gases are trapped in between
the electrolyte level and the top wall of the channel as seen to the right of the channel. The channel was also
modified such that the opening of the channel is in line with the top of the cell. This would ensure that the
electrolyte is in contact with the entire electrode area instead of the gases.
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Figure 3.16: Gases trapped in between the top wall of the cell
and the electrolyte level.

Figure 3.15: Modified front cookie with the top channel
having 1.5 mm depth and 3 mm width.
The flow pattern itself has not changed fundamentally with it showing slug flow in the channel. But the flow

has improved where there is greater flow and the bubbles find it easier to travel through a wider channel.
Hence, the flow is more continuous than in the previous case. The results of the measurement and the com-
parison are presented in chapter 4.

3.8.1. Average bubble diameter

Determining the accuracy of the bubble diameter estimation was important as the bubble velocity depends
on the bubble diameter and the void fraction in the cell depends on the bubble velocity. The density dif-
ference of the electrolyte in the cell and outside the cell due to void fraction is the driving force and hence,
accuracy of the bubble diameter is important. The average bubble diameter of the bubbles when leaving the
electrode had to be determined to compare with the matlab model. The information was available from the
same set of frames used to look into the variation of bubble velocity with respect to diameter.

The main criteria here was that the diameter of the bubble was measured when it left the electrode and moved
into the flow. A few bubbles were selected at random and the bubble diameter was measured using the same
technique that was used to measure the bubbles in the previous case.

3.8.2. Flow pattern of the electrolyte in the cell

For obtaining the flow pattern of the electrolyte, the fluorescent particles were used. They absorb light from
other wavelengths but give out light of a particular wavelength, in this case, orange. The filter was used for the
camera to obtain the particles alone and filter out any other wavelength. This was done because the particles
were difficult to distinguish from small bubbles if non-fluorescent particles were used. The experiment was
done in the dark and all the external light sources were minimised to avoid anything other than the particles
in the field of view.

3.8.3. Estimation of flow velocity
The flow at the channel connecting the cell and the flash tank was used for validating the results obtained
from Comsol and Matlab. The channel has the gases and the electrolyte flowing through it.
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(a) Electrolyte starts filling the (b) Electrolyte fills the channel with (c) Large gas bubbles start filling the
channel small bubbles channel

Figure 3.17: Flow in the top channel at different points of time. (a) shows the electrolyte entering the channel, pushing the gas out of the
channel and fills the channel as seen in (b). Small bubbles flow through the channel during this time and is marked in red in (b). Large
gas bubbles enter the channel again after a while and push the electrolyte out of the channel.

(a) Electrolyte starts filling the (b) Electrolyte fills the channel with (c) Large gas bubbles start filling the
channel small bubbles channel

Figure 3.18: Flow in the wide top channel at different points of time. (a) shows the electrolyte entering the channel, pushing the gas out
of the channel and fills the channel as seen in (b). Small bubbles flow through the channel during this time which is also seen in (b).
Large gas bubbles enter the channel again after a while and push the electrolyte out of the channel.

Figure 3.17 and Figure 3.18 show the flow in the top channel at different points of time. The images are placed
such that they show the state of the flow in the channel as the time progresses. The flow in the channel is as
follows:

1. Figure 3.17a and Figure 3.18a show the flow in the channel when the electrolyte just begins to enter the
channel from the bottom. The flow direction is from bottom to top. The channel is filled with gas in the
image. The electrolyte keeps pushing the gas until the channel is mostly filled with electrolyte.

2. Figure 3.17b and Figure 3.18b show the channel when the electrolyte mostly fills the channel. When the
electrolyte is flowing through the channel, small bubbles move through the channel. One such bubble
is seen in Figure 3.18b and the bubble in Figure 3.17b is not seen clearly. Hence, it is marked in red.

3. Figure 3.17c and Figure 3.18c show the flow in the channel when the large gas bubbles start flowing into
the channel again. They push the electrolyte to the flash tank and the gas fills the channel. This part of
the flow is similar to the annular flow pattern.

The amount of time taken by bubbles in the channel have to be taken into account while doing the mass flow
calculations of the electrolyte in the channel. There are particles in the electrolyte and these particles were
used for obtaining the velocity of the electrolyte in the channel. The mass flow rate was obtained with the
cross section area of the channel, the flow rate and the density of the electrolyte.
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(@) wep =1.5mm (b) weh =3 mm

Figure 3.19: Taylor bubbles in the both the channel cases. The length of the gas slug in the narrow channel is longer than the wide
channel.

Influence of the capillary inner diameter on the gas slug length in a two phase liquid flow was studied by
Laborie et al.[22] and it was found that the gas slug length decreased with the increase in the inner diameter.
The same is qualitatively observed in this case.

Figure 3.20: Back-flow of the electrolyte into the cell in the wide channel case. The part of the channel occupied by gas is shown in blue
around which there is back flow. The flow direction is downwards back into the cell.

The video of the channel flow was used for obtaining information on how long the electrolyte was in the
channel and how long the bubbles were in the channel. The video also gave information on how many small
bubbles moved through the channel in a time interval. There is also back flow of the electrolyte in the case
of the wide channel as shown in Figure 3.20. The flow occurs in between the bubbles and the channel. This
electrolyte flow back into the cell has to be subtracted from the obtained mass flow rate to get the actual flow
rate in the wide channel case.



Results

The flow and the electrical current characteristics were determined by Matlab. The Matlab model was com-
pared to the results from the Comsol simulations. The Comsol simulations produced the thermal and flow
characteristics out of which the thermal simulation results were validated in thermal characteristics. Bubble
diameters from the experiments were compared to the values predicted by Matlab. The flow results from
Comsol and Matlab were compared with the experiments.

4.1. Matlab

The results of the model are shown in Figure 4.1 and Figure 4.2. In Figure 4.1, the blue lines are the part of the
setup where the flow is on the hydrogen side and the red lines represent the part the part of the setup where
the flow is on the oxygen side. The black horizontal line represents the electricity through the electrodes and
separator. The cells are represented as points at 2 V and 0 V. All the vectors have values of leaking current and
the power lost as a consequence of it. At every node, the voltage is shown and ideally, all the current should
go through the cell. In reality, the leaking currents are present. If the channel at the bottom connecting the
down-comer on the hydrogen and oxygen is absent, there is no leaking current in the system. This is because
the hydrogen and oxygen become disconnected and everywhere in the individual circuit, the voltage is same.
Hence, there is no current flowing.
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Figure 4.1: Electrical parameters in various parts of the setup. The current through the electrode and the separator is shown on the
black horizontal element. The rest of the values are a result of leaking currents. The power loss associated with the leaking currents are
also mentioned next to every element. The voltage values are mentioned at

Figure 4.2 shows the results with the hydrogen side, oxygen side and the connecting channel combined. The
expected flow is constant in the hydrogen and oxygen circuit due to mass balance. The pressure value at every

37
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node is also shown. The channels in the hydrogen and oxygen side are different and are modelled based on
the test setup. In the case of the hydrogen circuit, the electrolyte has to travel for a longer distance at the flash

tank and the bottom channel, hence having higher resistance to flow.
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Figure 4.2: Mass flow rate of KOH solution in various parts of the setup. The length of the vector lines scale with the actual length of the
corresponding parts of the setup. The oxygen loop is slightly offset to separate it from the hydrogen loop.

Table 4.1 shows the value of leaking current and the mass flow rate of the electrolyte at the top channel for
Weh = 1.5 mm and wep, = 3 mm.

Table 4.1: Results of the leaking current and the mass flow rate for both the cases

weh (mm) | riy (kg/s) | Leaking current (mA)
1.5 | 3.27E-05 7.46
3 | 3.42E-05 9.95

4.2. Comsol

The result of the simulation is presented in Figure 4.3 and Figure 4.4. The velocity profile is shown from two
angles for showing all the information from the simulation. The profile was obtained along two planes: one
along the depth of the electrolyser and the other was sliced along the face of the electrolyser. The upper and
the lower limits of the legend are scaled equally so that they are visually comparable. The channel connecting
the bottom channel to the cell is missing in the side view as no part of the channel lies on the slice plane.
In Figure 4.3a and Figure 4.3b, the left side of the image shows the two half cells and the right side shows
the down-comer. The flow is in clockwise direction. The velocity in both the channels is seen in Figure 4.3c
and Figure 4.3d along with the cell and the flash tanks. The velocity is lower in the channel at the top in
Figure 4.3d, but the mass flow rate is higher than the corresponding channel in Figure 4.3c. There are five
holes in the cell part of the front view, four of which correspond to the PMMA bolts and one corresponds to
the electrical bolt.
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Figure 4.3: Velocity profile in the electrolyser from two angles, depth view and the front view. (a) and (b) show the velocity profile on a
plane cut through the depth of the electrolyser. The left side of the images is the cell and the right side is the down-comer side. (c) and
(d) show the velocity profile on a plane cut parallel to the face of the electrolyser. The cell, the flash tank and the two channels are
visible in this view.
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Figure 4.4: Temperature profile on a plane that is cut through the depth of the electrolyser. The temperature is highest at the electrode
and the heat is transferred to the electrolyte. The cooling happens at the downcomer.

Figure 4.4 shows the temperature profile on the plane cut through the depth of the electrolyser for both the
cases. The highest temperature is observed at the electrode and the cooling occurs at the down-comer. The
temperature of the electrolyte heats as it moves from the bottom to the top which is also expected. The view
is same as that of the Figure 4.3a and Figure 4.3b for better understanding. The Comsol model can be further
improved by using the 'Bubbly flow module’ to include multi-phase flow in the system.
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Table 4.2: Comparison of the flow results from Matlab and Comsol

Location Matlab Comsol Error

my (kg/s) | vy (m/s) | riy (kg/s) | vy (m/s) | niy (%) | v (%)
Cell 3.3E-05 | 7.8E-05 2.6E-05 | 5.0E-05 20.7 55.2
Channel from cell 3.3E-05 | 1.2E-02 2.4E-05 | 8.3E-03 27.2 42.8
Flash tank 3.3E-05 | 1.3E-04 2.4E-05 | 8.1E-05 26.1 58.8
Down-comer 3.3E-05 | 1.5E-04 2.4E-05 | 1.4E-04 25.4 6.4
Bottom channel 3.3E-05 | 8.2E-03 2.4E-05 | 7.4E-03 25.3 11.5
Channel to cell 3.3E-05 | 3.3E-02 2.4E-05 1.9E-02 26.3 74.1

Comparing the results from both the Matlab and the Comsol model, the values are tabulated in Table 4.2. The
values of velocity and the mass flow rate are displayed in the table. The mass flow rate in the Comsol model

is calculated using the formula,
1 = p1 % Aflow X V) 4.1)

The value for the density of KOH is taken as 1280 kg/m3. The values of the mass flow rate for the matlab
model are larger than the values obtained in Comsol. This can be due to the following reasons:

¢ Approximation of the model in Matlab and not considering the exact geometry

* Ignoring friction in the bends which can reduce the flow rate predicted by Matlab

¢ Not including the electrical analogy network for temperature

With these issues included, the prediction of Matlab is not far from what a multiphysics simulation software
predicts. The highest error percentage for the mass flow rate is 27%. This makes the Matlab model reliable
enough for the estimation of flow parameters. Improving the model by including the temperature model and
friction factors for bends and curves can bring the results of the Matlab model closer to the Comsol model.
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Figure 4.5: Comparison of temperature profiles from simulation and analytical solution for same parameters. Hgj in the x axis is the
y-coordinate of the cell height (4.15 cm). The shape of the curve at the cell is different at different depth levels in the cell. The
assumption of constant temperature for the flow after the cell in the analytical model is also seen in the simulations.

The temperature profile was obtained from Comsol along the vertical axis and was plotted along with the
analytical result obtained in section 3.1. Figure 4.5 shows the comparison of temperature profiles for the
same parameters in the Comsol and the analytical solution like velocity of the electrolyte. The assumption of
a flat temperature curve beyond the height of the cell was validated by Comsol simulations. The temperature
curve at the cell was not the same curve as the one in the analytical solution. The shape of the temperature
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curve depends on the depth at which the curve is obtained. The shape of the curve becomes closer to ideal
as we get closer to the electrode. The figure containing the temperature profiles at different depth is present
in Appendix A. Also, the temperature curve is obtained along an angled line at the cell as the entrance of the
top channel and the exit of the channel at the bottom are not at the same line. The temperature curve along
avertical line gives a different temperature profile.

4.3. Experiments - Thermal characterisation
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Figure 4.6: Temperature change and the heating curve with respect to time for 10 A of current. The temperature at the front denotes the
temperature measured at the cell side and the back side is the down-comer side. The system did not reach steady state at the end of the
experiment. Curve fitting was done to find the steady state temperature.

Figure 4.6 shows the temperature profiles over a period of time at different locations in the electrolyser. The
temperature rise is seen but it gradually flattens over time. The temperature values begin to follow the ex-
pected trend until the end. Steady state condition was not reached even after the experiment. A curve fit was
done to obtain the equation for these curves and obtain the steady state temperature. The curve used to fit
the equation is of the form,

y=(a—c)- e P yc 4.2)
Comparing this with Equation 2.41, c is the steady state temperature at the given point (T,), y is the temper-
ature at time t (T'(#)), a is the initial temperature (Ty) and b is the constant (k). The parameters obtained for
fitting the four curves is given in Table 4.3

Table 4.3: Parameters of curve fitting the heating curves of the electrolyser with Equation 4.2

Parameter | Tgonttop | Tirontbot | Ibacktop | Tbackbot
a 29.35 27.68 22.84 23.29
b 0.038 0.036 0.035 0.035
C 56.07 51.27 49.59 43.63

Table 4.3 shows the values of the parameters as a result of curve fitting the temperature profiles at four dif-
ferent location in the electrolyser: two at the front where the flow is visible and two at the back which is the
down-comer. The goodness of fit for these curves is presented in Appendix B. The value of c gives the steady
state temperature at the four locations. The maximum temperature of the system was expected to be at the
temperature sensor marked by Ttontop and the steady state temperature is 56°C. This is a lower temperature



42 4. Results

360 | |

——h=5 W/m’K (ins)
——h=5 W/m?’K

h= 10 W/m’K
——h=15 W/m’K
———h=20 W/m*K
h= 25 W/m’K
Experiment
340 - —

(K]

330

320 -

Temperature

310 -

300 -

200 I I ! ! ! !
0 20 40 60 80 100 120 140

Time [min]

Figure 4.7: Heating curves obtained from Comsol for different values of & 4 along with the heating curve from the experiments. The
curve obtained from experiments are comparable to the curve obtained for /2 = 15 W/m?K in Comsol. The result of the simulation is
shown as h = For the system to reach 90°C, insulation is necessary.

than the expected operation temperature of 90°C. This implies a higher heat loss to the environment than
expected.

Time dependent simulations were done on Comsol to find the equivalent external heat transfer coefficient
value by comparing the results from the experiments. The data from the temperature sensor at the front top
was used for the comparison of data from both the Comsol simulations and the experiments. The temper-
ature of the system during experiments did not begin at room temperature. So, the curve obtained through
the experiments were offset along the x-axis to find the right curve with respect to the Comsol simulations.
Figure 4.7 shows the curves for different values of external transfer coefficient of air. i was varied in the
range of typical values of free convection heat transfer coefficient of air [20]. The simulation was run for 120
minutes and the curves were fit using Equation 4.2. The value of h iy = 15 W/ m?K was the curve that matched
the curve obtained from experiments. The steady state values of the experiment (56.07°C) and Comsol (55.98
°C) are close enough to validate the Comsol value to be considered.

The curve fit for the Comsol curves are tabulated in Table 4.4. The temperature of the system would be at
56°C with the current configuration and if the operating temperature of the electrolyser has to reach 90°C,
insulation is required. With the lowest value of hc i (5 W/ m?K), the system would attain a temperature of
76°C. The front side of the electrolyser alone was insulated with a h .;; assigned a value of 1 W/m?K. With
this insulation in the Comsol model, the temperature went to 92°C which is close to the operating point of
the electrolyser.

Table 4.4: Results of fitting a curve to the results obtained from Comsol

Reair (W/m?K) [ a(°C) [ b(s™) [ c(°C)
5 (ins) 22 | 0.01628 | 91.86

5| 21.85 | 0.02185 | 76.01

10 | 20.82 | 0.03269 | 61.64

15 | 20.57 | 0.03913 | 55.98

20 | 20.44 | 0.04469 | 52.04

25 | 20.36 | 0.04856 | 49.78
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4.4. Experiments - Flow characterisation
4.4.1. Average bubble diameter
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Figure 4.8: Bubble size distribution for the narrow channel (w.}, = 1.5 mm) case. The bubble diameter was measured when the bubbles
depart from the electrode. The mean diameter of the bubbles is 0.58 mm. The value on the y-axis is the density function of the normal

distribution.
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Figure 4.9: Representation of the bubble diameter distribution for the wide channel (w.,, = 3 mm) case. The red curve fit is the normal
distribution fit for the diameter data. The mean diameter obtained is 0.52 mm which is lesser than the narrow channel case. The value
on the y-axis is the density function of the normal distribution.
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Figure 4.9 shows the bubble diameter distribution for the wide channel case. The data consists of 15 bubbles
whose diameter were measured when they just depart from the electrode. When a normal distribution was
fit for the data, the mean was obtained to be 0.52 mm and the standard deviation was obtained as 0.07 mm.

Comparing this to the data from Figure 4.8, the bubble diameter is smaller for the same current across the
electrodes. This indicates that the bubbles depart earlier from the electrode in the wide channel case. This
can be attributed to the higher velocity of the electrolyte in the cell which result in a higher drag force on the
bubbles. The drag force is proportional to the flow velocity of the electrolyte in the cell. This indicates that
the hydrodynamics of the electrolyte have improved in the current design.

Table 4.5: Comparison of bubble diameter values obtained from the experiments and the Matlab model

Wen (mm) Bubble diameter (mm) Difference (%)

ch Experiments | Matlab | Modified Matlab | Matlab | Modified Matlab
1.5 0.58 0.874 0.797 33 27
3 0.52 0.873 0.796 40 34

Table 4.5 shows the bubble diameter predicted by Matlab and the actual diameter observed in the experi-
ments. The bubble diameter in the Matlab model is larger than the average value obtained from the experi-
ments. The bubble diameter was estimated by the Matlab model using Equation 4.4 [18].

dog=1.2¢, | —2 4.3)
s gop ’

dg = Dog(1+0.2j)70% (4.4)

where dy is the bubble diameter at the given current density, §p) is the difference between the density of the
electrolyte and the gas bubbles, ¢ is the angle of contact of the bubbles, and dy ¢ is the diameter of the bubble
without considering the effect of current density. The difference in the value estimated by Matlab and that
obtained from experiments can be attributed to the variation in parameters considered in the Matlab model.
The surface tension was considered to be 0.096 N/m whereas at 18°C, for 20% KOH, the surface tension is
0.08 N/m [29]. With this value, the diameter was calculated and presented in the Modified Matlab column of
Table 4.5. It can be seen that the error in prediction is lesser in this case. The scaling of contact angle with
the bubble diameter was taken into account with the effect of current density on the bubble diameter. The
current density affects the electrode potential which affects the wettability and hence, the contact angle [37].
The bubble diameter also scales differently in the case of the experiments and the Matlab model. Including
the effect of velocity of the electrolyte on the bubble diameter can bring the scaling of bubble diameter with
the channel width closer to each other.

4.4.2. Flow pattern of the electrolyte in the cell

Figure 4.10 shows the trajectories of a few fluorescent particles that were tracked. It can be seen that all the
particles are not moving vertically. Some particles show diagonal motion whereas some move horizontally.
This shows that the current design does not have the flow pattern that is expected or ideal. The ideal flow
pattern would be to have a flow that moves vertically. The simulations on Comsol and Matlab work under the
assumption that the flow is vertical. But in the actual setup, it is seen that the flow is not steady. The flow at
the top channel is restricting the flow and the flow that moves upwards does not directly exit the cell through
the channel. The flow rises to the top and waits to leave the cell when the bubbles or the fluid which was
already at the top is moving out. This leads to flow recirculating within the cell itself for a brief period. Hence,
the results obtained from the cell were not used to validate the model. The flow at the top channel is more
likely to validate the results from the simulations. The channels were analysed by me to validate the models.
Figure 4.11 shows the path taken by various particles as they move through the flow and reach the top. It can
be seen that most of the particles are rising in the flow and the trajectory is close to vertical. The ideal case
would be when the particles are always moving upwards. This is closer to the ideal case but the rest of the cell
does not have the same motion. This also shows that the flow is closer to vertical and hence, there is greater
drag force. This also validates why the bubble diameter departing from the electrode in the wider channel
case is smaller than the bubble departing in the normal channel case.
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Figure 4.10: Trajectory of various fluorescent particles in the electrolysis cell for the narrow channel case. The trajectories are not always
vertical. Some of the particles were observed to be moving horizontally.
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Figure 4.11: Particle trajectories in the wide channel case. The path followed by the particles is more uniform and consistent. Most of
the particles are seen to rise up which is closer to the ideal case of the electrolyser compared to the narrow channel case.
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4.4.3. Estimation of flow velocity in the channel

Table 4.6: Parameters and results of the narrow channel mass flow rate estimation

Elementin | Number | Velocity | Crosssection | Mass flow | Total mass | Duration
the channel | offrames | (mm/s) | area (mm?) rate (kg/s) | flow (kg) (s)
Electrolyte 649 9.47 2.25 2.65E-05 1.4E-04 5.2
Gases 839 - - - - 6.7

Total 1.4E-04 11.9

Table 4.6 shows the values of the parameters used for calculating the average mass flow rate in the narrow
channel case. The number of frames for which the electrolyte or the gas was in the channel was used to
estimate the duration of the flow as the video was shot at 125 fps. The velocity was estimated by particle
tracking. Using Equation 4.5, the mass flow rate of the electrolyte was calculated.

1 = p1 % Ach x Uy 4.5)

Since the mass flow rate of the electrolyte was to be estimated, the mass flow rate of electrolyte during the
gas flow was assumed to be zero. The total mass flow was then divided by the total duration of the gas and
electrolyte flow combined.

Table 4.7: Parameters and results of the wide channel mass flow rate estimation

Elementin | Number | Velocity | Crosssection | Mass flow | Total mass | Duration
the channel | of frames | (mm/s) area (mm?2) rate (kg/s) flow (kg) (s)
Electrolyte 900 11.8 4.50 6.8E-05 4.9E-04 7.2
Gases 118 - - - - 0.9
Back flow 87 136 2.75 4.7E-04 3.3E-04 0.7

Total 1.58E-04 8.8

Table 4.7 shows the parameters used for the calculation of average mass flow rate of the electrolyte in the wide
channel. The calculation method is similar as in the case of narrow channel. The only change in this case is
that the channel has a reverse flow of the electrolyte through the channel to the cell. The mass flow of the
back flow must be subtracted from the total flow to get the net flow out of the electrolyte from the cell to the
flash tank. The cross section area of the back flow was obtained by considering a circular cross section for the
gas trapped in the middle and subtracting it from the rectangular cross section area of the channel.

The value of the mass flow rate can be more accurate if the small bubbles flowing through the channel are
accounted for in the calculations. A part of the video was taken when the flow is mostly the electrolyte and
the total number of bubbles were obtained. The average volume occupied by these bubbles are calculated
and the total mass flow lost as a result of the volume was calculated.

Table 4.8: Comparison of the electrolyte mass flow rate in both channel cases when the bubble volume is included and excluded

1 avg Weh =1.5mm | wep =3 mm
Excluding bubbles | 1.16E-05 1.79E-05
Including bubbles | 1.10E-05 1.49E-05
Difference 5% 17%

Table 4.8 shows the change in mass flow rate of the electrolyte as a result of including the volume of small
bubbles. The value of the mass flow rate when the bubbles were excluded was the value obtained from divid-
ing mass flow with the total duration in Table 4.6 and Table 4.7. The decrease in the electrolyte mass flow rate
when the bubble volume was included was significant and hence, the mass flow rate of the electrolyte to be
considered further would be the one with the inclusion of bubbles.
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4.5. Comparison of the models and the experiment

Table 4.9: Comparison of the mass flow rates obtained from Comsol, Matlab and experiments

Wep, (mm) my (kg/s) Deviation from Matlab (%)
¢ Experiments | Comsol | Matlab | Experiments Comsol

1.5 1.10E-05 | 2.44E-05 | 3.27E-05 66 25

3 1.49E-05 | 2.81E-05 | 3.42E-05 56 18

Table 4.9 shows the comparison of the mass flow rates obtained from all the three cases for the two channel
cases. It is clear that the trend followed by the results are the same as that in the case of the comparison of
Matlab and Comsol model. The mass flow rate keeps increasing as the model is approximated to a greater
extent. The effect of bubbles are approximated by including the void fraction and the effect of current is
approximated by including a heat source at the electrodes. The geometry is exact in the case of Comsol with
the physics alone being approximated. This leads to the experiments being closer to the Comsol model than
the Matlab model. But, all the three cases show a significant rise in the mass flow rate of the electrolyte
when the channel was widened which was expected. Accounting for minor losses like bends and including
a third network, a heat network, which calculates the temperature of the elements including the losses in an
interactive manner with the flow network can potentially improve the results of the Matlab model. Also, more
experiments can be done with intermediate values of the channel diameter to obtain a curve for the variation
in the mass flow of the electrolyte and the slug flow pattern with respect to the channel diameter.

4.6. Leaking currents

4.6.1. Leaking currents in the single cell and multi-cell setup

Leaking currents were compared for the test setup and the 5 cell model to understand the behaviour ofleaking
currents in the single cell and a multi-cell setup. The single cell and multi-cell showed different variation of
current density and hence, leaking power with the channel diameter as seen in Figure 4.13. The mass flow
rate does not keep rising with the channel diameter as observed in Figure 2.11. This is because the resistance
in some other part of the system becomes dominant and that decides the mass flow rate of the system and
not the channel. Hence, increasing the channel radius beyond 1.5 mm does not benefit mass flow rate. The
leaking power curve also flattens out with the increase in radius of the channel in the single cell model. But,
in the case of the multi-cell model (Figure 4.13), the leaking power continue rising with the increase in the
channel radius. The difference is observed as the effect of the currents leaking from one cell to another is not
taken into account in the single cell model.
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Figure 4.12: Leaking currents and the mass flow rate in the single cell setup. The mass flow rate does not keep increasing like it does in
the case of the theoretical model as the resistance in some other part of the system would then determine the flow rate and not this
channel.
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Figure 4.13: Leaking currents in the single and multi-cell setup. The leaking currents are observed to rise continuously as compared to
the leaking currents in the single cell model which starts flattening out. Hence, the need for estimation of leaking currents is necessary
when it comes to the multi-cell setup.

4.6.2. Effect of the gas slugs on the leaking currents

One way to decrease the leaking currents is by taking advantage of the fact that the effective area of flow
decreases when the Taylor bubbles flow through the channel. The equation to find the thickness of the an-
nulus of the electrolyte around a Taylor bubble depends on the Capillary number [3]. The Capillary number

is calculated using Equation 2.14,

14
Ca="" _34.107 (4.6)
(2]

For the obtained Capillary number, the annular thickness is given by Fairbrother and Stubbs [16],

5
— =0.5Ca% =0.014 4.7)

Tch

where § is the annular thickness. This is considering the radius of the channel to be 1.5 mm. The annular
thickness decreases with the reduction in channel diameter. The ratio of the annular thickness to the channel
radius is 0.009 which means that the area for the leaking currents to flow is 98% lesser than the case where the
electrolyte fills the channel. This leads to the reduction in leaking currents by about 98% through the channel
if a Taylor bubble is always present in the channel. If the bubble is present for half of the time, the leaking
currents are reduced by about 49%.

Table 4.10: Effect of including gas slugs on the leaking current in the channel

Wy (mm) Leaking currents (mA)
¢ without gas slug | with gas slug
1.5 7 3
3 15 13

Table 4.10 shows the effect of including the gas slugs on the leaking currents in the test setup. A detailed
version of this table is provided in Appendix B. Based on the information from Table 4.6 and Table 4.7, the
duration of gas slugs were obtained and the average current flowing through the channel was estimated. The
effect of gas slug is greater for the narrow channel case as the gas slugs are in the channel for longer duration
and hence, the leaking currents are lower.
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Table 4.11: Effect of gas slugs on the leaking current and the electrical efficiency of the multi-cell system

Wep (Mm)
Parameter 15 3
. Withoutslugs | 2.1 | 3.6
Leaking Power (mW) | yyyih (lugs 12| 32
. Without slugs | 98.2 | 96.9
Efficiency (%) With slugs 98.9 | 97.2

Table 4.11 shows the effect of gas slugs on the multi-cell system. The electrical efficiency increases and in the
case of wy = 1.5 mm, the efficiency goes to 99% which is the goal of ZEF with respect to electrical efficiency.
These results are for the case of 5 cell system. The leaking currents were lower for the single cell model but
higher in the multi-cell model for the same parameters. The efficiency of the actual system with 18 cells and 2
down-comers (as seen in Figure 2.12) will be lower as the effect of number of cells on leaking currents/power
must be considered.

x107°
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Figure 4.15: Variation of efficiency of electrical efficiency
with wp, and the effect of gas slugs.
The effect of gas slugs on the electrical efficiency is seen in Figure 4.15. For small differences in the channel

width, the Matlab model did not show significant deviation from a linear curve (curve fit in Appendix A).
Hence, the effect of slugs in the intermediate diameter was seen through a linear curve fit. The effect of slug
on the electrical efficiency decreases with the increase in width of the channel. Using a linear curve fit, the
efficiency at 2 mm channel width is 98.3% with the mass flow rate increasing by 6% as seen in Figure 4.14.
Intermediate experiments can be done in future to observe the channel at different dimensions.

Figure 4.14: Mass flow rate as a function of wy,.

If the ZEF alkaline electrolyser has to work with an electrical efficiency of over 99%, then the channel with
1.5 mm diameter would be able to achieve the target considering the effect of the gas slugs on the leaking
currents. If the electrical efficiency is allowed to be at 98.3%, a channel width of 2 mm can be used with an
improvement of around 6% in the mass flow rate.






Conclusions and recommendations

5.1. Conclusions
* Design modifications

The main objective of the thesis was to characterise the alkaline electrolyser system of ZEF and check if
the design modification in the system would improve the flow of the system while keeping leaking currents
under control. The objective was achieved and the current design was characterised with respect to flow
and temperature. But, modifying the channel at the top of the cell led to a few changes. The original design
had problems related to flow and temperature. The flow was not steady and the whole electrode in the cell
was not used as there was gas trapped at the top of the cell during operation. By removing the part of the
channel in the cell, the flow qualitatively improved by making use of the entire area of the electrode. The
channel was also widened from 1.5 mm to 3 mm. The flow was observed using high speed camera and
fluorescent particles to look at the flow pattern. The new design also improved with more particles moving
vertically towards the top of the cell.

¢ Modelling and simulations

To investigate the performance of the flow part of the Matlab model, it was compared with Comsol sim-
ulations and the experiments. Matlab model showed about 25% deviation from the Comsol model and
about 65% deviation from the experiments. The bubble diameter obtained from the system was compared
to those of the Matlab model as the flow part of the model depends on the void fraction in cell which de-
pends on the bubble diameter. The deviation was about 27%. Time dependent simulations were done on
the Comsol model to obtain the heating curve of the electrolyser and the experiments were compared with
the simulations. The experiments matched the Comsol model when the external heat transfer coefficient
of air was at 15 W/m?K. The steady state temperature at the hottest part of the system is at 56°C. Insulation
is required to operate the system at 90°C.

* Leaking currents

The leaking currents in the setup were investigated using the Matlab model and they scale differently in a
single cell system and multi-cell system with respect to the channel diameter. The gas slugs were taken into
account for calculating the effective leaking current which showed a considerable decrease in the leaking
currents. But, the effect of gas slugs decreases with the increase in diameter as the duration of slugs in the
channel reduces. The electrical efficiency is at 99% with the inclusion of gas slugs for the 1.5 mm case and
97% for the 3 mm case. The flow rate of the electrolyte in the channel goes from 3.27- 10~° kg/s to 3.42-107°
kg/s when the width o the channel was changed from 1.5 mm to 3 mm. A good compromise point would
be at a width of 2 mm where the system has a mass flow rate improvement of 6% while decreasing the
electrical efficiency from 99% to 98.3%.
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5. Conclusions and recommendations

5.2. Recommendations

¢ Design modification

The main recommendation for the system is to remove the part of the top channel which is in the cell.
Another suggestion is to increase the diameter of the channels (currently at 1.5 mm) at the top of the
cell as it can have a significant effect on the mass flow rate of the electrolyte. Increasing the diameter
of the channels beyond 2 mm is not suggested as the leaking currents are affected more than the mass
flow rate of the electrolyte. The duration of the gas slugs in the channel decreases with the increase in
the diameter of the channel. Hence, larger the channel, lesser the effect of the gas slugs on the leaking
currents. Insulating the system is also essential to increase the temperature at the cell. The insulation
at the cell need not be provided as the cell would already be insulated by the adjacent cell in the system.

Modelling and simulations

The Matlab model currently contains the electrical network and the flow network. A heat network can
be added to observe the effects of temperature. It is was also seen that the temperature of the system
has more impact on the density than the temperature at elevated temperature and pressure. Hence, the
model prediction would improve with the addition of the temperature network. Further improvement
can be made by including the minor losses in the flow of the system like losses due to bends. Comsol
analysis can be improved by using the 'Bubbly flow module’. That will take into account the multi-phase
flow of the system.

Future experiments

More experiments can be done at intermediate values of the channel diameter which will make it more
accurate to find the best value of the channel diameter. The experiments must be done for a multi-cell
system to get an estimate for the leaking currents as the single cell test setup cannot be used to measure
the leaking currents. Higher pressure analysis must be done so that the experiments can validate the
flow and the temperature model simultaneously.



Comsol and Matlab Modelling

A.1. Approximate modelling

To see the combined effects of flow and temperature and to get a visual plot of the same, a multiphysics
simulation was done using Comsol Multiphysics. A simpler 3D model of the actual setup was done using
Adobe Fusion 360 software. The model was split into various bodies so that it becomes easier to quantify the
flow velocity from the results at a later stage.
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Figure A.1: Various parts of the 3D model used in the analysis

The heat input to the system was from the faces of the electrode and the value of the heat input was calculated
based on the voltage and current that is supplied to the system. For alkaline water electrolysis, the thermo-
neutral voltage is 1.48 V and assuming supplied voltage as 2 V, the heat input to the system is,

Qi = (Vsupp — Vin) X Isupp = (2—1.48) x 10 =5.2W (A.1)

The heat generated due to that is spread across both the electrodes. Initially, the simpler model has one half
of the cell with the bottom channel, channel to the cell, channel from the cell and the downcomer. The flow
is natural convection and the main driving force for the flow is the formation of bubbles at the cell which
decreases the effective density of the fluid in the cell. This buoyancy driven flow is simulated using a volume
body force.
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Figure A.2: Part of the body where body force is applied in the system

The laminar flow module in Comsol is used to obtain the flow parameters. The velocity predicted by Matlab

model helped in identifying the flow regime and the Reynolds number was low enough for the flow to be

considered as laminar flow. The velocity at various sections of the electrolyser was obtained from the Matlab

model and that was used to calculate the Reynolds number. Using this value, the order of Reynolds number

was estimated by,

_ PKOH X UKOH X dfiow
HKOH

Re

(A.2)
The value of Reynolds number at various locations is presented in table A.1.

Table A.1: Predicted Reynolds number at various locations of the test setup

Location dfiow (M) | vgon(m/s) Re
Downcomer 0.0117 1.27E-04 1.91
Bottom channel 0.002 4.30E-03 | 11.08
Channel to cell 0.001 1.72E-02 | 22.15
Cell 0.0093 2.01E-04 2.41
Channel from cell 0.0015 7.85E-03 | 15.17
Flash tank 0.0102 1.66E-04 2.18

As it can be seen in table A.1, the value of Reynolds number is such that the flow far from the transition
Reynolds number of 2300. Hence, the assumption of laminar flow is valid. The effects of gravity is included
with the flow being set to incompressible.

In addition to the laminar flow module, the heat transfer in fluids module was used to see the temperature
distribution during the flow. In the heat transfer module, a boundary heat source was added where the elec-
trode area is exposed to the fluid and the boundary convection heat flux was described to simulate the heat
loss to the walls of the test setup.
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Figure A.3: Face at which the boundary heat source is applied

For the stationary solution case, the following equations were used by Comsol to iteratively solve the given
problem:

p(u-V)u:V-[—pI+,u(Vu+(Vu)T)]+Fb+pg (A.3)
pV-(w)=0 (A.4)
pcpu-VT+V-q=0Q+Qp+Quy (A.5)

Equations A.3 and A.4 are the momentum and mass conservation equations used to solve for the flow part of
the problem. Equation A.5 is used to solve for the heat part of the problem. In equation A.3, F, is the body
force given in terms of the void fraction at the cell.

Fy=axpxouxg (A.6)

where « is the void fraction. The non isothermal flow module was used from the multiphysics menu of Com-
sol to couple the effects of heat and flow to each other. In the module, there is an option to vary the density
of the fluid with the temperature using Boussinesq approximation. This assumes that the density of fluid in
the system is a linear function of the temperature. The incompressible flow option was chosen initially to
account for the variation in the density only in the body force term using this approximation.

Using a reference temperature, density and thermal coefficient of expansion, the density values can be cal-
culated for other temperature values. This assumption is valid as long as the temperature variation is not too
high. EquationA.7 shows the equation form of the effective density of the fluid.

PKoH = Prefll = B(T — Trer)] (A7)

The solution to this problem was computed using a stationary solver using a direct solver as the number of
cells were not large enough to exceed the computer memory during computation. The result of the simula-
tion is presented in Figure A.4
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Figure A.4: Results of the comsol simulation for the 3D model of half cell

Comparing the results from both the Matlab and the Comsol model, the values are tabulated in table A.2. The
values of velocity and the mass flow rate are displayed in the table. the values from the Comsol model are the
volume average values. The mass flow rate in the Comsol model is calculated using the formula,

Mlcom = PKOH X Aflow X Ucom (A.8)

the value for the density of KOH is taken as 1280 kg/m3. The least value of error is seen in the two channels,
channel to the cell and channel from the cell. This is because the flow is more unidirectional in the Comsol
model at these locations. This leads to the Matlab model being more valid as it does not take into account the
back flow that happens in the model at, for example the cell.

The average value of velocity at the cell does take into account the backflow in Comsol and this leads to a lower
value of velocity and hence, a lower value of mass flow rate at the cell. Also, the back flow can be confirmed
from the larger mass flow rate at the channel to the cell and a smaller mass flow at the channel to the flash
tank. Since these effects are not seen in the Matlab model, the mass flow is constant everywhere.

Table A.2: Comparison of results from Matlab and Comsol

Velocity (m/s) Mass flow (kg/s)

Location Matlab Comsol Difference (%) | Comsol | Matlab Error (%)
Downcomer 2.16E-04 | 2.84E-04 -31.44 | 6.57E-05 | 6.81E-05 -3.70
Bottom channel 1.69E-02 | 1.26E-02 25.44 | 5.03E-05 | 6.81E-05 -35.32
Channel to cell 6.75E-02 | 6.98E-02 -3.42 | 7.06E-05 | 6.81E-05 3.53
Cell 1.66E-04 | 3.40E-04 -104.73 | 1.51E-04 | 6.81E-05 54.88
Channel from cell | 3.17E-02 | 2.97E-02 6.15 | 6.74E-05 | 6.81E-05 -1.04
Flash tank 2.59E-04 | 1.13E-03 -334.36 | 5.20E-05 | 6.81E-05 -30.86

A.2. Computer specifications

Table A.3: Computer specifications

Parameter Value

Processor Intel® Core™ i5-3470
Number of cores 4

Maximum clock speed | 3.20 Ghz

RAM 8 GB

Operating System Windows 10

Comsol version 5.4
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A.3. Grid independence study

Grid independence study was done by me for the choice of mesh. The main limiting factors for the mesh
selection are: computation time and the computation power. Since the computer provided had only 8 GB of
RAM, the mesh refinement could not be performed beyond a point. This test was done on the model which
had the narrow channel.
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Figure A.5: Results of the grid independence study. The computation time for the mesh corresponding to the 'normal’ mesh size is
larger than the actual change in the flow rate. Hence, the 'coarse’ option was selected as it gave larger difference in the mass flow for
smaller delay in producing results.

Figure A.5 shows the result of the grid independence study. It can be seen that three cases were run with
different mesh size that resulted in different computation times and different average mass flow rates in the
system.

Table A.4: Grid independence study results

Grid size | Number of elements | Computation time (s) | Mass flow rate (kg/s)
Coarser 109821 576 2.26E-05

Coarse 191818 1794 2.44E-05

Normal 446696 56698 2.6E-05

Table A.4 shows the different mesh sizes named by Comsol and the outcomes as a result of choosing them.
The change in mass flow rate from coarser to coarse was larger compared to the jump from coarse to normal.
The computation time was significantly higher in the normal case as the solver had to switch to slower pro-
cessing due to limited availability of RAM. Hence, the coarse mesh option was chosen as a balance between
accuracy and computation time.
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A.4. Figures and tables
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Figure A.6: Flow profile for 10 A of current supplied to the electrolysis system in the narrow channel case with respect to the whole setup.
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Figure A.7: Temperature profile at different depths in the cell.

Figure A.9 shows the result of velocity of the KOH solution at different locations in the test setup. The colour
convention is same for the hydrodynamic results as it is in the case of the electrical results: red for oxygen
and blue for hydrogen. The values of pressure at different nodes are also shown in the figures.
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Figure A.8: Temperature profile at the cell obtained using a vertical line of points along the height of the cell
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A. Comsol and Matlab Modelling
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Figure A.10: Comsol heating curve fit in Matlab
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Table A.5: Detailed calculations for the current flow in the top channel for w.p, = 1.5 mm

Parameter

Aflow (m?) | Resistance (Q) | Current (A) | Duration (s) | Current flow (C)

Electrolyte 2.25E-06 32.21 7.45E-03 5.2 0.03875

Gases 4.91E-08 1474.83 1.63E-04 6.7 0.00109
Backflow 0.00E+00 0.00 0.00E+00 0

Total 11.9 0.039841







Experiments

B.1. Test setup

In order to perform the experiments, the test setup was to be built. The test setup was shown in one of the
previous chapters and that was to be manufactured, built and used for obtaining data. The main components
of the test setup are:

* PVC cookies : The cookies shown in the earlier chapter was manufactured using a small programmable
CNC machine. The stock used for manufacturing was made out of Chlorinated Polyvinyl Chloride
(CPVC) material. After the manufacturing was done, two holes of 4 mm diameter were made to en-
sure that the gases generated in the setup are not trapped inside. It also served as a way to add in KOH
solution to the mixture as it is being consumed during operation.

¢ Temperature sensors : Thermistors were used as temperature sensors. There was a common calibra-
tion curve used for obtaining the temperature values from the absolute voltage value generated from
the system. The setup used to obtain the values and log them will be explained later. The temperature
sensor is connected as a part of a voltage divider setup.

A

VYV DYV

(NTC) 100 kQ 5.1 kQ

5V (Arduino)

Figure B.1: Voltage divider circuit for the temperature sensor

The temperature sensors are rated to have 100 kQ (with a tolerance of 5% (CHECK THIS)) of resistance
at 120 °C. The resistance varies with the temperature and it is connected in series with a 5.1 kQ resistor.
The resistors are powered by 5 V from the Arduino mega controller and the absolute voltage in between
the resistors is taken from the circuit. This is represented as point A in Figure B.1.

* Electronics : The data from the system was obtained using an Arduino Mega controller. The connec-
tions of the system are shown in Figure B.2. The Arduino board is powered by a 9 V power supply for
the Arduino although it can be powered by 5 V USB supply that the board is connected to. But the USB
power supply introduces more noise into the values logged by the Arduino and hence, it is powered by
9 V power supply.
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Figure B.2: Connections of the data acquisition system. The connections are shown on a bread board but a PCB was used to make the

connections for lesser noise in the signal while obtaining data.

The Arduino power the components on the breadboard with 5 V. The voltage divider setup shown in
Figure B.1 is also seen with the connections made to the temperature sensor and the resistor. There
is an ADS converter which is an analog to digital signal converter. The analog values of the absolute
voltage obtained from the voltage divider setup (connected to port A0 of the ADS) is converted to digital
values that are read by the Arduino and then logged on the computer using Arduino software.

PMMA cover : Poly methyl methacrylate is cut by laser cutting for the side covers making the system
visually accessible. There are 4 bolts to hold the electrode on the front side of the setup which are also
done using laser cutting.

KOH solution : The setup should run with an electrolyte which is 30% Potassium Hydroxide. The solu-
tion was prepared by adding KOH pellets containing 85% by mass KOH to calculated amount of water.
The density was then measured at room temperature which turned out to be 1240 kg/m?3.

Membrane and electrodes : A stencil was made for the membrane using PMMA material. The stencil
was used and the membrane of the right side was cut from the Zirfon stock material. For the electrodes,
a slicing machine was used for cutting the electrodes to the right size. An electrical connection bolt is
to be connected to the electrode.

Combi metal glue was initially used for joining the electrode with the bolt. But the connection was not
good enough and the bubbles were generated at the bolt rather than the electrode. Spot welding was
then used for the connection. But the connection was not mechanically study. Hence, spot welding
was used for ensuring good electrical connection whereas metal glue was applied around the bolt to
ensure that the connection was mechanically sturdy as well.

Glue, seal and clamps : The temperature sensor and the electrical connection bolt were connected to
the PMMA and sealed for leak tightness by using epoxy glue. The advantage of using epoxy glue is the
fact that it is transparent. It takes about 30 minutes to dry up after application after which the glue is
sturdy.

Sealing is done in between the CPVC cookies and the PMMA cover by means of silicone rubber. The
epoxy glue and silicone rubber are made of two components which are semi solid. Upon mixing the
two components, the mixture begins to harden. Approximately 15 minutes is available for applying the
sealing and the glue to the area. In the case of silicone rubber, the rubber is applied on to the cookies
where sealing is required and then the PMMA cover is placed on it without applying any pressure.

Once the silicone dries up, the C-clamps are used on either side of the setup to press all the components
for the setup against each other and make sure that there are no leaks. There are grooves present in the
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setup for including O-rings but they were not required as the system was already leak tight with the
above mentioned components at atmospheric pressure.

For this test, table B.1 shows the operating conditions:

Table B.1: Operating parameters for the thermal characterisation

Parameter Value Unit
Current 10 A
Voltage 24 \%

KOH concentration 30 %

Quantity of KOH 54 ml
Density of KOH 1280 | kg/m3
Pressure 1 bar(a)

The test was run for about 8200 seconds and the result of the change in temperature with respect to time is
shown in Figure B.3
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Figure B.3: Temperature change with respect to time for 5A of current

Table B.2: Location of temperature sensors

Sensor name Location
T1 Front top
T2 Front bottom
T3 Back top
T4 Back bottom

The temperture sensor locations are mentioned in table B.2. The temperature rise is seen but it starts flat-
tening out as the temperature rises. Sensor T4 starts giving out weird values was decided to be disconnected.
While disconnecting the sensor, the system was physically moved and that explains the temperature drop
around that time. The temperature values begin to follow the expected trend until the end.

Steady state condition was not reached even after the experiment. The temperature values begin to fluctuate
and the values begin to form bands as the temperature rises rather than a single value for the sensor T2.
A curve fit was done to obtain the equation for these curves and see when the temperature begins to stay
constant.

B.2. Flow measurement equipment
The various equipment used to visualise the flow are:
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1. Photron APX-RS high speed camera: Photron APX-RS high speed camera was used to capture the
information required from the flow. The specifications of the camera are mentioned in table B.3

Table B.3: Specifications of Photron APX-RS high speed camera

Parameter Value/Range
Sensor type 10-bit CMOS
Pixel size 17 pm
Connection mode Ethernet
Maximum resolution | 1024x1024 pixels
Colour mode Monochrome
Internal memory 8 GB
Minimum frame rate | 60 fps

Images were obtained at a rate of 60 fps and 125 fps. For the memory available on the camera, 49.2 sec-
onds of video can be shot at 125 fps at a resolution of 1024 x1024 pixels. Live information was obtained
from the camera by connecting it to a computer through ethernet cable.

2. Nikon lens: The lens used in the setup is the Nikon Micro Nikkor 105 mm f/2.8 lens. The specifications
of the lens are in table B.4

Table B.4: Nikon lens specifications [1]

Parameter Value/Range
Focal length 105 mm
Maximum aperture | {/2.8
Minimum aperture | f/32
Focus mode Manual
Filter size 52 mm

3. High power light source: Zeiss Schott KL 1500 electronic was used as a light source for the experiments.
The light was green in colour. There were two bright sources of halogen lamps whose colour can be
changed by means of a filter inside. The light can also be filtered using external filters if internal filters
are not good enough.

4. UV filters for the camera: UV filters were used on top of the lens to filter only one wavelength of light
through it. The fluorescent particles are orange in colour and if rest of the setup is lit with a light source
of wavelength far from orange, then the camera can only 'see’ the particles while rest of the setup is
seen as dark. A UV filter of green wavelength was also used for the light source to filter out the part of
light with the wavelength close to orange.

5. Fluorescent particles: Fluorescent particles were used to obtain the flow pattern inside the test setup
at the cell. The specifications of the particles are given in table B.5

Table B.5: Properties of the fluorescent particles added to the flow

Parameter | Value/Range
Colour Orange

Size 13 um
Density 1.1 g/cm3

6. Camera stand, mount and other accessories: A speaker stand was used to raise the camera to the
required height and a mount was used to attach the camera to the stand. An ethernet cable was used
to establish connection between the camera and the computer. A computer was used to view, save and
process the data obtained from the camera. Photron PFV ver.3691 was the software used to read and
save information from the camera.
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B.3. Flow measurement technique

The bubbles and the particles in the flow are tracked using single particle tracking technique. A Matlab code
was written for manual particle tracking. At any given moment, one partcile/bubble is tracked. The code
mainly consists of three parts:

1. Reading the frame/image: Every frame is read either from the folder directly if the image is available
in tif format. Sometimes, a video was captured and those had to be converted to frames before they
are read into the code again. Since every particle is tracked at different points of time, the frame from
which the tracking should begin was also given as input.

2. Obtaining the coordinates of the bubble/particle: The coordinates of every bubble/particle is ob-
tained by using a Matlab function called getpts. The getpts function gives coordinates of the mouse-
click. This is used to obtain the coordinates of the bubble/particle. This value obtained is in terms of
pixels of the image.

3. Converting the coordinates to the distance/trajectory: The obtained coordinates of the mouse-clicks
are converted in terms of vertical distance. The getpts function allows obtaining coordinates of more
than one mouse-click per frame. Hence, while tracking every time, the first frame is allowed to obtain
more than one point.

Figure B.4: Mouse tracking example for one frame. This is the first frame for tracking the bubble. The circles marked are the
mouse-clicks. The two mouse-clicks can be seen on the scale at 5 mm and 15 mm. The coordinates of these two points are used to
convert other points in the code from pixel values to mm values.

Figure B.4 shows an example of first frame in tracking one of the bubbles. The first click in every frame
corresponds to the coordinates of the bubble/particle. The second and third mouse-click of the first frame
corresponds to two points on the scale of the setup which can be any two values. Usually it is either 5 mm
distance or 10 mm distance. This is used to obtain a correlation between the coordinates and the actual
distance travelled. A right click or a double left click is used to continue to the next frame and obtain the
coordinates of the bubble in the next iteration.
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B.4. Figures

0.8 .

e e o
IS 3 )
T T T
*

*
*
*
| | |

Bubble diameter [mm)]

e
w
T
¥
|

0.2 - -
*

0.1 ! ! ! |
0 5 10 15 20 25

Bubble number [-]

Figure B.5: Diameter of the bubbles measured in the flow while leaving the electrode
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Figure B.6: Bubble diameter in the wide channel case

B.5. Variation of bubble velocity with diameter

The bubble velocity increases with the increase in the bubble diameter. But the relation of the bubble velocity
with the diameter is different based on the Reynolds number [30]. The technique used to follow the bubbles
and obtain the coordinates have already been in mentioned in the previous chapters. The bubble velocity was
obtained by linear curve fitting the line in the graph of distance vs time. The time of rise (zz)for every bubble,
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distance travelled by bubble (hg) and the velocity of the bubble (i) were obtained using the equation,

Np,g % hscate

he = (B.1)
& Np,scale

N

fg= — (B.2)
prs
h

Ug = t—g (B.3)
8

The velocity is obtained from the slope of the curve fitting equation. The bubble diameter is obtained by
masking the bubble diameter and using imfindcirices function in Matlab. This will identify all the bubbles
and the right bubble is chosen after which the radius is obtained in terms of pixels. The radius is converted
to mm scale using the same method as in the case of obtaining the bubble coordinates.

The boundary of two regimes for the graph in the bubble velocity vs bubble diameter is at the point on x axis
where Reynolds number is less than 1. The Reynolds number is given by,

_ p1(vg— Ul)dg

Re (B.4)
H
The stokes drag force (Fs) is given by,
Fs =3nudg(vg— 1) (B.5)
The buoyant force (F,) is given by,
/4
F, = Edg g (B.6)
Equating Equation B.5 and Equation B.6,
p1gd;
vg = v+ § (B.7)
184
For Reynolds number greater than 1, the relation between the bubble velocity and the bubble diameter be-
comes,
d
vg =+ Ipigdy (B.8)
H
Using Equation B.7, the value of diameter where Reynolds number is equal to 1 can be obtained.
2 13
prd
Re= -5 (B.9)
181y
Using Equation B.9, the diameter at which the Reynolds number is equal to one is given by,
18 x (1.5 x 1073)2
dy = | XX 145 107m (B.10)
12002 x 9.81

Hence, approximately, until a bubble diameter of 0.1 mm, a quadratic relation will exist for the graph of bub-
ble velocity vs bubble diameter. For bubble diameter values greater than 0.1 mm, the relation will gradually
approach to being linear. Using this information, curve fitting was done for the information obtained.
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B.6. Estimation of bubble diameter and velocity at the cell

(a) Original image (b) Histogram equalised image (c) Patching the bubble

Figure B.7: Different steps taken in image processing for measuring bubble diameter

Figure B.7 shows the steps taken for obtaining the bubble diameter of one of the bubbles. This is in the case of
the large bubbles. The original image (Figure B.7a) is taken and the Matlab code is ran to perform histogram
equalisation on the image so that the boundaries of the bubbles are more clear to be distinguished. The
histogram equalisation is done after converting the image to grayscale. The result is seen in Figure B.7b. The
final stage in separating the bubble from the background is to patch the bubble with a colour that has a good
contrast with the background. The final image (Figure B.7c) was used to obtain the bubble diameter through
a Matlab code and imfindcircles command.
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Figure B.8: Bubble velocity vs diameter for the wide channel for Reynolds number lesser than 1.
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Figure B.9: Distance-time plot of the particles tracked in the wide channel case

The goodness of fit for the temperature profile curves for the equation is given in Table B.6

Table B.6: Goodness of fit parameters for the temperature curves at four measurement points

Parameter yl y2 y3 y4
SSE 29.84 40.06 410.1 136.9
R-square 0.9994 | 0.9991 | 0.9926 | 0.9957
Adjusted R-square | 0.9994 | 0.9991 | 0.9926 | 0.9957
RMSE 0.1573 | 0.1823 | 0.5832 | 0.3369

(a) Electrical bolt attached to the electrode (b) NTC attached to the PMMA using epoxy glue

Figure B.10: Electrode bolt connection and the NTC on the PMMA
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Figure B.12: Heating curves obtained from Comsol for different values of h ,;; along with the heating curve from the experiments. The
temperature of the electrolyte in the experiments were not at room temperature when the experiments began. But the trend is similar.
The coefficients can be used to compare the expected value of heat transfer coefficient.

—T1 — T3 — T4

42
40

38

Temperature (degC)

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time (s}

Figure B.11: Effect of temperature drop due to addition of KOH
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C.1. Efficiency of an electrolyser
There are various definitions for the efficiency of an electrolyser. Some of them are mentioned below:

¢ Enthapy efficiency:
Vin

Vapplied

YaH = (C.1)

At low current densities (j=0), Vin = Vapplied and yag = 1

¢ Faradic efficiency: Faradic efficiency is the ratio of the actual volume of hydrogen produced to the
theoretical volume of hydrogen that is supposed to be produced.

F= Qactual (C.2)
cheo

If the process has 100% faradic efficiency, it would mean that every electron that is produced is be-
ing used by protons to form hydrogen. This efficiency is closer to 1 and the reasons for the deviation
from 100% efficiency are energy used for electrolysis of impurities, spontaneous recombination of the
products due to improper separation and formation of stray currents in the stack.

* Energy efficiency: The energy efficiency of the electrolyser is the ratio of the energy available from the
produced hydrogen to the energy consumption of the cell.

moles of H, produced x HHVp,
IxVxt

Yenergy = (C.3)

¢ Thermodynamic efficiency: The thermodynamic efficiency is the ratio of the change in Gibbs free

energy to the change in enthalpy:.

AG

YTD = N (C.4)

The denominator does not vary so much with the temperature. But the TAS increases with temper-
ature. This would mean that the numerator decreases with the temperature. ytp is the fraction of
electricity to be added and since the numerator reduces with temperature, less electricity needs to be
added at higher temperature.

C.1.1. Velocity of KOH solution

A numerical study was done to investigate the flow and thermal characteristics in a micro channel [10]. In one
method, the temperature difference between the top and bottom wall was observed. In the second method,
the bottom wall was heated to notice the buoyancy effect induced as a result of the temperature differences.

The most optimal location to place the sensors was found to be on the top and bottom walls. The best mea-
surement method to adopt for extremely low velocity is the temperature difference induced buoyancy effect.

73
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Thermal flow sensors can be used for the measurement of the velocity [15]. Thermal flow sensors are a com-
bination of heaters and temperature sensors. The principle of the thermal micro flow sensor is presented in
Figure C.1. The temperature field is represented in red which changes with the flow velocity. This change is
captured by the temperature sensor and the sensed field is used to measure the velocity.

Flow
s ’
V

Constant Voltage Constant Voltage

Figure C.1: Principle of thermal micro flow sensor [23]

Three different types of thermal sensors were discussed, namely, anemometers, calorimetric flow sensors and
time of flight sensors.

Anemometers work under the principle that the temperature change in a material causes a change in the
resistance it offers. The response of the anemometer is proportional to the square of the flow velocity.

Calorimetric flow sensors uses various temperature sensors around the heater to observe change in the tem-
perature distribution around the heater. These sensors are useful to measure very low flow velocity. In time of
flight sensors, a heat pulse is fed to the fluid and a temperature sensor located downstream detects its delay.
Measuring time in this mode, the sensors will be able to determine the velocity of the fluid.

Time of flight sensors have a heating device which is placed at a certain distance before the temperature
sensor. The heating device creates a temperature field which is carried by the flow field and is sensed by the
temperature sensor. The variation in the temperature field observed is used to compute the velocity.

C.1.2. Transport resistances:

Ionic transfer within the electrolyte is dependant on factors like electrolyte concentration, diaphragm be-
tween electrodes and distance of separation between anode and cathode. The viscosity and flow field of the
electrolyte determine the ionic transfer, bubble size, rising velocity and temperature distribution.

Recirculating and mixing the electrolytes helps to prevent further rise in over-potential due to difference in
the electrolyte concentration in the cell. The velocity of the fluid can help in the removal of gas and vapour
bubbles from the electrodes. The re-circulation of electrolyte facilitates even distribution of heat within elec-
trolyte.

If the bubble coverage is denoted as 0, then the electrical resistivity due to bubble coverage is given by,
3
p=po(1-0)2 (C.5)

where py is the specific resistivity of the gas free electrolyte solution. If a membrane is used for the separation
of hydrogen and oxygen gas that is evolved, then the membrane adds to the resistance to ionic transfer. The
resistive effect is expressed as apparent conductivity in equation C.6.

Km?

Kmembrane = 0-2727 (C.6)

where p is the permeability of the membrane and m is the hydraulic radius.

C.2. Electrode kinetics

The rate of the reaction depends on the nature and pre-treatment of the electrode surfaces and the compo-
sition of the electrolyte in the vicinity of the electrode. The ions in the electrolyte near the electrode, forms
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layers, called double layers. For example, at the cathode, the charge layer is formed by hydroxyl ions and
potassium ions. The double layer is shown in Figure C.2
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Figure C.2: Representation of the (a) double layer and (b) the potential distribution near electrode surface

The ions that are accumulated, form two mobile layers of solvent molecules and adsorbed species. The layer
closer to the electrode surface is called the Inner Helmholtz Layer (IHL) which is relatively ordered. The layer
away from the electrode is called as the Outer Helmholtz Layer (OHL), which is the one with less order.

It is evident that there is a potential difference between the electrode surface and the electrolyte. Since for-
mation of double layer is a non faradaic process, charge is progressively stored and this leads to electrodes
acquiring properties of a capacitor.

According to Faraday’s law, the number of moles of electrolysed species, N, is given by

N @

=F (C.7)

where F is Faraday constant, n is the stoichiometric number of electons consumed (2 in the electrolysis of
water), Q is the total charge in Coulomb transferred during the reaction. The rate of reaction is given by,

dN
Rate= — (C.8)
dt
Also, taking surface area into account,
Rate = -~ (C.9)
nF

where j = %, is the current density, i = %, is the Faraday current. The simplified form of Butler-Volmer
equation is given by,
i =ig(e Y — 1) (C.10)

where ij is the exchange current density defined as the current of reversible water splitting reaction. The
rate of reaction depends on the over-potential which in turn depends on various factors. One of the factors is
activation energy which shows strong dependence on the electrode material. The reaction rate and activation
energy are inversely proportional, but, the activation energy and current density are directly proportional
which can be lowered by using the right electro-catalysts.

C.2.1. Electrochemical reaction resistances
The mechanism of hydrogen evolution reaction involves the formation of adsorbed hydrogen (equation C.11)
followed by chemical desorption (equation C.12) or electro-chemical desorption (equation C.13).

HyO+e” — Hpgs + OH™ (C.11)
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2Hygs — Ha (C.12)

Hags ++€¢ +H,O — Hy +OH™ (C.13)

It is to be noted that equations C.11, C.12 and C.13 do not proceed with the same reaction rate. The rate de-
termining step is to be identified for the hydrogen evolution reaction as it will decide the relative importance
of the electrode properties.

If hydrogen adsorption is the rate determining step, electrode material with more edges and cavities will cre-
ate more electrolysis centres for hydrogen adsorption. This will favour easy transfer of electrons. If hydrogen
desorption is the rate determining step, then, physical properties like surface roughness or perforation will
either increase electron transfer or reduce the bubble size, increasing the electrolysis rate.

When the over-potential is low, electron transfer is slower than desorption. Hence, adsorption will be the rate
determining step. If the over-potential is high, the hydrogen adsorption rate will be greater than desorption
rate. Hence, hydrogen desorption will be the rate determining step.

The generally accepted mechanism for the oxygen evolution reaction is as follows:

OH_ 4, < OHgygs + €~ (C.14)
OH™ +OH_ 4, <— Ogygs + HoO+ e~ (C.15)
Oads +O0a4s — O (C.16)

The variation in the thermo-neutral voltage explained using the Gibbs equation and is shown in Figure C.3.
TAS has a linear variation with temperature as AS is almost constant. The total energy requirement is AH
which is almost constant with the lines for both enthalpy and entropy having discontinuity at 100 °C due to
evaporation of water. As a result, the Gibbs free energy (AG) decreases with the rise in temperature.
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Figure C.3: Variation of TAS,AG and AH with temperature at 1 bar [6]
If the angle of the channel had to be kept constant, the height of the channel scales with the length of the

channel. This would mean that the flow rate is independent of the length of the channel making the flow rate
depend only on the radius of the channel.
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Figure C.4: Variation of the mass flow rate and the leaking current with the diameter of the top channel. The pressure drop and the
resistance scale linearly with the channel length and hence, all the lines representing the mass flow rate are overlapping on one another.
The mass flow is observed to raise continuously with the channel diameter. The leaking currents also increase with the diameter of the
channel but decrease with the length of the channel

When the current density was increased from 0.3 to 0.6 mA/cm? in the ZEF electrolyser, the critical diameter
increased from 0.59 to 1.09 mm. The bubble size decreases with the electrolyte circulation. However, it was
found that there was a bubble curtain on the surface of the electrode and was contributing to the total
resistance of the process [18]. This also caused a small reduction in the cell voltage.
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