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summary

The worlds energy demand is rising as a result of industrial activity and advances in countries
around the world. Fossil fuel sources are used to meet this demand for much of the world [1]. The
way in which energy is handled causes pollution e.g., COq emissions, inducing climate change,
therefore a more sustainable industry is desired [2, 3]. Carbon Capture and Utilization (CCU)
is a way to use COy from the atmosphere or which would end up in the atmosphere, limiting
its influence on the climate. Sustainable fuels or chemicals can be produced from the captured
COs,, reducing the use of fossil fuels and fossil feedstock [4, 5].

Formic Acid is a favourable product from COy electrolysis. Only 2 electrons are required for
one molecule Formic Acid, which results in a high normalized price ($/electron) [6]. COVAL
Energy works on scaling-up and commercialization of COq electrolysis to Formic Acid. Coval
has already an operational reactor on lab scale with promising performance, a conversion effi-
ciency up to 90%. Although the reaction kinetics are limited by a poor distribution of reactants
on the electrode surface. Previous research by Jos van der Maas showed a highly uneven flow
distribution in the cell reactor [7]. Gas bubbles are formed inside the reactor, which likely limit
the reaction. Consequences of this poor distribution of reactants and these bubbles are a lower
energy efficiency and higher electrical resistance.

The main question of this thesis is: How can the current knowledge of electrolysers be applied to
improve the Coval electrolyser design regarding flow distribution and mitigation of the impact
of dissolved gas production? Experiments were performed to gain knowledge about the bubble
behaviour in the Coval electrolyser. Computational Fluid Dynamics (CFD) was used to screen
design ideas on liquid distribution. Promising designs were assessed in a flow and gas bubble
visualisation experimental setup, in which also the bubble behaviour was investigated. Finally,
prototypes to be tested in the high pressure reactor were produced.

Two auspicious designs were found. The first design has channels in the inter electrode gap. The
results showed that with channels the velocity variation over the cell width was reduced. The
second design has a manifold like geometry in a calm zone before and after the interelectrode gap.
This resulted in an almost constant velocity over the cell width for the entire cell. Additionally, a
larger inlet and outlet pipe to and from the cell improves flow homogeneity and reduces pressure
dorp in these pipes. The gas fraction in the cell can be kept low by sloping the top part of the
cell towards the outlet.

A next step is to assess both designs in the high pressure reactor. Particular attention should
be paid to the manufacturing of the design to avoid leakage and mechanical deterioration. It is
recommended to measure pressure drop over the cell for better assessment of the designs.
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Nomenclature

Symbol Definition Unit
a acceleration ms 2
b x coordinate of the inlet m

c y coordinate of the inlet m

Bo Bond number

Ca Capillary number

f body force Nm™3
F force vector N

Fr Froude number

g gravitational acceleration ms~2
h thickness m

1 intensity Wm?
L length m

il normal vector

p pressure Nm—2
r radius m

Re Reynolds number

t time S

T stress tensor Nm~?
u velocity vector ms~!
u velocity in x direction ms~!
v flow rate m3s~!
v velocity in y direction ms~!
w velocity in z direction ms~!
w width of the cell m

We Weber number

U dynamic or shear viscosity kgm~!'s~!
P density kgm3
c surface tension Nm™!
o standard deviation

W angular velocity rads™!
v vector differential operator

Subscript  Definition

=

drag

—HOwE 0 AT

lift

added mass
bubble
buoyancy

entrance
gravity

gas phase
liquid phase
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1. Introduction

The worlds energy demand is rising as a result of industrial activity and advances in countries
around the world. Fossil fuel sources are used to meet this demand for much of the world [1]. The
current handling of energy causes pollution, including CO4 emissions. These emissions induce
climate change, so a more sustainable industry is desired [2, 3]. Carbon Capture and Utilization
(CCU) is a way to use COy from the atmosphere or which would end up in the atmosphere,
limiting its influence on the climate. Sustainable fuels or chemicals can be produced from this
captured CO,, reducing the use of fossil fuels and fossil feedstock [4, 5].

COs electrolysis received a lot of attention in recent years due to several benefits: (i) renewable
energy can be used to drive the process, (ii) the electrolysis conditions are easily controlled, and
(iii) the electrolysis system is compact and is scalable [8]. Electrolysis is a separation technique
which uses an electrical potential to drive a chemical reaction. Products of CO; electrolysis
are substances consisting of C, H and/or O. The electrode material, which acts as a catalyst,
influences what substances are produced.

1.1. CO4 electrolyser principle

There are two main techniques for CO4 electrolysis, aqueous and gaseous electrolysis. In aqueous
electrolysis, CO, is dissolved in the electrolyte before entering the reaction cell. The electrolyte
is the liquid fed to an electrochemical reactor containing the reactants, after reaction it contains
also electrolysis products. Gaseous CO5 can be electrochemically converted using a porous,
so-called gas diffusion, electrode. The full liquid reactant electrolysis is a more mature and
better understood method than the gaseous electrolysis. It is not fully known how electrolysis
of gaseous CO, takes place and therefore not entirely clear how this cell should be optimized [9].
Formic Acid (HCOOH) is a favourable product from CO, electrolysis. Only 2 electrons are
required for HCOOH production which results in a high normalized price ($/electron) among
other major COs electrolysis products [6]. HCOOH can be widely used [10] and it has also a
high conversion efficiency [11]. KOH is a non-toxic, inexpensive electrolyte which can be used
for CO4 electrolysis to HCOOH. One of the catalyst materials for conversion to HCOOH is Sn,
it is attractive because promising results were obtained [10] and it is earth-abundant [12].
When CO, reacts to formic acid (HCOOH) or formate (HCOO") in a KOH electrolyte using a
bipolar membrane, the reactions are:

2H,0 — Oy +4H" +4e (1.1)

H,0 — H' + OH" (1.2)

CO, + 2HY + 2¢° — HCOOH (1.3)
H" + HCO3 =— CO, + H,0 (1.4)
HCOOH =— H' + HCOO~ (1.5)

Water is split at the anode (reaction 1.1) and the bipolar membrane (reaction 1.2). The products
at the anode are oxygen, hydrogen ions and electrons. The membrane transports its produced
H™ to the cathode and its produced OH to the anode side. The CO, reduction reaction takes
place at the cathode side (reaction 1.3). In the electrolyte is an equilibrium reaction which is
influenced by the pH, this reaction converts HCOOH into HCOO™ (equation 1.5).

CO,4 electrolysis has several benefits, but there are challenges to overcome before it can be
industrialized, these challenges are:

o Keeping the pH stable [9]. The pH influences which product is produced, so to obtain a

1



2 Chapter 1. Introduction

desired product the pH should remain in a certain range.

¢ Developing membranes with low ohmic resistance and product leakage, and that do not
limit mass transfer [4, 9]. The lower the ohmic resistance, the lower the required potential
to drive the reaction and thus the electricity cost. If product leaks, unwanted reactions
can occur and it may become harder to capture the product from the reactor outflow. The
membrane limits mass transfer if reaction (1.2) is the limiting factor in the full reaction.
The key for a successful membrane is that it has a low resistance for the transfer of desired
species and a high resistance to transfer any other specie.

e Reducing the cell resistance, both the ohmic resistance between the electrodes and the
resistance for ion supply to the electrodes [13]. The importance is already explained in the
previous challenge. H' are required for the CO, reduction reaction at the cathode. If the
resistance for ions supply is high this reaction is slowed down.

o A high reaction rate at low overpotential [13]. The overpotential is the difference between
the thermodynamic reduction potential and the experimentally observed potential i.e., the
difference between the theoretically required potential to drive the reaction and the actual
potential required. This challenge is linked to a low ohmic resistance of the cell. As stated
before a low potential results in low electricity costs. The potential depends also on the
catalyst material(s), membrane and distance between the electrodes.

e Reducing capital cost by Increasing the current density which reduces the required area
and thereby capital cost [13].

o Obtain economically viable products by increasing the overall energy efficiency [13].

o Avoiding the competing formation of undesired product (e.g. Hs) [14]. Unwanted product
consumes electrical energy lowering the efficiency.

o Improving the electrode stability and lifetime [4]. The electrode surface which acts as a
catalyst can corrode and erode, reducing the performance and increasing operational cost.

o Developing electrodes which require low overpotentials [4]. The lower the overpotential,
the lower the electricity cost.

o Producing valuable products at both the anode and cathode [4]. The production of by-
products is almost insurmountable. Valuable by-products can make the process more
economically attractive.

+ Obtaining products in high concentrations to minimize downstream separation costs [4].

o Avoiding mass transfer limitations at the electrode surface due to poor flow distribution
[4].

e Producing chemicals with 2 or more C atoms, which have a higher commercial value than
chemicals with a single C atom [15].

A lot of attention has been paid to the catalytic material to meet these challenges. New catalyst
materials are explored, and performance dependence on morphologies and surface properties are
studied [10]. It was shown that mesoporous Sn/SnO, is superior to the electroplated Sn or Sn
foil as electrode catalyst for HCOO™ production. The catalytic performance is related with the
microstructure of the catalyst. An efficiency of 90% was reached for HCOO™ formation with
the mesoporous Sn/SnO, catalyst. This performance is attributed to the high specific area and
the surface SnO, layer of the catalyst. Research is also being done to high pressure electrolysis
and the tuning of the electrolyte concentration.

Membranes are studied too, three types are currently applied: anion exchange membranes
(AEM), cation exchange membranes (CEM) and bipolar membranes (BPM). The latter reduces
the requirements for catalyst, as a result of which the electrode cost can be reduced [16].
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The startups working in the field of electrochemical reduction of CO4 prove that it is an impor-
tant topic. The startups focus on the commercialization of CO, electrolysis. Here follows a list
of startups and companies with their key features:

e« CERT Systems Inc is a startup working on the production of several chemicals from
CO,. Gaseous CO, is converted into CO using Ag as a catalyst in alkaline, high pressure
electrolysis. Other products are CoH, with a Cu catalyst and HCOO™ with a SnS, or
Pd catalyst. Abundant nonmetal catalysts which can replace scare resources are explored.
Work is also being done on optimizing the oxygen evolution reaction at the anode [17].

e Dioxide materials is a startup working on CO, reduction to HCOOH. This startup has
developed an ionomer and anion exchange membrane. An ionomer is a plastic that because
of its ionic bonding action is capable of conducting electric current. Lab scale electrolysers,
membranes, gas diffusion layers and ionomers are offered for sale [18].

e Opus 12 is a startup which focusses on several electrolysis products. CO is produced using
a gas diffusion layer and an Ag catalyst, CoHy is produced using a graphene/nitrogen or
Cu catalyst, and Hy using Pt catalyst [19].

e Siemens Energy works on electrolysis of CO4 to CO. Together with Evonik Siemens Energy
has built and operates a pilot plant [20].

Purification is required as the electrolyser does not produce pure HCOOH or HCOO™. Whether
formic acid or formate is produced depends on pH inside the electrochemical reactor, for pH<3.75
formic acid leaves the reactor as dissolved salt. The salt will almost completely dissociate into the
formate form If the CO5 reduction is performed at alkaline conditions (i.e. ph>3.75). The first
step in purification is flashing to ambient pressure whereby remaining COy leaves the solution.
Liquid-liquid extraction can be used to separate the formic acid from the other substances.
Electrodialysis can be used to produce formic acid from formate. The formate is present in the
reactor outflow as potassium formate if KOH electrolyte is used. Potassium formate is a salt
that has already an application as deicer. The formic acid route, so pH>3.75, is economically
more attractive because of limited downstream processing cost [4].

COVAL Energy works on scaling-up and commercialization of CO4 electrolysis to HCOO™. Coval
applies high pressure electrolysis, with CO4 dissolved in KOH electrolyte using a BPM and Sn
electrodes. Coval has already an operational reactor on lab scale with promising performance,
a conversion efficiency up to 90%. Figure 1.1 shows a 2D drawing of the present flow channel
between the electrode and membrane.

Although the reactor shows promising performance, the reaction kinetics are limited by a poor
distribution of reactants on the electrode surface. Previous research by Jos van der Maas showed
a highly uneven flow distribution in the cell reactor, especially for higher flow rates [7]. In
addition, gas bubbles are formed, which likely limit the reaction when bubbles get stuck in the
reactor. Bubble formation is possibly a result of a local lack of CO5 due to maldistribution of
reactants. Lack of COy shifts the reaction selectivity towards Hg evolution and dissolved Hy
easily nucleates on the electrode surface. Consequences of this poor distribution of reactants
and these bubbles are a lower efficiency and higher ohmic resistance.

Further research is required to prepare Covals technology for pilot scale testing because of the
limitations of the present design. The goal of this study is to optimize the cell reactor design by
improving flow distribution and mitigating the impact of dissolved gas production. This study
contributes primary to the challenge of avoiding mass transfer limitations due to poor flow
distribution. It focusses also on the challenges of reducing the resistance for electrical current
and ion supply, and avoiding competing formation of unwanted product. Before proceeding to
the drawing table, the state of the art of electrolysis is reviewed concerning flow distribution
and gas bubbles. Section 1.4 discusses and motivates the approach of this study.
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Figure 1.1: 2D drawing of the present flow channel between the electrode and membrane with an in plane thickness
of 2mm. The green-outlined square is the electrode. The electrolyte enters perpendicular to the sheet through
the 6 mm hole at the bottom. The electrolyte then flows upwards along the electrode. The electrolyte leaves
perpendicular to the sheet through the 6 mm hole at the top. Figure 1.4 shows the location of this flow channel
in the electrolyser stack.

1.2. Flow distribution

Uniform supply of species to react and removal of reaction products everywhere in the reactor,
is essential for electrolysis reactor performance. So a homogeneous flow with a narrow residence
time distribution is preferred. The mass transport regime close to the electrode surface is crucial
in the process. This mass transport is improved by (i) a high relative velocity between electrode
and electrolyte and (ii) a high electrode area [21].

1.2.1. Design guidelines

Various electrolyser design guidelines can be derived from the studies carried out. Geometric
factors are considered first and then more process related factors. Regarding geometry factors
one could think of: (i) a calm zone, (ii) plug flow, (iii) a manifold, (iv) electrode surface proper-
ties, (v) the interelectrode distance, and (vi) turbulence promoters.

The inlet to and the outlet from the interelectrode gap can have a pronounced effect on the flow
distribution in the reaction space. Calm zones before and after the interelectrode gap reduce
this effect and facilitate a more homogeneous flow distribution at the electrodes. Limited resi-
dence time for the electrolyte is preferred, because this ensures fresh reactants in the reaction
cell, promoting small concentration gradients and a more equal potential distribution across the
electrode surface [22].

Plug flow is another effective path to realize uniform electrolyte flow [23]. Plug flow can be
achieved by a full width inlet to and outlet from the interelectrode gap. Manifolds can also be
used to equalize the flow, but if the manifold ends and starts close to electrode it is likely that
the flow profile is influenced by the manifold [24].

The electrode area can be increased by surface roughening or using 3D structures like meshes or
foams. A nice side effect is that these options also promote turbulence [21]. Electrodeposition
can be used to produce a nanostructured electrode surface [25]. The cost of mesh electrodes
can be limited by using a cheap base material sputter-coated with the more expensive catalytic
material [26].

The distance between the electrodes increases the resistance for current and ion supply to the
electrodes. The gap between electrodes must therefore be reduced as much as possible, but in
a way that avoids any surge of current between the electrodes [27]. Note that reducing the gap
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increases pressure drop and thus electrolyte pumping cost.

The relative electrolyte velocity can be increased by increasing the electrolyte flow rate, e.g. by
pumping the electrolyte in a circulation loop. Though this has a limited effect on the velocity
close to the electrode. A turbulence promoter in the interelectrode gap is an alternative. The
electrolyte is then forced to flow around the turbulence promoter, e.g. a net, increasing the ve-
locity close to the electrode surface. Turbulence promoters can increase the pressure drop, but
the increased mass transport is able to make turbulence promoters favourable [22]. Turbulence
promoters are also helpful in enhancing the uniformity of the flow [21].

Caution is advised because turbulence promoters can also reduce the mass transfer. Reasons for
this can be: (i) the turbulence promoter blocks part of the electrode and membrane area, (ii)
the turbulence promoter diverts the flow forming preferential channels forming a bypass, and
(iii) the structure formed by the turbulence promoter leads to flow recirculation and stagnant
zones. The effect of turbulence promoters strongly depends on the geometrical features [28].
Main factors affecting the effectiveness seem to be the ratio of filament diameter to the inter-
filament distance, the filament diameter and the angle between the filaments. The objective for
a turbulence promoter is high wall shear and low pressure drop [29].

The KOH concentration of the electrolyte is a more process related factor. The electrical resis-
tance can be decreased by increasing the KOH concentration. Though for small interelectrode
gaps the effect can be limited. A higher KOH concentration also improves reaction kinetics[13].

1.3. Bubble origination and behaviour

In this section the behaviour of gas bubbles in electrolysers and their effects are studied, and most
importantly potential strategies to reduce the negative effects. The next subsection emphasizes
the importance of bubble control by listing the effects of bubbles.

1.3.1. The (un)favourable effects of bubbles

Bubbles have both positive and negative effects on the electrolysis.

Positive effects are: Negative effects are:

e Bubbles can act as a turbulence promoter. e Bubbles increase the ohmic resistance be-

Bubbles push the surrounding liquid dur-
ing their growth and movement, increas-
ing electrolyte mixing [30].

Growing bubbles on the electrode surface
absorb dissolved gas from the electrolyte
and push the electrolyte away, inducing
micro mixing in the fluid [31]. It is re-
ported as a positive effect, though an ad-
hering bubble blocks part of the electrode
surface.

Detached bubbles rise in the electrolyte
due to the density difference with the elec-
trolyte, inducing macro mixing [31].

Enhancement of ionic mass transfer to
and from the electrode. Bubbles which
detach form the electrode cause ions to
move towards the electrode, and dis-
solved gas to transfer to the bulk [32].

All these effects have to do with improving mix-
ing on different scales.

tween the electrodes resulting in a lower
reaction rate or overpotential [33].

Bubbles can act as a curtain in front of
the electrode, forming a resistive film for
ions supply heading to the electrode to
participate in the reaction [30].

These negative effects are related to resistance
both for electrical current and ion supply.
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Figure 1.2: A rising, accelerating gas bubble in the flowing electrolyte near a vertical electrode wall with the
forces acting on it. With bubble acceleration ay,, bubble velocity vy, liquid velocity vy, gravitational acceleration
g, angular velocity w, the pressure inside the bubble pq, the pressure in the liquid pr,, the density of the gas pg
and the density of the liquid pr,. The forces acting on the bubble: the buoyancy force Fy,, the lift force Fj, the
added mass force Fam, the gravity F, and the drag force Fy.

It is thus crucial to manage bubbles well, and take advantage of bubbles if possible. Three
factors that determine the creation, size and growth of gas bubbles are surface tension, chemical
absorption and the type of gas. Surface tension is a general phenomenon that is not limited to
electrolysers. The other phenomena are described below specifically with regard to electrolysers.

1.3.2. Theoretical bubble behaviour

This subsection deals with the theoretical background of bubble behaviour from a force perspec-
tive. An overview of the forces acting on a rising, accelerating gas bubble in a liquid is shown
in figure 1.2. On a bubble acts buoyancy, gravity and pressure when the bubble has no acceler-
ation, rotation and velocity with respect to the surrounding liquid. The buoyancy force (Fy,) is
the force as a result of the difference in density between the gas bubble pg and the surrounding
liquid pr,. The liquid is denser and pushes the bubble upwards. The gravitational force (Fy) is
linked to the bubble mass and pulls it down. The pressure acts on the surface of the bubble and
is determined by the difference between the gas pressure inside the bubble pg and the liquid
pressure outside the bubble pg [33, 34].

The drag force (Fy) is only present when the bubble moves relative to the liquid. The drag
force is strongly related to the existence of a wake, to the bubble velocity Vp and depends on
the shape of the bubble. If the bubble is spherical, the wake and therefore the drag will be
limited [33]. The lift force (Fj) is used to account for the rotation induced by the flow field
which moves the bubble away from the wall. This force is thus only present when the bubble
rotates [35]. Finally, there is the added mass force (F,y) which exists only when the bubble
accelerates. Added mass is the altered inertia of an object due to the motion of the fluid around
the object. It is related to the volume of fluid that has to be displaced so that the bubble can
move. [34].

Surface tension is a result of unbalanced attractive intermolecular forces which cause the inter-
face between two immiscible fluids to behave as if it were a stretched membrane under tension.
This surface tension causes a pressure difference across curved interfaces. Equation (1.6) shows
the relation between the pressure difference and the interface shape. If viscosity effects are
negligible equation (1.6) becomes equation (1.7). With 7 the normal vector, T' the stress tensor
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2 o the surface tension in Nm~!, R; the bubble radius in direction i in m, pg the gas

pressure in Nm~2 and pr, the liquid pressure in Nm~2 [34].

in Nm~

. . 1 1
=0 i—ki (1.7)
PG —PL = R "R, .
20
Ap = — 1.
P= R (1.8)

In the absence of buoyant forces and fluid motion, a bubble in a liquid will assume a spherical
shape since that shape minimizes its surface area. For a spherical bubble Ry = R, and equation
(1.7) can be rewritten to equation (1.8). For this formula can be seen that if R; goes to zero,
Ap goes to infinity. And if R; goes to infinity, Ap goes to zero. If the bubble contains CO,,
Ap may cause more CO5 to dissolve into the catholyte, which causes the bubble to shrink. Ap
is even higher in a smaller bubble, and this can cause even more CO5 to dissolve. So, small
bubbles containing CO4 can be squeezed out of existence by surface tension. A bubble, on the
other hand, can also absorb CO, if the CO5 concentration of the catholyte directly surrounding
a bubble is high, which is later explained in more detail.

So a significant number of forces acts on the bubbles, and it is relevant to know which forces are
dominant. Dimensionless number express the ratio between forces and can therefore be used to
determine the dominant force [34].

2
We = M (1'9)
()
2 (o —
Bo — Fr8(pL—pc) (1.10)
(o)
Ca — Helos| (1.11)
()
Rep, — BlVBlPL (1.12)
ML
2
Frl = |- BPL 1.13
2r(pL—pc)g (1.13)

The Weber number (equation 1.9) indicates the ratio of inertia over surface tension force. r
is the bubble radius in m, vg is the bubble velocity in ms~! and pr, the electrolyte density in
kgm 3. Bubbles are easily deformed by fluid acceleration at high We. We is below one for bubble
radius up to 0.004 m and bubble velocities up to 0.2ms™!, so surface tension is dominant over
inertia. Therefore, the bubbles are probably nicely spherical.

The Bond number (equation 1.10) is the ratio of gravity over surface tension force. g is the
gravitational acceleration is ms™2 and pg is the gas density in kgm™>. It increases quadratic
with bubble diameter and is independent on bubble velocity. Bo remains below one for bubble
radius up to 0.001 m. As this small bubble radii are expected, surface tension will be dominant
over gravity [3, 31].

The Capillary number (equation 1.11) indicates the viscous stress over surface tension stress,
with ur, is the dynamic viscosity of the electrolyte in kgm~'s™!. The viscous stress depends on
the ’stickiness’ of a fluid, it is a measure of the resistance to flow. Ca increases linearly with
bubble velocity and is independent on bubble size. Ca is almost zero for bubble velocities up to
2ms~!, so surface tension is dominant over viscous effects.
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Two other well known dimensionless quantities are the Reynolds number (Re) and the Froude
number (Fr). These numbers provide also some information about the bubble behaviour. Re
indicating the ratio between inertia and viscous forces, is represented by equation (1.12) for a
rising gas bubble in a liquid, with dg the bubble diameter in m. For the bubbles inside the
flow channel 2 < Re < 300, so inertia is dominant. Fr (equation 1.13) is the ratio of inertia over
buoyancy force. The inertia force is determined by the bubble velocity. Fr is below one for
bubble radius up to 0.004 m and bubble velocities up to 0.06 ms~! . Buoyancy is thus dominant
over inertia.

The conclusion of this force discussion is that surface tension plays an important role in the
bubble behaviour. At the end of this section is discussed how this can be used for bubble
mitigation.

1.3.3. Formation and development

Bubbles in electrolysers form as a result of supersaturation [30]. The electrolyte can become
supersaturated due to pressure drop. The condition for this is that the solubility of the gas
decreases with pressure decrease. The production of dissolved gas as a result of the electrolysis
reaction is another reason for supersaturation. Figure 1.3 summarizes all the potential gas
behaviour in a supersaturated electrolyte.

Dissolved gas is produced as a result of the applied current at the electrodes. So the dissolved
gas concentration is the highest at the electrode surface and decreases towards the bulk region.
The supersaturation of dissolved gas remains limited and no bubbles are formed as a result of the
electrical current if the current density is low [36]. When the current density increases, and the
interfacial concentration exceeds a certain value, nuclei at the electrode surface become active
and dissolved gas is transformed into the gaseous phase. The concentration at which nucleation
starts, depends on the properties of the electrolyte, the gas, and the surface morphology of the
electrode. Note that only a fraction of the dissolved gas is transformed into bubbles [37].
Bubbles grow by adsorbing dissolved gas from the surrounding electrolyte [30, 31]. Bubbles can
either slide along or detach from the electrode as shown in figure 1.3a. A sliding bubble can still
absorb dissolved gas, and it can collide with other attached bubbles. Grown bubbles leave the
electrode surface depending on the surface conditions, angle of contact between the bubble and
electrode, properties of the electrolyte, electrolyte velocity, dissolved gas concentration, current
density and cell voltage [38]. When the bubble moves away from its nucleation site, at that
spot a new bubble is formed. Sliding bubbles leave behind a bubble-free track on the electrode
surface. Thereafter, on these tracks a burst occurs of freshly formed bubbles [39].

Bubbles in aqueous solutions tend to accumulate surface-active contaminants at their gas-liquid
interface. The interface can become immovable if the concentration of these contaminants is
large enough. This can have a pronounced effect on the bubbles in an electrolyser, because it has
been shown above that We is very low and surface tension is highly dominant over inertia. The
result is that bubbles can behave like rigid spheres which might cause problems when moving
through and out of the cell [40].

1.3.4. Behaviour in the bulk

This section discusses the bubble properties and behaviour in the bulk. After nucleation and
detachment the bulk consists of a two phase flow with bubbles of different sizes. In the bulk the
dissolved gas can be absorbed in the bubbles present or exit with the electrolyte [37], see figure
1.3a. Note that the electrolyte also can be dissolved in a gas bubble [41].

In the discussion on dimensionless numbers was shown that size influences the hydrodynamic
behaviour, and in the part on nucleation the detach diameter was already discussed. Logic
factors influencing the bubble size in the bulk are detach diameter and growth, but there are also
other factors. The following are stated: breakup and coalescence [30], the nature of electrolyte
[31], pressure [42], current density [43], number of nucleation sites, surface wettability [3] and
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Figure 1.3: Processes of the formation and movement of bubbles. (a) Supersaturation is the prerequisite for
bubble nucleation. If there is locally supersaturation, the dissolved gas can either transfer to the bulk or nucleate
on the cell surface. This scheme shows the possible routes for dissolved gas. (b) When a bubble detaches from
the cell surface, it will rise in the electrolyte. The bubble velocity with respect to the electrolyte depends on its
diameter. A detached bubble can still grow by absorbing dissolved gas or by coalescing with other bubbles.

electrolyte velocity [38].

The bubbles are smaller at higher pressure. For water electrolysis applies that the majority of
cathodes produce 5 < d < 20 x 107> m H, bubbles at atmospheric pressure [3, 31]. Small bubbles
are entrained with the flow, so the velocity is zero relative to the electrolyte. It is stated that
the vertical velocity relative to the electrolyte of electrolytically generated bubbles is negligibly
small [44].

Collision, the cause of coalescence, can occur by three mechanisms: (i) turbulent fluctuation
of the liquid phase, (ii) laminar shear, and (iii) different rising velocities. The latter is a result
of the difference in bubble size. The most predominant of these three is turbulence, it induces
both coalescence and breakage of bubbles [31].

The type of gas influences the bubble behaviour too. Hy bubbles grow faster than O9 bubbles in a
membrane-less water electrolyser. Oy bubbles have larger coalescence tendency than Hy bubbles.
This might be one of the reasons that Hy bubbles are smaller than Oy bubbles. Consequently, Hqy
bubbles sliding along the electrode do not swallow up attached bubbles as easily as Oy bubbles
do, due to the different coalescence behaviour. Experiments showed the existence of a layer of
free Hy bubbles, gliding over the layer of attached Hy bubbles. The layer of the gliding bubbles
hardly affected that of the attached bubbles. At the anode such a phenomenon has not been
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observed [33, 39].

Bubbles influence the electrolysis and therefore the efficiency too. The electrical resistance varies
over the height of the cell due to the increasing amount of bubbles towards the top. The relative
resistivity of the interelectrode gap depends on three dimensionless parameters: (i) the ratio of
liquid to gas flow rates, (ii) the thickness of the stagnant bubble layer(s), and (iii) the relative
resistivity of the bubble layer. With a cell to be operated at a constant load the electrolyte flow
rate and the interelectrode gap are the most important variables [44, 45]

The shielding factor, understood as the fraction of the electrode surface which is shadowed by
adhering bubbles in orthogonal projection, is closely linked with the bubble population density.
This factor depends not only on the current density but also—substantially—on the surface
properties of the electrode. The shielding factor controls the extent of the microflow and its
strength [43].

Zero-gap cells have no ohmic resistance between the membrane and the electrode, because there
is no distance between the membrane and electrode. These cells are thus not affected by the
resistance to electrical current and ion supply caused by bubbles in the interelectrode gap. The
bubbles are forced to leave from the back of the porous electrode. Also for this configuration
applies that the electrolyte flow helps to detach the bubbles from the electrode surface [46].
There are porous electrodes designed that help with the detachment of bubbles. For example,
electrodes were developed with small pores on the membrane side and wider pores on the other
side, for easy bubble removal [47]. The zero-gap design brings some challenges, the gas removal
must be effective to avoid problems, and reducing the capital cost as the membranes and elec-
trocatalysts are expensive [48]. As a result, the technology was not yet mature in 2016 and there
have been no breakthroughs for CO4 electrolysis in recent years.

1.3.5. Mitigation

From the above it can be concluded that several things can be done to manage the gas bubbles.
The measures can be divided into three categories: (i) cell geometry, (ii) material properties and
(iii) operating conditions.

For cell geometry the main recommendation is to reduce the interelectrode gap to limit the
electrical resistance [13]. The optimum gap depends on the current density and the height of
the electrodes [49]. It is recommended to keep the height limited for gas evolving electrodes,
because of the increasing void fraction towards the top. Pressure drop is another reason to limit
the height. Cells with different aspect ratios were studied, but no conclusion was drawn about
the best ratio between height and width of the cell [22, 50].

Surface and electrolyte properties influence the formation and development of bubbles. Bubbles
nucleate on surfaces in the cell, these surfaces can be treated to change the nucleation [51].
Alternatively the electrolyte properties can be changed by adding a surfactant [52]. Care must
be taken regarding the quality of the dissolved gasses in the catholyte. If the COq feed, for
example from flue gas, contains surface-active contaminants, it can negatively influence the
bubble behaviour.

Regarding the operation conditions the electrolyte velocity and current density are important.
The velocity should be sufficiently high: (i) to keep the gas fraction low and, correspondingly
ohmic voltage drop [53], (ii) to prevent secondary chemical reaction [44], (iii) to prevent the
dissolved gas from nucleation, and (iv) to keep the detach diameter of bubbles low [54].

The engineering task is to design an electrolyte velocity large enough to get an acceptable voltage
drop and small enough to get moderate expenditure of pumping energy (or—with electrolyte
self-circulation—of piping investment) [44].

Current density influences if the electrode is a gas evolving one, how much gas is evolved and the
bubble size [32, 37]. It effects also whether macro or micro convective mass transfer is dominant.
An increase in macroconvection decreases the microconvective effects that feed the growth of a
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bubble. Macroconvection also ‘steepens’ the concentration gradient from the electrode surface
to the bulk. This results in a smaller region of highly concentrated, dissolved gas with which
to feed the growing bubble. Low current densities leave the flow laminar, but when the current
density is increased it can become turbulent [31].

1.3.6. Design guidelines

Bubble formation and behaviour depends on a lot of factors, like electrode and electrolyte
properties, current density, pressure and electrolyte velocity (influencing supersaturation and
bubble size). From the dimensionless numbers can be concluded that surface tension is dominant
over inertia, gravity and viscous stress. When it comes to cell design, the gap should be kept
small and the height limited.

1.4. Approach of this study

The research so far does not provide ready-made solutions to the challenges facing Coval. So
the question to be answered is: How can the current knowledge of electrolysers be applied to
improve the Coval electrolyser design regarding flow distribution and mitigation of the impact
of dissolved gas production?

The flow distribution in the reactor was already studied by Jos van der Maas, but little is known
about bubble behaviour in the reactor. To mitigate the impact of dissolved gas production, a
first step is to better understand the nucleation and behaviour of bubbles in the reactor. So
the bubble behaviour in the reactor is studied experimentally. A next step is to put the design
guidelines and experimental results together to come up with an improved design. Coval wants
to be able to assess individual adjustments compared to the present design, therefore a number
of concept designs are designed.

To test all these concepts in the lab would be a time-consuming and expensive process. Thus
the concept designs are initially assessed using computational fluid dynamics (CFD), this is a
numerical tool which allows solving flow conditions in defined geometries. CFD is used success-
fully and widely to study flow distribution in electrolysers [3, 24]. After this assessment, the
concept designs are improved where necessary and the best adjustments combined, followed by
a second CFD assessment. Bubble behaviour and flow distribution in the potential designs is
experimentally investigated. Finally, prototypes are produced to be tested in the high pressure
electrolyser.

The optimized design has to meet the following requirements:

e Homogeneous flow distribution over the all the interelectrode gaps of the stack and within
each interelectrode gap. For proper operation equal electrolyte distribution over all the
reaction surface available is important, see section 1.2 and figure 1.4.

e The adjustments to the design must be able to be tested in the existing CO4 electrolyser
setup, so the maximum width of the flow channel 0.108 m and the maximum length is
0.125m. This allows for fast and cheap assessment of a new design.

e Accumulation of gas in the cell must be avoided, because this has negative effects on the
electrolysis see section 1.3.1.

e Mature technology, as Coval wants to commercialize it, it is preferred that the design is
reliable and based on proven techniques.

The focus of this research is on achieving a better performing design, the experiments, tests
and the CFD model are tools in this. It is important for Coval that the effects of the various
adjustments to the present design is clear.
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Figure 1.4: Simplified representation of the present electrolyser stack, the electrolyte flows from bottom to top.
The solid red and solid blue plates are the anode and cathode respectively, the solid grey sheets are the membranes.
The dimensions of the active area are 0.01 m?. (a) Side view, the height of the assembly is 0.141m, (b) top view,
(c) detail of the layers in 1.4a, and (d) isometric view of the stack with the streams indicated.



2. Numerical methodology

This chapter and chapter 3 give more detailed information on how the main question of this
thesis project is answered. This chapter describes how the CFD model is set up, which is used in
two rounds. In the first round, the model is used to screen individual adjustments to the present
design. In the second round, combined adjustments are screened. Finally, the CFD results are
used to select prototypes to be experimentally tested.

The desired flow in the inter electrode gap is an ideal plug flow in vertical direction. So when
the flow front is like a horizontal plane moving upwards in vertical direction. See also figure 2.1
and image the fluid going from the green, to the blue and the red level successively and having
no velocity in horizontal direction. In that case each fluid 'package’ has the same residence time
in the inter electrode area.

2.1. Assumptions

CFD is a numerical tool which allows solving flow conditions in defined geometries. In this case
CFD was used to obtain data about velocity and pressure in geometries like presented in figure
1.1. The following assumptions were made in the model: (i) steady state, (ii) temperature and
viscosity are constant, (iii) incompressible and (iv) laminar flow. The last assumption holds,
because the Reynolds numbers are below 2300, according to White [55]. The Reynolds numbers
in the inlet and outlet pipes to and from the square cell are calculated with equation (2.1). For
the Reynolds number inside the cell and the rectangular inlet and outlet the hydraulic diameter
is used as defined by White [55], resulting in equation (2.2). V is the flow rate in m*s~!, p is
the liquid density in kgm™3, r is the pipe radius in m, g is the dynamic viscosity in kgm='s~!,
h is the channel height in m and w is the channel width in m.

Re = 2;5 (2.1)
r
2Vp
Rep, = 2.2
“Di (h+w)u (22)

2.2. Governing equations

The governing equations are mass and momentum conservation, equation (2.3) and equation
(2.4). These equations determine the Ansys Fluent solver settings. w is the velocity vector in
ms~! and f is the body force in Nm—3.

V.u=0 (2.3)
pu-Vu=—-Vp+uViu+f (2.4)
B dp R2— 2
v = (-) 5 25)
~ N2 _ o)
w(x,y) = 132‘; (1—(x b) :;(y ) ) (2.6)

For all the walls, so both of the inlet and outlet pipes and the reactor cell, a no slip boundary
condition is applied. A laminar velocity profile is prescribed at the entrance of the inlet pipe

13
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Table 2.1: Overview of key parameters of the CFD sim-

ulations
Property Value
Density 998kgm 3
— ~ _— Dynamic viscosity 0.001002kgm~!s~!

d Gravitational constant ~ 9.81ms™2
Figure 2.1: The flow domain between the electrode and Inlet boundary condi- equation (2.6)
the membrane. The electrolyte enters the interelectrode tion

gap perpendicular to the sheet through the hole at the Outlet boundary condi- 1.01325Pa
bottom. Next, the electrolyte flow upwards through the
gap. Finally, the electrolyte leaves the gap through the
hole at the top perpendicular to the sheet. A plug flow Flow rate 201h~!
is desired in this domain, so a flow front like a horizon-

tal plane moving purely upwards. One could imagine

the fluid going from the green, to the blue and the red

line successively and having no velocity in horizontal di-

rection. In that case each fluid ’package’ has the same

residence time in the inter electrode area. The interelec-

trode gap is 0.1 m wide.

tion

(equation 2.6), based on the Hagen-Poiseuille flow (equation 2.5). This function is a paraboloid
at the inlet surface, concentric with the inlet pipe. In equation (2.6) the general form of the
Hagen-Poiseuille flow is rewritten to Cartesian coordinates and based on the flow rate. With
the flow rate V in m?s™!, inlet pipe radius R in m, the x coordinate of the inlet b in m, the y
coordinate of the inlet ¢ in mand 0 < r < R. The outlet boundary is defined as a pressure outlet
at atmospheric pressure.

SIMPLE was chosen for the pressure-velocity coupling, because a steady state simulation is
carried out, according to [56]. Fluent was set with double precision and a pressure-based solver,
which is the default for incompressible flows. Second order was chosen for the pressure interpo-
lation scheme, and second order upwind for momentum, which is the default. The simulation
parameters are summarized in table 2.1. A relatively high flow rate was chosen, because previous
research by Jos van der Maas showed that the flow distribution was highly uneven especially at
higher flow rates. The flow distribution tend to be more homogeneous at lower flow rates [7].

2.3. Geometry and mesh

It must be ensured that the flow in the cell is independent of the inlet and outlet pipe to study
only the flow effects inside a single cell. This means that the flow needs to be fully developed
at the cell entrance and at the exit of the outlet pipe. For the inlet this can be obtained by
prescribing a velocity profile. In case of the outlet, it is made sure that the flow is fully developed
inside the outlet pipe. For a fully developed flow the outlet pipe needs to have a length of at
least L, (equation 2.7) [55]. With V the flow rate in m®>s~!, p the fluid density in kgm~> and
U the dynamic viscosity in kgm~!'s~!. After running the simulations it was determined that
0.02m inlet pipe is required, to adjust for the upstream effects.

L~ 0.24vp
o
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(a) (b)

Figure 2.2: Detail of the top part of the conventional cell with the outlet pipe and its connection to the square
cell. The cell has a thickness of 2mm and the outlet pipe a diameter of 6 mm. (a) Chopped geometry to guide the
mesher. (b) The circumference of the pipe is adjusted to avoid a cusp.

The next step after defining the geometry is building a mesh. Adjustments to the geometry
were made to guide the mesher in creating a grid with low skewness. These adjustments involve
chopping and avoiding cusps as shown in figure 2.2. The mesh dependence of the solution is
assessed by printing the mesh on the solution and checking whether imprints of the mesh are
visible. Convergence is judged by looking at the convergence of the friction factor.






3. Experimental methodology

Experiments have been conducted to study: (i) the fluid dynamics further, (ii) the gas behaviour,
and (iii) the high pressure electrolyser outflow regarding bubbles. This chapter describes the
methodology for this three types of experiments. In chapter 5 the results of the experiments are
discussed.

3.1. Bubble visualization in the high pressure reactor

The high pressure electrolyser is a visually closed system, which makes it hard to study the
bubble behaviour, if there are any bubbles. The hypothesis is that bubbles are formed. At the
cathode side two gasses possibly nucleate, namely CO9 and Hy. CO5 bubbles can form as a
result of pressure drop in the with CO5 saturated catholyte. Also the acid conditions near the
bipolar membrane can induce CO5 nucleation. Hy bubbles can from when there is locally a lack
of CO,. At the anode side the expected bubbles are Oy bubbles, produced by the electrolysis
reaction. Till now this is only a hypothesis, the gas bubbles were never studied before. So, there
is no information about the presence and the type of gas bubbles in the system.

The setup to study the reactor outflow is graphically presented in figure 3.1. Two sight glasses
of the following type were used to visualize the flow: Noris sight flow indicator, Bauform 881,
Body: 1.4408, Soda Lime glass DIN 8902, Gasket: graphite, G 1/2” / PN 40, NPT thread

In this experiment the influence of current density, flow rate and pressure on the bubble nucle-
ation are studied. The goal of this experiment is to visually assess the reactor outflow concerning
bubbles. The current density, flow rate and pressure will be varied separately and the sensitivity
of these parameters on the bubble nucleation estimated.

Procedure

The procedure consist of seven different sub-experiments, which are shown in the table 3.1. All
the experiments were ran with CO4 except for experiment 7. It is necessary to wait until the
system is in steady state after each change of a setting. The waiting time is 60 min when changing
the pressure and for any other change 30 min. When steady state is reached only a picture is
taken if just liquid is visible, when bubbles are present the flow is also recorded for 30s. The
image material is used to estimate qualitatively the gas fraction and bubble size distribution.
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Electrolyte to
vessel

Electrolyte
from reactor

Figure 3.1: The setup to visualize bubbles and to capture the high pressure reactor outflow. The see -through
diameter is 32 mm
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Table 3.1: Settings for the experiments with the high pressure electrolyser. Experiment 1 to 6 were ran with COs.

Experiment Flow rate (Ih™!) Pressure (bar) Current (A) Voltage (V)
8 1 - -

1 8 20 - -
8 40 - -

4 40 - -

8 40 - -

2 12 40 - -
16 40 - -

20 40 - -

3 8 40 1.5 3.5
8 40 0 )

8 40 1 3.5

8 40 2.5 3.8

8 40 1 3.9

4 8 40 0.8 3.5
8 40 0.6 3.9

8 40 0.4 3.5

8 40 0.2 3.9

8 40 0 )

2 40 1.5 3.5

4 40 1.5 3.9

12 40 1.5 3.5

20 40 1.5 3.9

) 12 40 1.5 3.5
8 40 1.5 3.9

6 40 1.5 3.5

4 40 1.5 3.5

2 40 1.5 3.5

8 1 1.5 3.5

8 20 1.5 3.5

6 8 40 1.5 3.5
8 20 1.5 3.5

8 1 1.5 3.5

8 40 0.2 3.5

8 40 0.6 3.5

8 40 1 3.5

8 40 2.5 3.8

8 40 1 3.9

7 8 40 0.6 3.5
No CO, 8 40 0.2 3.5
4 40 1.5 3.5

12 40 1.5 3.9

20 40 1.5 3.5

12 40 1.5 3.9

4 40 1.5 3.5
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3.2. Flow visualization cell

Visualizing the reactor outflow does not provide information about the flow distribution and
bubble behaviour inside the reactor. A visualisation cell with two transparent sides is used
to assess the liquid and gas behaviour inside the reaction cell. The same visualisation cell is
used to assess both flow distribution and bubble behaviour. Figure 3.2 shows the experimental
setup. The desired result for the flow distribution experiments is an ink front moving purely
horizontally upwards in the cell. That means that all fluid follows a similar path through the
interelectrode gap, having a similar residence time and a purely vertical velocity.

Materials
The required materials are:

o Camera, including tripod/frame (The camera used was a Ricoh PENTAX K-3)
e Visualization cell

e Spacers or 3D prints of the respective designs.

e Net 0.7 mm thickness

e LED panel

e Indigo carmine solution <3.4 x 10~*kg per kg solution)

o Pump for liquid adjustable flow rate between 4 and 81h~!
o Pump for air with flow rate around 0.11h™!
Procedure

The procedure to experimentally assess the flow distribution and bubble behaviour in the visu-
alisation cell:

Flow distribution Bubble behaviour
1. Prepare the visualisation cell for the de- 1. Prepare the visualisation cell for the de-
sign to be tested sign to be tested
2. Pump demineralized water at the flow 2. Pump the indigo carmine solution solu-
rate of interest until reaching steady out- tion and air for 5min through the cell
flow for 35 3. Record the flow for 1 min

3. Start the recording

4. Simultaneously close valve 1 and open
valve 2, see figure 3.2

5. Wait until the cell is filled with indigo
carmine (typically 30 to 120s)

6. Start a new recording

7. Simultaneously open valve 1 and valve 2,
see figure 3.2

8. Wait until all indigo carmine has disap-
peared from the cell and clear water flows
out of the exit (typically 30 to 120s)

9. Stop the recording

Processing
Processing of the recordings was necessary to quantify the experimental results. For the flow
distribution, plots of the time at which the tracer arrived at a certain cell location were made.
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Figure 3.2: Flow visualization setup which allows to study both flow distribution and gas bubble behaviour. The
see-through area of the visualisation cell is 0.01m2. Flow distribution is studied using deionized water and an
indigo carmine solution. Bubble behaviour can be studied using the indigo carmine solution and the air pump.

For the bubble experiments the gas fraction in the cell over time is determined. The first step
in processing is cropping the videos to the area of interest, i.e. the cell area. FFmpeg, a tool
for converting video and audio, is used for this. Secondly, FFmpeg was used to create PNG-files
from the recordings (10 per second).

The PNG-files were the input for a Python script applied to continue the processing. In the
script an array was build with x and y position and time on the axes. Each array element
contains a value for the intensity. For the flow distribution, the intensity was used to determine
the time when the tracer arrives at the particular location. When a certain intensity drop was
seen, the tracer was considered to be arrived at that location. For all the coordinates these
times were collected and represented in a contour plot. For optimal cell use, the contours vary
only in y direction and not in x direction (over the cell width). In that case each fluid 'package’
has the same residence time in the interelectrode gap.

For the gas bubbles a similar approach is applied. Based on intensity is determined for each
pixel whether the solution or an bubble is located there. From this data the average bubble
fraction is derived and the bubble fraction in time is plotted.






4, Screening of designs with CFD modelling

This chapter first describes the design ideas after which an assessment with CFD follows.

4.1. List of screened adjustments

The starting point for all adjustments is a design with a calm zone, presented in figure 4.1b.
This calm zone is chosen to study adjustments less dependent on the inflow. A previous study
showed that the flow distribution in the present design (figure 4.1a) is highly influenced by the
cell inlet geometry, creating a jet effect, see figure 5.1 [7]. The calm zone can be divided in three
parts in the flow direction (bottom to top): (i) proportional division of the entering fluid, (ii)
distribution of the fluid to the full cell width, and (iii) the actual calm zone of the same width
as the cell.

The adjustments studied in the first screening are:

Calm zone, 0.5 mm cell thickness

IS

Calm zone, 1 mm cell thickness

Calm zone, 2 mm cell thickness

g o

7 channels
15 channels
28 channels

Doubled cross sectional area of the inlet and outlet pipe

B R o o

Tripled cross sectional area of the inlet and outlet pipe

A constriction in the calm zone

[

j. Aspect ration of 0.8
k. Aspect ration of 1.7

Designs a-c were screened to study the effect of cell thickness on fluid dynamics. Reducing the
interelectrode gap is expected to have a positive effect on the ohmic resistance. The model
assessed the effect of this change on a fluid dynamical level. Designs ¢, d-f were simulated to
evaluate the effect of (the number of) channels. Channels both increase the electrode area and
reduce locally the interelectrode gap, see figure 4.1c.

The modelling results of ¢, g, h were used to investigate the effect of the size of the inlet pipe.
The pipe size is an important factor when the cell is used in a stacked configuration. A low
pressure drop in the pipes compared to the cell is required for successful stacking. Design ¢
and i were compared to check the effect of a constriction in the calm zone, see figure 4.1d. The
hypothesis is that the constriction will promote equal fluid distribution over the cell width, with
the benefits and not the burdens of a manifold.

And finally, a comparison was made between c, j and k to assess the effect of different aspect
ratio, i.e. the ratio of the height over the width. Varying the aspect ratio changes the cross
section of the flow channel inside the cell, and therefore also the relation between flow rate and
flow velocity, and the pressure drop inside the cell.
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(a) (b) (c) (d)

Figure 4.1: Several designs screened with CFD. The red and the blue circles at the bottom and top represent the
inlet and outlet respectively, both perpendicular to the cell. All these cells have a width of 100 mm and an inlet
and outlet pipe diameter of 6mm. (a) The present design. (b) The design with a calm zone at the entrance and
exit of the cell. The calm zone can be divided in three parts in the flow direction (bottom to top): (i) proportional
division of the entering fluid, (ii) distribution of the fluid to the full cell width, and (iii) the actual calm zone of
the same width as the cell. (c) A design with channels to guide flow. (d) A side view of a design with constrictions
at the beginning and end of the cell to promote equal flow distribution over the cell width.

4.2. First CFD screening

The CFD model provides information about velocity in the flow domain and enables to assess
to what extent ideal plug flow is achieved with a certain adjustment to the design. For ease of
comparison between the CFD results obtained for each design, velocity graphs are derived from
the velocity contours, 4.2b. Figure 4.5¢ shows the vertical velocity distribution at the green,
blue and red level, presented in figure 4.2a.

For the rest of this section, we focus on the velocity at the green level, i.e. at y=—0.044m. This
location is chosen for two reasons. Firstly, the CFD result at y = 0m for the velocity is similar
for all modelled designs, and therefore not useful for comparison. Secondly, the plug flow profile
is desired from bottom to top, so this location should be included in the assessment. The top
velocity profile (red level) is similar to the bottom profile (green level) for all design, thus only
the velocity at y = —0.044m is considered.

Figure 4.3 shows the effect of several parameter on the flow distribution, namely the number

of channels (figure 4.3.a), the cross sectional area (figure 4.3.b), the thickness (figure 4.3.c) and
aspect ratio (figure 4.3.d). The incorporation of channels make the flow more homogeneous, (fig-
ure 4.3.a). The difference between the extreme values marked in the plot becomes less extreme
(0.016ms™!) compared to an empty inter electrode gap (0.051 ms~'). Nevertheless, there is no
clear difference for flow velocity when the number of channels is varied.
Doubling the cross sectional area of the inlet and outlet pipes and a constriction, show a similar
improvement, figure 4.3.b. Tripling the cross sectional area on the other hand does not improve
significantly the velocity distribution. Both a constriction and larger pipes do not bring as much
improvement as the channels.

All simulations were ran for the same flow rate, so one could expect that the velocity graphs in
figure 4.3.b should have the same average velocity. This is not the case for two reasons. Firstly,
only the vertical velocity component at z=0m is shown, so no conclusion can be drawn about
conservation of mass based on this data alone. Secondly, the flow cannot be described as a fully
developed Poiseuille flow between parallel plates.

The major effect of changing the cell thickness is that the magnitude of the velocity increases
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Figure 4.2: The velocity at various locations in the cell for the calm zone design with 2mm cell thickness. (a)
The locations of the velocity measurements: green (y = —0.044m), blue (y =0m) and red (y =0.044m). (b) The
velocity in contours in the cell at z=0m (the middle plane). (c) The vertical velocity over the cell width (0.1m)
at the three locations.

over the full cell width, figure 4.3.c. Reducing the cell thickness increases the absolute difference
between the velocity maxima and minima. This makes the variation in cell use over the cell
width more extreme. The increase in velocity across the width of the cell is approximately pro-
portional to the decrease in cell thickness. But the increase is more than proportional 0.061 ms™!,
0.134ms~! (prop.: 0.121ms~!) and 0.284ms~! (prop.: 0.242ms™!).

The last studied individual adjustment was the aspect ratio with the result presented in figure
4.3.d. For aspect ratios towards oo the velocity over the cell width becomes constant because the
cell width goes to zero. This results in an ideal homogeneous flow. For low aspect ratio values
the flow needs a strong steering to be homogeneously distributed over the full cell width. But
low aspect ratio results in low pressure drop. Comparing the three modelled aspect ratios, an
aspect ratio of 1 shows the most narrow velocity distribution, though the differences are limited

(<0.003ms™ ).

Figure 4.3 showed only the velocity at a single level in the flow domain, but it is also important to
include the flow behaviour at other locations. Therefore a homogeneity value is defined taking
into account the velocity at several levels. The homogeneity is derived using the standard
deviation of the velocity values for constant y coordinates, see equation (4.1). o is the standard
deviation, v the vertical velocity in ms™! and x the location of the velocity measurement in m.
The homogeneity, electrode area and pressure drop values for all modelled designs are presented
in table 4.1. The pressure drop values in the table are only a rough indication, because these
numbers seem to be sensitive to grid coarseness and quality.

3
o (v(x,—0.044m,0m)) 4+ & (v(x,0m,0m)) + o (v(x,0.044m,0m))

Homogeneity = (4.1)

The most obvious difference among the first modelling iteration is the pressure drop when the
thickness is varied, figure 4.4.a. Homogeneity increases with cell thickness and cross sectional
area of the inlet and outlet pipes. Pressure drop reduces also when the size of the inlet and
outlet pipes is increased, figure 4.4.c. From this first iteration can be concluded that channels,
increasing the pipe diameters and adding a constriction are a suitable strategies to improve the
flow distribution.
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—— Calm zone, 2 mm thickness —— Present cross sectional pipe area
° 7 channels —— Doubled cross sectional pipe area
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Figure 4.3: The vertical velocity at y = —0.044m to compare modelled design ideas. (a) The effect of several

numbers of channels, compared to the starting point design (green line). (b) The effect of the cross sectional area
of the inlet and outlet pipe to and from the cell. (c) The effect of varying the cell thickness. The increase in
velocity across the width of the cell is approximately proportional to the decrease in cell thickness. The actual
increase in velocity is higher. (d) The effect of changing the aspect ratio.
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Table 4.1: Overview of the characteristics of the design ideas considered in the first modelling round.

Design idea Electrode area (m?) Homogeneity Pressure drop (Pa)
Calm zone, thickness 0.5 mm 0.0122 37 2627
Calm zone, thickness 1 mm 0.0123 40 525
Calm zone, thickness 2 mm 0.0127 43 134
7 channels 0.0148 45 169
15 channels 0.0176 35 176
28 channels 0.0222 34 180
Doubled cross-sectional area inlet 0.0127 50 92
Tripled cross-sectional area inlet 0.0127 52 75
Constriction 0.0127 99 200
Aspect ratio of 0.8 0.0180 35 127
Aspect ratio of 1.7 0.0085 33 132
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Figure 4.4: Effect of several parameters on the homogeneity and pressure drop investigated in the first modelling
iteration: (a) The effect of cell thickness, (b) the effect of the number of channels, (c) the effect of the cross
sectional area of the inlet and outlet pipe, and (d) the effect of the aspect ratio.
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4.3. Second CFD screening

In the first modelling iteration emphasis was on individual adjustments. In this second iteration
the combination of adjustments is examined. For example the constriction is combined with
larger inlet and outlet pipes. Next, channels were added. Also different aspect ratios in combi-
nation with a constriction and larger pipes are analysed. The goal of this second iteration was
to come to more prototype like designs, so designs with adjustments combined.

Only a single calm zone was studied in the first screening, so in the second modelling iteration
also variations to this calm zone were considered, see figure 4.5. As already mentioned, the
length and the number of channels can be varied. Varying the number of channels is already
studied in the first modelling iteration. In this second iteration varying the channel length over
the cell width is also assessed, figure 4.6.

The starting point for the thickness in this second screening round is 1 mm. This thickness was
chosen for two reasons. Firstly, the first modelling round showed that it is more challenging to
obtain a homogeneous flow distribution in a narrower cell. Therefore, we focus on optimizing
the flow distribution even in cells with a limited thickness. Secondly, some calm zone geometries
depend on the cell thickness. Limiting the cell thickness assesses these geometries in a more crit-
ical range. This applies especially to the constriction and the manifold like geometry introduced
in section 5.1.
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Figure 4.5: Variations to the calm zone design. (a) The calm zone design as studied in the first modelling iteration.
(b) A smaller angle (60°) in the first part of the calm zone (1). (c) Modification in the top part of the calm zone

(2).

Figure 4.6: A variation to the design with the channels, the channel length is varied over the cell width.
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Figure 4.7: The vertical velocity at y = —0.044m to compare the combination of design ideas. (a) Different calm

zones and a larger cross sectional area of the inlet and outlet pipe combined. (b) The calm zone with larger inlet
and outlet pipe versus a design which has a constriction too. (c) Designs with channels, larger inlet and outlet
pipe and a constriction, compared to the design with channels in the first modelling round. (d) Aspect ratios of

0.5, 1 and 2 compared.
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Varying the geometry of the calm zone according to figure 4.5 did not show an significant
improvement, figure 4.7.a. Variant 2 scored even worse. When the constriction is combined
with a larger cross sectional area of the inlet and outlet pipes, the velocity distribution is further
improved, figure 4.7.b.

Combining the channels with the constriction results in a similar velocity distribution as without
constriction, figure 4.7.c. It should be noted here that the cell thickness for the designs with
a constriction is 1 mm and that the channels in the first iteration were modelled with a 2 mm
cell thickness. From figure 4.3.c became clear that reducing the thickness in not beneficial for
the homogeneity. Though the effect of the constriction is not clear when it is combined with
channels, the effect of varying the channel length is visible. Especially at the right side of the
cell the difference between the minimum and maximum velocity is reduced.

Figure 4.7.d shows that the combination of a low aspect ratio and the constriction significantly
improves the velocity distribution. It should be noted here that the inlet and outlet are for all
aspect ratios at the same location. This is beneficial for the aspect ratio of 0.5, because the
length of the calm zone increases.

An overview of the results of the second modelling iteration is given in table 4.2. Again applies
that the pressure drop values are only a rough indication. The cell thickness of 1 mm in the second
modelling round explains the different order of magnitude of pressure drop values compared to
the first modelling iteration.

From this second iteration it is obvious that the pressure drop increases with aspect ratio, figure
4.8.b. So, from a pressure drop point of view it is preferable to keep the aspect ratio low. The
highest homogeneity is found for low aspect ratio. Again no clear relation found between number
of channels and its influence on homogeneity or pressure drop. It is therefore recommended to
take the electrochemical aspects into account when looking for the optimal number of channels.
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Table 4.2: The characteristics of the designs considered in the second modelling iteration.

Design idea Electrode area (m?) Homogeneity Pressure drop (Pa)
Calm zone variant 1 0.0115 43 352
Calm zone variant 2 0.0117 33 237
Constriction 0.0109 50 1134
15 channels 0.0133 54 1100
31 channels 0.0156 41 1019
46 channels 0.0179 41 1365
Aspect ratio of 0.5 0.0054 122 994
Aspect ratio of 2 0.0050 75 2077
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Figure 4.8: Effect of several parameters on the homogeneity and pressure drop investigated in the second modelling
iteration: (a) the effect of the number of channels, and (b) the effect of the aspect ratio.

4.4. Conclusion and final selection of designs

From the numerical work can be concluded that a larger cross sectional area of the inlet and
outlet pipes is preferred. A geometry to distribute the flow evenly over the cell width, like
a constriction, shows promising results. Channels increase both the electrode area and the
homogeneity of the flow.

Two designs which were too complex to model, are experimentally assessed in the next chapter.
Also a number of adjustments assessed in this part are experimentally examined to check whether
the numerical screening points in the same direction as the experimental results.



b, Experimental results and discussion

After a numerical investigation in chapter 4, this chapter discusses the experimental investigation.
This experimental research focusses on the present cell, the calm zone design, cell thickness,
channels and cross sectional area of the inlet and outlet pipes. These cell configurations were
selected for experiments to check whether the CFD screening shows the same trends. Note that
the experimental work was not used to validate the model, but rather, to check whether the
experimental data show similar trend as the CFD results. Two other designs, namely a net in
the interelectrode gap and a manifold geometry in the calm zone, were also evaluated. These
design were not modelled because of their complexity.

The focus in this chapter is successively on the flow distribution, bubble behaviour and the
behaviour in the high pressure reactor. Bubbles were neglected in the CFD model, but are
included in the experiments to be able to assess the designs in this area too.

5.1. Flow distribution
The flow distribution in the conventional design is highly dependent on the inflow. Downstream
of the inlet a jet is visible, the dark blue area in figure 5.1a. The flow distribution is visualized
using the arrival time of ink. The liquid entered the visualization cell at the bottom and left at
the top. The contour plots indicate how long it takes for the ink to reach a location in the cell
measured from the cell inlet.
Like for the numerical result, also here a homogeneity value is defined, to represent the fluid
distribution over the full cell in a single value. The homogeneity is defined in the same way
as in equation (4.1), but now all y values are taken into account. The homogeneity for the
conventional design without an net is 0.3. An overview of the homogeneity values is presented
in figure 5.8.
Adding a net in the inter electrode gap improves the cell use a lot for the present design, see
figure 5.1b. Though the use of the top corners can still be improved. The flow is no longer
concentrated on the main path from inlet to outlet, as without a net, and almost the full cell is
reached within 10s. Homogeneity: 0.4
A design with a calm zone and no channels performs similar to a design with also channels,
figure 5.2. The calm zone promotes distribution of the fluid over the full cell width, figure
5.2a. Though the use of the right top corner is still limited, homogeneity: 0.7. The design with
channels performs a bit worse when it comes to distributing the fluid homogeneously over the
cell width, see figure 5.2b. The boundary layers at the channel walls causes higher variation in
ink arrival time over the cell width, homogeneity: 0.6.
The performance of a net is similar regardless interelectrode gap size, see figure 5.3. For a
0.5mm gap the homogeneity is 0.8 and for a 2mm gap the homogeneity is 0.9. Noteworthy
is that findings of the literature review in section 1.2.1 regarding turbulence promoters are
confirmed. Figure 5.3a shows that the net touches the transparent plates in the experimental
setup, the little white dots. In the electrolyser this means that the net would touch the electrode
and membrane, and as a result the effective surface of the electrode and membrane is reduced.
Another effect is the formation of preferential channels, which can be seen in figure 5.3b. This
leads to inhomogeneity in the horizontal direction. From those results can be concluded that the
inter electrode gap and the net thickness should be tuned to avoid these effects. For example,
the net should always be 0.1 mm thinner than the gap but no more than 0.5 mm.

The gains of the constriction design were limited according to the numerical results in the
previous chapter. Therefore an alternative is introduced which, because of its complexity, is only
experimentally investigated. Figure 5.4 shows this alternative. This manifold like geometry in
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Figure 5.1: Contours of the ink arrival time measured from the cell inlet at the bottom. (a) Conventional design,
as shown in figure 4.1a. It takes ~7s for the ink to reach the outlet and it takes much longer than 15s to reach
the whole cell. The white indicates the area that is not reached within 15s. Homogeneity: 0.3. (b) Conventional
design with net, almost the full cell is reached within 10s. Homogeneity: 0.4.
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Figure 5.2: The effect of channels, contours of ink arrival time for the calm zone design and a design with
channels. (a) Calm zone with 2mm cell thickness, homogeneity: 0.7. (b) Design with a calm zone and 15
channels, homogeneity: 0.6.

10

(a) (b)

t/[s]

Figure 5.3: The effect of cell thickness with a net, contours of ink arrival time for the calm zone design with a
net. (a) 0.5mm cell thickness. The white dots indicate that the net is touching the cell walls. Homogeneity: 0.8.
(b) 2mm cell thickness. The fluid follows preferential channels. Homogeneity: 0.9.
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Figure 5.4: A manifold like geometry in the calm zone to distribute the flow equally over the cell width. (a) The
dark grey indicates the electrode and the electrolyte flows upwards in the channel created by the light grey spacer.
The outer diameter is 0.19m. (b) The red circle indicates where the electrolyte enters the 1 mm interelectrode gap.
A baffle is placed right above this inlet. The manifold consists of two beams with oval holes.

(a) (b)
A ; = 10

t/[s]

0

Figure 5.5: The effect of an advanced calm zone, contours of ink arrival time. (a) For a design with a constriction
in the calm zone, homogeneity: 0.8. (b) For a design with a manifold like geometry in the calm zone, homogeneity:
1.4.

the calm zone performs the best of all experimentally investigated designs, figure 5.5b. The ink
arrival time is almost constant over the cell width, homogeneity: 1.4. The constriction, figure
5.5a, shows that almost the full cell is reached but large variation of ink arrival time over the
cell width, homogeneity: 0.8.
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Figure 5.6: Ink arrival time at y = —0.044m. (a) The green line is the location where the ink arrival time is
measured. (b) The ink arrival time over the cell width plotted for the two present configurations. The blue graph
does not cover the full with of the cell, because the recording was stopped before the ink arrived over the full cell
width.

The contour plots with ink arrival times contain a lot of data which makes it hard to compare
several design ideas at a glance. Therefore graphs are derived of the ink arrival time at y =
—0.044m for all experimentally investigated designs. In figure 5.6a this location is indicated.
Figure 5.6b shows for the present design without and with a net the graph of the in arrival time.
In figure 5.7 all the experimental results of the ink arrival time are put together.

Figure 5.7 shows that the present design without net has a highly uneven ink arrival time
compared to all the other configurations. The second worse is the present design with a net.
All other designs perform better. Note that the channel walls are clearly visible in the magenta
graph.

One difference between the present design and all the others is the calm zone. So, it can
be concluded that a calm zone has a positive impact on flow distribution. The design which
performs clearly the best for ink arrival time is the design with the manifold like geometry. Both
figure 5.5b and 5.7.c show for this design that the cell is evenly used.

From the ink experiments can be concluded that the design with te manifold performs the best.
Another promising design is the design with a calm zone and a net, but the net thickness should
be tuned to the cell width.
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Calm zone, 2mm thickness with net
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Figure 5.7: Ink arrival time at y = —0.044m for all the experimentally assessed design ideas. This is the extended
version of figure 5.6b. (a) Shows an overview of all tested designs. (b) Focusses on the effect of calm zone,
interelectrode gap and larger pipes. (c) Presents the effect of a geometry in the calm zone or interelectrode gap.
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Figure 5.8: Graphical representation of the homogeneity values for all the experimentally assessed design ideas.
The homogeneity is defined in the same way as in equation (4.1), but now all y values are taken into account.
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5.2. Bubble behaviour

This section focusses on bubble behaviour that has been ignored until now. A clear difference
is seen in the gas behaviour depending on the application of a net for the conventional design.
Without a net the cell state goes through the cycle as presented in figure 5.9. First, bubbles
enter and rise to the top where gas accumulates. Second, this accumulated gas pocket grows
to a critical size. And finally, the accumulated gas pocket reaches a critical size and escapes,
whereafter this cycle repeats. Bubbles are routed by the net, when a net is added, see figure
5.10. Bubbles tend to get stuck in the net rather than the gas accumulating at the top. This
results in a higher, and more stable, gas fraction.

The designs with an inter electrode gap of 0.5 mm thickness have a high gas fraction compared
to the 2mm cells, figure 5.11. This is a result of the bubbles being squeezed between the cell
walls, which made bubble movement through the cell difficult.

The gas fraction in the present design is clearly periodic (green line in figure 5.11) in agreement
with cycle previously described, see figure 5.9. The other designs have the calm zone which
allows for easier bubble removal, figure 4.1, preventing bubble accumulation.

At this point can be concluded that the gas fraction is low when the top part of the cell geometry

slopes towards the outlet. Channels do not influence the gas fraction. In these experimental
results a narrow cell has a high gas fraction, but the bubble size in the experiments was larger
(0.8 to 2mm) than the expected size in the reactor, see section 1.3.4. Also smaller bubbles are
less likely to get stuck in the net. Therefore it cannot be stated that a narrow cell will have a
high gas fraction based on this experimental results.
Combining the results of section 5.1 and this section, the calm zone design with 2 mm thickness,
the channels and the manifold design are the most promising, see figures 5.8 and 5.11. The
manifold had the highest score in the previous section and also the gas fraction is limited. The
channels and the 2 mm calm zone have a slightly lower gas fraction, but a clearly lower score on
homogeneous fluid distribution.
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Gas accumulation

g
Rising bubbles

Bubbles entering

Rising bubbles

Figure 5.9: The repeating cycle of bubbles in the experimental visualisation cell without a net. (a) Bubbles
entering the cell from the inlet at the bottom and rising to the top, t =9s. (b) Gas accumulation at the top of
the cell till the accumulated bubble reaches a critical size, t = 13s. (c) The accumulated bubble is escaped from
the cell and this cycle repeats itself, t = 16s.

Figure 5.10: The experimental bubble behaviour with a net, the bubbles are routed by the net. (a) t =0s, (b)
t =50s and (c) t = 60s, the gas fraction shows only minor variations.
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Figure 5.11: Gas fraction in the cell for the experimentally assessed design ideas over a period of 60s (a). Detail
view of: (b) the designs without and with a calm zone with 2mm thickness, and (c) the designs with channels
and a geometry in the calm zone.
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5.3. Bubble visualization in the high pressure reactor

The results discussed in the first and second section of this chapter were obtained in a visual-
ization cell at atmospheric pressure with no current applied. This allowed for visual assessment
of flow and bubble behaviour, but the conditions are not fully representative for the lab scale
reactor. Understanding the type and amount of bubbles in realistic condition is essential for
optimizing the flow channels between the electrodes. In the lab scale reactor the effect of current,
pressure and flow rate on nucleation and bubble size were studied for the present design.
Before presenting the results with the high pressure electrolyser, one should be aware of the dif-
ferences with the experimental setup. First the liquid, in the experiments demineralized water
was used, in the electrolyser a KOH solution (1 molkg™'). Second the gas, in the experiments
air, in the electrolyser COgq,H5,04. Thirdly the pressure, in the experimental setup atmospheric,
and in the electrolyser variable up to 40bar. Fourthly bubble generation, in the experimental
setup bubbles were injected in the inflow to the cell, in the electrolyser bubbles are formed as a
result of nucleation. Finally the bubble size, in the experimental setup 0.8 to 2mm, and in the
electrolyser 5 to 20 x 1072 mm.

Despite this differences, the experimental setup still allowed to study bubble movement, coa-
lescence and breakup, with limited requirements for the camera. Observing smaller bubbles in
the full cell would request a sophisticated camera. Different rising velocities of bubbles were
observed based on bubble size and it was noted that small bubbles are entrained with the flow
in agreement with the findings in section 1.3.4. The larger bubble size in the experimental setup
basically means that the designs are tested in more extreme conditions. Big bubbles get easier
stuck than small ones.

A consequence of the smaller bubbles in the actual reactor is that the cycle lead time (figure 5.9)
increases, as a result of less big bubbles to feed the gas pocket. Because of this we hypothesise
that the differences without and with a net are less pronounced in the actual reactor. The
accumulated bubble is expected to grow slower and the bubbles are less likely to get stuck in
the net, resulting in a lower gas fraction than in the experimental setup.

When running the high pressure reactor without current, no nucleation was observed. So there
is no nucleation as a result of pressure drop over the cell due to pumping liquid through the
cell. Gas nucleation occurs as soon as current is applied, even from small values, like 0.2 A. The
observed bubbles can be divided into three types, (i) big bubbles with a radius of ~5mm, (ii)
small bubbles with a radius of ~0.5mm and (iii) smoke. The smoke makes that the solution
looks foggy. See figure 5.12 for pictures of the bubble types.

The development of the big bubbles remains unclear, because the information about what
happens between the cell and the sight glass is limited. It is possible that the big bubble gets
its final size within the cell. Another possibility is that the big bubble obtains its final size in
the line between the cell and the sight glass. An explantation for this could be that in the line
coalescence occurs, forming larger bubbles. Considering the electrolyte discharge lines (figure
5.13), bubble coalescence is very likely because of all the bends and the slope changes. Formation
of big bubbles was not observed in the experimental setup when a net was applied and in the
high pressure electrolyser it was. Therefore we hypothesise that big bubbles are formed when
the gas has left the interelectrode gap.

The experimental findings with the high pressure reactor for the present design including a
hypothesis are presented in table 5.1.

It is likely that the gas at the cathode side mostly contained Hy and possibly some nucleated
CO,. We confirmed the presence of Hy by running the high pressure reactor without COs, which
did not result into a noticeable change in bubble types and amount. Unfortunately, we could
not confirm the presence of CO, gas. We believe that adding a gas chromatograph to the high
pressure setup as well as designing new experiments could answer this question in future studies.
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(c)

|

Figure 5.12: Different types of bubbles seen through a 32 mm diameter sight glass in the reactor outflow line of
the high pressure electrolyser setup. For the experimental setup and the location of the sight glass see figures 3.1
and 5.13. (a) A big bubble, (b) small bubbles, and (c) smoke.

Table 5.1: Overview of the findings when performing the experiments in table 3.1. A hypothesis is given for each
observation.

Finding

Hypothesis

Higher current density —
higher gas fraction.

The reaction rate is increased because the electron transport is
accelerated, so also more gaseous product is formed.

Bubble size is independent
on current density.

For this setup the current density has a limited effect on bubble
size. So, bubble nucleation might be dominant over bubble
growth.

Lower pressure 0 to 20 bar
— larger bubbles.

Gas occupies a larger space under lower pressure, when the
amount and temperature of the gas are kept constant.

Higher pressure ~ 40bar —
more smoke.

The bubble size is reduced as the pressure is increased. Gas oc-
cupies a smaller space under higher pressure, when the amount
and temperature of the gas are kept constant.

Higher pressure ~ 40bar —
less bubbles.

The solubility of gases increases with pressure, so the driving
force for nucleation is lower. Less Hy might be produced as
more CQOq is available for the reaction. Which is a result of
increasing CO4 solubility with pressure.

Higher flow rate — more
smoke.

The amount of dissolved gas is kept low by the high inflow
of new reactants, and therefore the amount of dissolved gas
available for bubble growth is limited. As a result, the bubbles
remain small.

Higher flow rate — higher
gas fraction in catholyte.

This phenomenon is to be investigated further for better under-
standing of the reactor.

Higher flow rate — smaller
bubbles.

The amount of dissolved gas is kept low by the high inflow
of new reactants, and therefore the amount of dissolved gas
available for bubble growth is limited. As a result, the bubbles
remain small.

Nucleation is not stopped
by increasing the flow rate.

The amount of dissolved gas cannot easily be lowered to a value
below the threshold for nucleation by increasing flow rate.

This experiment with the high pressure reactor has shown that bubbles are always present during
the electrochemical reaction. This emphasizes the importance of gas bubble mitigation.
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Figure 5.13: Part of the higher pressure electrolyser setup showing the anolyte and catholyte discharge lines from
the reactor to the sight glass. The outer diameter of the lines is 6.35 mm.

5.4. Prototyping

The next step after assessing designs in the experimental setup and studying the present design in
the high pressure reactor, is to manufacture prototypes to be tested in the high pressure reactor.
Two prototypes were manufactured, one with a manifold and one with channels. The manifold
design was chosen because it scored well in the experimental setup. The design with channels
was chosen because it showed promising results in the CFD screening. Another reason to select
the channel design for a prototype is that its gains are partially expected on the electrochemical
level, because of the locally reduced interelectrode gap as a result of the electrode geometry.
The manifold design is manufactured using 3D printing of Polylactic acid (PLA). Because of
its complexity it cannot be cut out of sheet material like the present spacer which defines the
interelectrode gap in the high pressure setup. A drawing of this prototype can be found in
appendix A.
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Figure 5.14: A front view of the design with channels which is an assembly of a tin plate (dark grey) and two 3D
printed PLA inserts. The electrolyte enters perpendicular to the cell in the bottom light coloured part where it
is spread across the 15 channels. Then the electrolyte flows vertically to the top through the channels. In the top
light coloured part all the electrolyte is gathered and leaves perpendicular to the cell. The 12 holes are used to
mount the electrode in the stack. The outer diameter is 190 mm, the total width of the electrolyte flow channel is
100 mm and the a single channel has a width of 6.2 mm.

k " Anolyte spacer

Figure 5.15: The stack with the channel design mounted. The outer diameter of the parts is 190mm and the
thickness of the cathode and anode is 5Smm. The membrane which separates the anolyte and the catholyte is
located between the anolyte spacer and the cathode.

The design with channels is produced with a combination of techniques. Figure 5.14 shows the
front view of the 3D model of the assembly of this design, more details can be found in appendix
A. The production of the tin plate was performed in three steps: (i) casting, (ii) cutting and (iii)
milling. A tin block was melted and cast to form a 5mm thick plate. Laser cutting was used
to cut the plate to the right size and to create the holes to fix the plate in the setup. Finally,
the channels and the cavities were created using milling. These cavities were created to have
the flexibility to adjust the calm zone. 3D printed inserts were put inside the cavities which are
easily replaced by other inserts. Figure 5.15 shows a picture of the mounted stack.
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(a)

Figure 5.16: The result of chemical and mechanical loading on the insert and spacer. (a) Lamination of the
insert, probably as a result of the acidic or alkaline environment. The channel width of this design is 6.2mm. (b)
Deformation of the insert because the fit in the cavity was too tight. (c) A crack in the spacer as a result of
mechanical loading.

Unfortunately, we did not succeed to test the prototypes in the high pressure reactor due to
unforeseen challenges:

e Without gaskets it turned out to be difficult to avoid leakage. Liquid leaked out of the
interelectrode gap and the supply lines. This is possibly due to the rough surface finish of
the 3D printed parts.

e In addition to leakage to the outside, there was also internal leakage between the anolyte
and catholyte side.

e The PLA material was too weak to resist the mechanical stress as a result of tightening
the bolts of the stack. One of the cracks is visible in figure 5.16¢.

o The fit of the inserts was to tight. Also the cavity was not deep enough, making the inserts
protrude above the surface of the tin plate. The latter was a reason for high mechanical
load on the insert when mounting the stack. Figure 5.16b shows the consequence of the
protruding insert and the fit being too tight, resulting in a curvature.

e« PLA was found not to be suitable for acidic and alkaline environments, like in the high
pressure reactor. The PLA laminated possibly as a result of the chemical load, figure 5.16a.
PLA is not durable in environments with pH < 4 and pH > 10, [57].

Based on the issues encountered during this test, recommendations can be made regarding
geometry and material selection:

e The spacer thickness of the anolyte spacer should be adjusted to allow for the placement
of gaskets to make the stack leak tight.

e Mill a groove in the tin plate to allow for the placement of a gasket.

e Reduce the thickness of the inserts, to limit the mechanical load and to provide space for
a gasket on top of the insert.

o Select a material for the insert and spacer which is: (i) suitable for acidic and alkaline
environments, and (ii) strong enough to resist the mechanical stress. ABS could be a
suitable alternative for a prototype. ABS is durable in strong alkalis and can be suitable
for short term applications in strong acids, [57]

The selected designs for a prototype are to be tested in the high pressure electrolyser. A next
step after assessing the channels and the manifold design could be to combine both adjustments.
This possibly improves the fluid distribution over the channels, as figure 5.2b shows that this
distribution is not optimal yet. No experimental pressure drop data was generated. So to better
assess new designs, it is recommended to perform pressure drop measurements.






o. Conclusions and recommendations

As stated in chapter 1, the worlds energy demand, which is mainly met by fossil sources, is rising
increasing CO4y emissions inducing climate change. In this study we investigated carbon utiliza-
tion and more specific the electrochemical reduction of CO4 to formic acid. The main question
of this thesis was: How can the current knowledge of electrolysers be applied to improve the
Coval electrolyser design regarding flow distribution and mitigation of the impact of dissolved
gas production?

The electrolyser cell geometry adjustments considered in this study were: (i) cell thickness, (ii)
channels, (iii) aspect ratio, (iv) a net, (v) a calm zone, (vi) a constriction, and (vii) a manifold.
Figure 6.1 graphically presents the experimental homogeneity and gas removal values of tested
designs. Cell thickness and aspect ratio are adjustments influencing the relation between flow
rate and flow velocity. The CFD results showed that reducing cell thickness reduces homogeneity
of the flow distribution over the cell width. Reducing the cell thickness is desirable to reduce
resistance for electrical current and ion supply. A smaller interelectrode gap should not result
in bubbles getting stuck.

Channels clearly improve homogeneity of the flow distribution. The channels were numerically
investigated and 7, 15, 28, 31 and 46 channels were considered. The results showed that the
velocity variation over the cell width is reduced by 69% when channels are applied (section
4.4). No conclusion could be drawn about the optimal number of channels based on the fluid
simulations alone. So this is a possible field for further research.

A net improves the homogeneity by 19% on average, but it is important to tune the net thickness
and interelectrode gap. The experiment showed namely that the net can also have negative
effects, in agreement with the literature. The observed negative effects were partial blocking
of the electrode and membrane surface, and the creation of preferential paths. The calm zone
improves the use of the bottom cell corners, thanks to the full width inlet. This effect of the
calm zone was observed both in the numerical and experimental results.

The constriction stimulates the flow to enter over the full width. And finally the manifold, it
performs significantly the best of all the investigated adjustments to realise a plug flow through
the entire cell. The velocity over the cell width was almost constant over the entire cell. The
gas fraction is also limited for this design (sections 5.1 and 5.2).

Larger inlet and outlet pipes to and from the cell improve the homogeneity inside the cell and
reduce the pressure drop in this pipes. The last makes the design more suited for stacking
(section 4.4). The gas fraction in the cell remains limited as long as the top part is sloped
towards the outlet, allowing for easy bubble removal (section 5.2).

The designs which show the most promising results are the channel design and the design with
the manifold. Prototypes were made for those designs, but no experiments were performed in
the high pressure reactor. We recommend to assess the performance of these designs in the high
pressure reactor. The improvement of the channels design is partially expected on the electro-
chemical level because the inter electrode gap is locally reduced. Testing in the high pressure
reactor will provide data to compare with the performance of the conventional design.

The channel design shows in the numerical assessment a clear improvement in fluid distribution
over the cell width, but there may be potential to improve this. It is recommended to investi-
gate whether the fluid distribution over the channels can be further improved by combining the
channels with a manifold.

47
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Figure 6.1: Graphical representation of the experimental homogeneity and gas removal values for the experimen-
tally assessed design ideas. The homogeneity is defined in the same way as in equation (4.1), but now all y values
are taken into account.

The prototype of the channel design was tested in the high pressure reactor. Unfortunately it
was not leak tight. The leak tightness of the stack should therefore be improved, for example
by implementing gaskets.

Pressure drop measurements were not performed during the experiments. Pressure drop data
was thus not considered in the evaluation of the designs. It is recommended in future experi-
ments to measure pressure drop, to better assess a design.

In the literature the electrode surface properties and the interelectrode distance where stated
as areas for improvement, which where not investigated in this work. It is recommended to
study also what the effects are of the electrode surface and the interelectrode distance on the
electrolyser performance and whether this is a potential area for improvement.

A higher KOH concentration improves reaction kinetics according to the literature, but study-
ing the effects was not covered in this work. We recommend to investigate the effect of KOH
concentration in the Coval electrolyser.

Cell geometry, material properties and operating conditions are important factors for bubble
management. Electrolyte and electrode properties can be changed in order to influence the
nucleation behaviour. This option can be included in further research, as it has now been disre-
garded.

When tuning the operation conditions, the following guidelines of the literature are important.
The electrolyte velocity should be sufficiently high: (i) to keep the ohmic voltage drop low, (ii)
to prevent secondary reaction, (iii) to prevent nucleation, and (iv) to keep the bubble diameter
low.

Increasing the electrode surface area can increase the reaction rate. In the literature techniques
are mentioned to increase the specific electrode surface area. It is recommended to investigate
the applicability of those techniques and what potential the techniques have to increase reaction
rate.

This work brings Coval a step closer to commercialization of the technology to covert CO,
electrochemically towards formic acid. Commercialization requires an economically viable and
reliable technology. This study has provided a better understanding of the factors that influence
the liquid distribution in the electrolyser. It has also contributed to a better insight into the
behaviour of bubbles in the Coval electrolyser. This knowledge allowed to come up with new
design ideas for the electrolyser cell. The new design ideas show promising flow distribution and
bubble mitigation in an experimental setup. The next step is to implement those design ideas
in the high pressure reactor.
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Covals technology allows for utilization of captured CO5 and can play a key role in reducing
the need for fossil sources. When fossil sources are not used any more, no new COq will end up
in the atmosphere. This will stabilize the carbon levels and reduce the effects of CO5 on the
climate.

Formic acid is a favourable energy carrier, because it contains both Hy and CO, which can play
an important role in energy storage. Electrochemically produced CO and formic acid have a
positive business case for energy storage [4]. Reliable and sustainable power supply requires
large-scale electricity storage, as most renewable energy sources are intermittent in their nature.
This storage will become more important as the share of renewable energy is expected to grow
[58]. Temporary surplus of renewable energy can be used for electrochemical reduction of COq
to formic acid, which can be used as an alternative for fossil sources.
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A 2D drawings

The next pages show drawings of the prototypes: (i) the spacer with manifold, and (ii) the elec-
trode with channels. The spacer with the manifold in the calm zone showed the most promising
results in the experimental setup for fluid distribution. This design has a baflle followed by two
full width bars with oval holes in the bottom calm zone. A single bar with oval holes is located
in the top calm zone.

The electrode with channels is an assembly of milled electrodes with printed inserts. The ribs
between the channels reduce locally the interelectrode distance. The simulation showed aus-
picious results for the fluid distribution over the cell width when channels were applied. The
printed inserts can be exchanged to adjust the zone before and after the channels. For example,
inserts with a manifold can be placed.
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