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Abstract

The increased use of small, off-grid, electronic applications call for improvement in harvesting energy
from mechanical motion in the environment and transducing it into electricity. Recent studies propose
devices generating electricity from rising bubbles in water, altering the electric field along a charged
polymer. In this work, a device consisting of two copper electrodes imbedded behind a fluoropolymer
film is submerged in water and subjected to air bubbles. The device’s ability to transduce the
mechanical energy from bubbles into electricity is shown to be dependent on the thickness of the
fluoropolymer film. First, it is found that short circuit charge transfer between electrodes increase with
decreasing thickness. However, under high resistive load, medium thickness yields the highest charge
transferred and the highest transduced energy, reaching 1.2 pJ for a 1.95 ml bubble. A theoretical
model is presented and shown to qualitatively replicate the features of the measured data. Comparable
studies have not yet addressed the effect of electrification layer thickness. This work shows that this is
an important factor in optimizing energy transduction. The presented findings might therefore have

useful implications for further development of bubble energy harvesting.
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1 INTRODUCTION

1.1 BACKGROUND

An increasing number of technical equipment calls for new forms of power generation in order to be
viable. Some examples include self-powered sensors, wireless networks, wearable electronics,
environmental sensing and other small, low-power, off-grid applications [1]. Important factors are
size, simplicity, reliability and cost. In light of this, devices with simple design and no moving parts
are attractive. Being able to avoid the need to change batteries is also both economically and
environmentally desirable. This calls for investigation and improvement of new methods of harvesting
different types of ambient energy and transducing it into electrical form [1-4]. This should be done,

preferably, in ways minimizing complexity and the need for maintenance.

Much of the harvestable energy in the environment exists in three forms. These are electromagnetic
radiation, temperature gradients and mechanical motion. Table 1.1 lists these exploitable sources of

energy available in the environment, with some examples and typical energy densities obtained.

Energy Source Types Energy-Harvesting Method | Power density |
Solar Solar cells (indoors) <10puW/cm?
Radiant Solar cells (outdoors, sunny days) 15mW/‘ cm?
RF Electromagnetic conversion 0.1uW/cm?* (GSM)
Electromagnetic conversion | 0.01uW/cm? (WiFi)
Wind Flow and Hydro | Electromechanical conversion 16.2uW/cm®
Mechanical Acoustic Noise Piezoelectric 960nW/cm®
Motion Piezoelectric 330uW/cm®
Thermal Body heat Thermoelectric 40uW/cm? |

Table 1.1: Main sources of harvestable energy in the environment, how they can be transduced and typical power densities.
Adopted from [1].

Radiant energy in the form of solar radiation is most commonly harvested by photovoltaic panels. In
addition to a substantial contribution to the utility power grid [5], photovoltaic panels are commonly
used as power sources in off-grid applications such as navigational marking, environmental sensors
and satellites. Among the advantages of this technology is its high energy density and robustness.

Photovoltaic panels have no moving parts and the need for maintenance is low. Moreover, they



generate a direct current output, easily used directly in many applications. However, the availability of

sufficient solar radiation is variable and can be unpredictable.

In urban areas, harvesting of radio frequency electromagnetic radiation could be viable for some
applications if high emitting sources are nearby [2]. This can be done simply by rectifying the signal
from an antenna into DC-current. This is advantageous because system design is simple and
background RF energy tends to be constant, limiting the need for storage. However, energy density
typically obtained is low.

Sharp temperature gradients can be utilized by thermoelectric generators, transducing heat flow into
electricity. While inefficient, this is a good example of a highly reliable method of generating

electrical power with no moving parts [4].

In environments absent of both exploitable electromagnetic radiation and sharp temperature gradients,
mechanical motion in ambient medium is one of the few remaining energy sources that can be utilized
— perhaps the only viable one. Examples of such environments could be in the polar regions during

wintertime or under water.

The most important physical phenomena utilized to transduce mechanical motion into electricity are
electromagnetic induction, the piezoelectric effect and electrostatic induction. These phenomena are

illustrated in figure 1.1 respectively from left to right.
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Figure 1.1: Phenomena used to transduce mechanical motion into electricity. a): Electromagnetic induction. Figure adopted
from [6]. b): Piezoelectric transduction. Figure adopted from [7]. c): Electrostatic induction. Figure adopted from [8].

The principle of electrostatic induction is illustrated in figure 1.1 a). When the magnetic flux through a
loop of conductor is changing, a current is induced in the loop. The majority of electrical power
consumed by human activity stems from generators relying on this principle[9]. Electromagnetic
generators are highly efficient in transducing mechanical energy into electrical energy, but often not
practical for harvesting ambient forms of energy at a small scale. A strong magnetic field is needed,
which implies either strong permanent magnets or an electromagnet. This adds to weight and

complexity.

Piezo electric materials create an electric field when subjected to mechanical force. This field is used

to induce charge in electrodes placed on the material, as shown in figure 1.1 b). The construction of



piezoelectric energy harvesters is simple and easy to scale down in size. As suggested in table 1.1,
piezo electric devices can harvest energy from vibrations in the environment [7]. However, energy
density is low and the output is alternating current, which must be rectified before use in most

applications, adding to necessary hardware [1].

Electrostatic induction, illustrated in figure 1.1 c), can be utilized to transduce mechanical motion into
electricity. One general method of doing this relies on statically charged materials interacting with
conductive materials. In essence, this works by moving the statically charged material relative to the
conductor. This makes charge redistribute within the conducting material, and the redistribution of
charge constitutes a current. If the current is channeled through an outer circuit, it can be used to do
work. The outer mechanical motion provides the force to create the relative motion between the
statically charged material and the conducting material. The source of the static electric field used can
be due to the materials contact electrification properties. These devices, are often referred to in the
recent literature as triboelectric generators or triboelectric nanogenerators (TENG) [3, 10-13].

In general, triboelectric generators have several promising advantages. First, contact electrification is a
surface phenomenon. Therefore, the use of thin-film materials can maximize active area per unit mass
of material used, potentially bringing down cost, weight and increasing power density. Second, some
materials exhibiting high triboelectric performance, are cheap and easily manufactured into thin films.
A third point is that such devices harvesting energy from ambient motion, can be made with very few
or even no moving parts. This leads to simple manufacturing, low probability of malfunction and low
need for maintenance. Last, water, in many possible applications being the ambient medium one
wishes to harvest mechanical energy from, exhibits strong contact electrification effects between itself
and a number of materials [14]. If a high enough transducer efficiency is reached, these devices could
conceivably be used as power sources for small, low-power applications in aqueous environments [3,
10, 15].

There have been several reports on triboelectric generators which rely on contact electrification
between ambient water in motion, and the device itself [15-31]. In 2015, Helseth and Guo squeezed a
water droplet in between a metal electrode and a fluorinated ethylene propylene (FEP) sheet with the
second electrode over it, creating a peak power near 5 uW [21]. Helseth and Guo showed in several
studies that falling raindrops could generate electricity when impacting and sliding across a sheet of an
electret polymer with electrodes embedded underneath [18-20]. Similar devices have been reported to
harvest water wave energy. For example Zhu et al. reported a device based on a nanostructured
fluorinated ethylene propylene with electrodes imbedded underneath which was alternatingly
submerged in water [17]. Another report by Xiya Yang et al. proposed to harvest wave energy with a
contact-separation mode TENG in 2018 [16]. They looked at different frequencies of contact-

separation, different surface modifications of the polytetrafluoroethylene (PTFE) surface, and different



resistive loads. A maximum power density of 9.62 Wm™2 was reported using saline water and a

surface with a micro scale rhombic pattern [16].

Besides droplets falling or waves sloshing, another form of mechanical energy available for harvesting
in water environments is ascending bubbles. Some researchers have proposed to harvest energy by
collecting bubbles in a natural environment, directing them to drive a turbine with a conventional
electromagnetic generator [32, 33]. However, with regards to simplicity, devices relying on no moving
parts would be an improvement to this. One way to achieve this is to employ the same principles as
used for harvesting droplet and wave energy by means of contact electrification and electrostatic
induction. For the last decade, a few researchers have reported on devices generating electricity from
bubbles by means of altering the electric field forming along a charged surface in water [22-24, 27-

30]. The research done on these devices is limited.

In 2015, Yang et al. showed how two-phase flow (water and air) in small tubes could generate
electricity by altering the electric double layer and inducing charge in imbedded electrodes. They
proposed the possible application of a small scale, self-powered sensor for sensing air slugs in water
that was flowing in a tube [30]. In 2016, Chen et al. used one electrode imbedded in PTFE on the
inside of a waterfilled cylinder to generate electricity when bubbles ascended along its surface [29].
The proposed application being a self-powered sensor of gas flow in medical equipment. Li et al.
(2022) experimented with a two-electrode system employed in a PTFE tube generating electricity
from bubbles passing in the tube water flow [24]. The first electrode was on the outside of the tube,
the second was on the inside of the tube, in contact with the deionized water. Electrode width, distance
between electrodes, bubble volume and frequency were discussed and illustrated as contributing
factors to output performance. In 2023, the same lead author reported a similar design, which further
investigating the effect of tube diameter, electrode length and bubble volume, and was able to reach a
peak power of 4.5 uW for a bubble of 10 ml [22].

In a 2017 report, Wijewardhana et al. showed how rising bubbles could generate electricity while
sliding across a flat substrate [28]. They compared this against harvesting energy from droplet
movement in air with the same device. In this study, bubbles of air would slide across a tilted
submerged PTFE surface with two electrodes imbedded underneath. The bubbles disturbed the electric
double layer on the polymer and thereby induced charges in the imbedded electrodes. Wijewardhana et
al. called this device a bubble motion active transducer, BMAT. In a following study the same group
further investigated the design and added electrodes in parallel (interdigitated) exploring how output
could be increased and how increasing electrode area effected output [27]. Figure 1.3 shows the
BMAT operating in water (a) and how the same device also can harvest energy from a droplet sliding

across it in air (b).



Figure 1.2: BMAT as illustrated by Wijewardhana et al [28]. a): The device operating in water. A bubble connects with the
surface and slides across it pass the two imbedded electrodes. A current between the electrodes through an outer circuit (not
shown) is induced. b): The same device operating in air. A droplet of water falls on the surface and slide across the
electrodes. Current is induced between the electrode through the outer circuit. Figure adopted from [28].

In 2022, Yan et al. made a similar device generating electricity as bubbles rose and impacted a flat
electrode imbedded behind a PTFE surface. The authors reported a peak power generated of 5.64 pW
and 172 nJ energy harvested from a single 0.1 ml bubble, claiming the output of their device to prove
more than an order of magnitude better than existing studies [23]. Like in the report by Li et al [24],

the second electrode was here in direct contact with water.

The aforementioned works on harvesting energy from bubbles passing statically charged surfaces,
investigate several important factors and their effect on power output. Among these are ion availability
in the water [16] , electrode geometry [22, 24, 27], bubble size and speed [22], surface topography
[16] and surface treatment with plasma [23, 28]. Some of these works mention the thickness of the
electrification layer used in experiments. However, there is no discussion or justification provided for
the choice of thickness. Previous research on surface charging of polymers suggests that this should be
considered, as it might impact surface charge density, and therefore performance. For example, in
1991 Xia and Jiang reported that the thickness of an FEP film was correlated to its surface charge
density after corona charging [34]. The thinner film in this study obtained the highest surface charge
density after equal treatment as a thicker one. Two years later, Yatsuzuka et al. studied how drops of
ultra-pure water falling on a PTFE surface gained positive charge, leaving the surface net negative.
Based on scanning of the surface potential and measuring of the charge gained by the droplets that had
been in contact with the surface, they concluded that electrification of a polymer surface by pure water
was influenced by the thickness of the polymer [35]. They reported that surface charge density became
lower as the thickness of the polymer was increased. In light of this, electrification layer thickness

might impact electrostatic bubble energy harvester output.



Another reason to question the effect of electrification layer thickness in submerged devices is its
relationship to capacitance. If the electrification layer thickness is the distance between the water and
the electrode, a thinner electrification layer should increase the capacitance between charges in the

electrodes and charges in the adjacent water.

Wijewardhana et al. showed how capacitance increased with increasing electrode area. The increase in
capacitance greatly decreased the system output in this case [27]. Therefore, if thickness of the
electrification layer effects capacitance, it should be considered because the output of such devices has
been shown to be sensitive to capacitance.

In the wider context of electrostatic energy harvesting with triboelectric materials, a few studies have
discussed the effect of the electrification layer thickness in a standard contact-separation mode TENG
[36-38]. In this context, thinner electrification layer is reported to be better both in terms of open
circuit voltage and short circuit current. Some have focused on increasing the dielectric constant of the
electrification material, reporting similar results [39, 40]. Because of their different principles of
operation, it is not given that these conclusions apply to the devices harvesting bubble energy
discussed above. Several reports show how electrodes imbedded behind a submerged hydrophobic
polymer can generate current in an outer circuit when bubbles slides across its surface [22-24, 27, 28].
However, it is not found that any of these consider the dependency of polymer thickness on the
effectiveness of energy harvesting.

1.2 THESIS OBJECTIVE

The aim of this thesis is to demonstrate how bubbles sliding across a submerged fluorinated ethylene
propylene film can generate electric current between electrodes imbedded through an outer circuit.
The main goal is to gain understanding of how the thickness of the FEP film affects the device’s
ability to harvest energy from the moving bubbles. Different thicknesses of the electrification layer
(FEP) are used in the test devices to observe its impact on performance. First, a simple idealized
model is analyzed in order to get a quantitative understanding of how device geometry may relate to
electric current through a test load connected between electrodes. Second, test devices are built, tested

and compare with the model.



2 THEORY

2.1 BACKGROUND

2.1.1 Contact electrification between a solid and water

Contact electrification is used as a collective term for phenomena involving spontaneous charge
transfer between two substances in contact. The term triboelectricity is often used in cases where
friction or rubbing between the materials occur, sometimes increasing the amount of charge
transferred [41]. Contact electrification also occurs between solids and liquids [26, 31, 42-44]. More
specifically, in this is this work the liquid is water and the solid is fluorinated ethylene propylene
(FEP). FEP exhibits strong contact electrification properties, tending to obtain a negative charge [45].
FEP is a copolymer of hexafluoropropylene and tetrafluoroethylene. It has many of the same
properties as polytetrafluoroethylene (PTFE), however it has some additional advantages. It can in
many applications be treated as a traditional thermoplastic. It can be welded, molded and laminated.
FEP is a material resistive to a wide range of outer stresses like temperature, wear and tear. It is
extremely chemically inert and can handle contact with a wide range of compounds without degrading
[46].

It has been shown that water streaming along the surface of a hydrophobic material, such as FEP,
obtains a net positive charge, leaving the solid surface net negative [35, 47-49]. In other words, a
transfer of charge occurs between the water and the solid. The exact mechanism behind this transfer of
charge and what the charged species involved are, is still a matter of debate [42, 43, 50-52] and will
not be discussed further here. When a hydrophobic material is submerged in water, negative charge is
adsorbed on its surface. The now net negatively charged surface creates an electric field, attracting
positive charges in the bulk water. The result of this is a net positive layer adjacent to the surface,
gradually decaying the field from the surface bound negative charge. The net positive charge of this
layer corresponds to the net negative charge on the solid surface. This arrangement is often called an
electric double layer (EDL). How far into the bulk water this layer extends depends mainly on ion
availability and also temperature. Commonly, the Debye-Hdckel length is used as a measure of the
characteristic thickness of this layer. For pure water this length is on the order of 1um. As availability

of ions increase, this distance decreases [53].



Figure 2.1 shows an idealized illustration of the above discussion. A conductor imbedded between a
sheet of FEP and an isolating material is submerged in a container holding water. The surface region
becomes net negatively charged by contact electrification. The net positive charge in the diffuse layer
screens the field from the surface charges. As we move further from the FEP surface the bulk water
gradually becomes net neutral. The FEP can therefore be considered net negatively charged while the
water gains a complementary positive charge. Because the field from the surface charges and the
diffuse layer are of equal magnitude but opposite direction the imbedded conductor in the figure

experiences no electric field.
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Figure 2.1: A conductor imbedded between a sheet of FEP and an isolating material is submerged in a container holding
water. Negative charge species from the water adhere to the surface. A diffuse layer of positive charge in the bulk of the
water body screens the field from the surface charges. The FEP becomes net negatively charged while the water gains a

complementary positive charge.

2.1.2  Electrostatic induction

When a neutral conductor is subjected to an electric field, charges within it will redistribute in
response. This redistribution continues until the distribution of charge within the conductor is such that
the resulting electric field is the exact opposite of the original field. When this stage is reached, the
superposition of the original field and the field due to the redistributed charges in the conductor is zero
within the conductor [54].

As an example of electrostatic induction, consider the situation in figure 2.1. Suppose a bubble rise
from below and connects to the FEP surface. This is shown in figure 2.2. In displacing the bulk water
next to the surface, it has removed the most of the positive diffuse layer locally. The surface charges
are bound tighter to the surface and stays in place, giving this region a net negative charge. Assuming
the bubble has displaced the positive charges far enough away not to affect the conductor, the
conductor is now subjected to an electric field from the negative surface charges. We assume that the

height of the bubble is much larger than FEP thickness, making this is a valid approximation.



Redistribution of charge occurs within the conductor as a response to this field. Positive charge piles

up at its bottom surface while a corresponding negative charge piles up at its upper surface.

MATERIAL

+ + WATER

Figure 2.2: The same illustration as in figure 2.1 but with a bubble in contact with the FEP surface. The bubble displaces the
positive diffuse layer along the surface leaving it negatively charged because of the more stationary negative surface
charges. This leads to the conductor being subjected to an electric field. Charge within the conductor is redistributed
because of this

It is probable that some of the positive counter charges are more tightly bound to the surface than
others and therefore require more force to be displaced from the surface. For a given mechanical
intervention it can therefore be expected that some of the positive charges is removed, and others to
stay in place. In figure 2.2 this is illustrated as two positive charges remaining on the FEP surface
covered by the bubble.

In the following discussion we will usually consider surface charge density as the net surface charge
density after water has been removed from the surface, including any remaining positive charge
species. We could call this the effective surface charge density because it determines the potential to
induce charge in a nearby conductor. Everywhere surface charge density is mentioned, this is what we
refer to. In this manner the following discussion and figures are simplified, only considering the net
negative charge on the surface and the loosely bound corresponding net positive counter charge
removed by the influence of a bubble.



2.2 THEORETICAL DESCRIPTION OF THE SYSTEM

2.2.1 Qualitative description

The term bubble motion active transducer, BMAT, was coined by Wijewardhana et al. in a 2017
report [28]. This described a device consisting of a PTFE surface with two electrodes imbedded
between it and a glass substrate. The BMAT generated current between the electrodes as bubbles

ascended along the PTFE surface.

The device investigated in this thesis is analogous to the one studied by Wijewardhana et al. [28]. We
will therefore borrow BMAT as a term. In this thesis, it is used to describe any device transducing
bubble motion in water into electricity, by disturbing the EDL along a statically charged material in

water, thereby inducing charge in one or more imbedded electrodes.

The BMAT architecture in this thesis consists of two flat metal electrodes covered by a sheet of
fluorinated ethylene propylene. The electrodes are connected to each other via an outer circuit with
copper wire. Above the electrodes a substrate of acrylic plastic and sealant silicone ensure that water
does not come into contact with the electrodes. The device is submerged in water with the polymer
surface downward and placed at an angle relative to the horizontal plane so that one electrode is
deeper than the other, as illustrated in figure 2.3 and 2.4.

We assume that the FEP surface holds a time constant, homogenous, static, negative surface charge
due to contact electrification with the water. When the BMAT is submerged, charges in the water body

redistribute such as to screen the field from the polymer surface. An electric double layer forms.

When a bubble rises below the device it makes contact with the polymer surface. The hydrophobicity
of the polymer and the bubble’s buoyancy allows it to displace water and create a dry region on the
surface [28]. The angle of the plane and the buoyancy of the bubble results in the bubble, and the dry
region on the surface associated with it, to transverse along the surface. We approximate that the
bubble perfectly displaces the water along the surface and that no positive ions or other charged
species from the EDL remain on the surface in this region. The assumption that water is completely
removed results in removal of positive charge. We assume that this positive charge is removed so far
away from the FEP surface that its remaining effect on the electrodes can be neglected. When the
bubble overlaps with an electrode, the remaining negative charge on the FEP surface will induce a

positive charge in it.

The thickness of the FEP sheet is many orders of magnitude smaller than the electrode dimensions in
the plane of the device. Therefore, we approximate that electric field flux normal to the device surface
dominates. This leads to a one-to-one relationship between the amount of surface charge exposed

under the electrode and the amount of opposite charge induced in the electrode.
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We propose that the induced charge in the electrode can be divided into two idealized types

representing two extreme situations.

1. The induced charge due to internal redistribution of charge within the electrode. No
conduction between the electrodes is possible.

2. Induced charge due to redistribution of charge between electrodes. There is no resistance
between the electrodes.

Figure 2.3 illustrates the BMAT and the two types of induced charge proposed.

x x X

X
Type 1. Type 2.

Figure 2.3: Type 1 and type 2 induced charge in the bottom electrode as a bubble overlap with it and thereby removes the
positive charges in the water. 4 pink Gaussian “pillbox” is illustrated around the bottom electrode and the exposed FEP
surface underneath in type 1. The region enclosed by this volume has a net negative charge and therefore a net electric field
flux into it. The same volume has no net charge in type 2. Therefore, there is no field flux through that surface. In this figure
the EDL is simplified, showing only its net positive charge.

Type 1:

Charge is induced in the electrode due to internal redistribution of charge within it. Drawing a
Gaussian “pillbox” around the exposed FEP surface and the electrode, we see that this region now has
a net negative charge. This is illustrated by a pink square in the left part of figure 2.3. Therefore, there
is now an electric field between the electrodes. The other electrode feels the electric field from this
region resulting in a displacement current between the electrodes. No physical current runs through the
wire connecting the electrodes. There is no net change in charge in any of the electrodes due to this
effect. We approximate that all induced charge in the electrode would be in this form if the load

resistance is infinite.
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Type 2:

If charge is induced in the electrode due to redistribution between the electrodes, this must involve
conduction current through the wire from the top electrode to the bottom electrode in figure 2.3. The
bottom electrode obtains a net positive charge, the top electrode obtains a net negative charge. We
assume the negative charge in the top electrode to attract a corresponding positive charge to the diffuse
layer below it. The Gaussian boundary surface around the bottom electrode and the exposed surface
charges obtains no net charge. The same is true if we draw a similar boundary around the top
electrode, including the diffuse layer. Therefore, there is no field between the electrodes. We

approximate that all induced charge in the electrode would be in this form if the load resistance is zero.

From the above assumptions type 1 and type 2 induced charge must at any time sum up to the total
amount of induced charge. The total amount of induced charge is equal to the product of exposed area
under the electrode and the FEP surface charge density.

Induced charge = Area exposed X Surface charge density.

If a bubble slides across the whole device, it will first affect the bottom electrode and then the top
electrode. We define current to be positive when flowing to the bottom electrode and divide the
process into four phases. These are illustrated in figure 2.4. The illustration shows the expected

situation for a low load resistance, discussed as type 2 induced charge above.
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3. 4.

Figure 2.4: Mode of operation of the BMAT. The red arrow denotes the direction of the conventional current. 1: The bubble

increases its overlap with the bottom electrode, inducing positive charge in it. Current flows towards the bottom electrode. 2:

The bubble slides off and decreases its overlap with the bottom electrode. Current flows back to the top electrode. 3: The

bubble slides onto and increases its overlap with the top electrode. Positive charge is induced in it. Current flows to top

electrode. 4: The bubble slides off and decreases its overlap with the top electrode. Current flows back to bottom electrode.

1)

2)

3)

4)

The bubble increases its overlap with the bottom electrode and removes positive charge from
the FEP surface, leaving it negatively charged. Positive charge is induced in the electrode as a
response to the field from the FEP surface. Conduction current flows towards the bottom
electrode through the load from the top electrode (positive current).

The bubble slides off and decreases its overlap with the bottom electrode. This is the reverse
of phase 1. Positive charge from the water comes back to the FEP surface, screening the
negative charges on it. The net positive charges induced in the electrode in phase 1 flows back
to the top electrode (negative current).

The bubble slides onto and increases its overlap with the top electrode and removes positive
charge from the FEP surface under it, leaving it negatively charged. Positive charge is induced
in the top electrode in response to this field. Conduction current therefore flows to the top
electrode from the bottom electrode (negative current), giving it a net positive charge.

The bubble slides off and decreases its overlap with the top electrode. This is the reverse of
phase 3. Positive charge from the water comes back to the FEP surface, screening the negative
charges in it. The net positive charges in the top electrode flows back to the bottom electrode

(positive current).
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In sum, the total charge transferred through the load is zero. The phases described above does not have
to be successive and distinct. If, for example, the electrodes are close enough for the leading edge of
the bubble to start overlapping with the second electrode before its trailing edge has left the first, the
current of phase 2 and 3 will merge and create a shorter pulse of higher amplitude. This can be thought

of as a superposition of phase 2 and 3. [27]. If both electrodes were to be subjected to the exact same

influence at the same time, their contribution to dz—it) will cancel out and no current flows.

The phases can be described quantitatively by the rate of change of the area the bubble covers under
the electrodes, dfl—(tt). In phase 1 it is positive because overlap increases. In phase 2 it is negative
because it decreases. In phase 3 overlap increases in the top electrode. Because we view the process
from the perspective of the bottom electrode, % must be negative in phase 3 and positive in phase 4.

An alternative to this would be to view the second electrode as having a opposite polarity of surface

dA(t)

charge. To integrate this fact, we define the system dry area rate of change, o

as the dry area rate

of change below the bottom electrode, minus the dry area rate of change below the top electrode,

dA(t) dAp(t) dAp,(¢)
dt dt  dt @1

From this, if there is no resistance on the wire between the electrodes, the conventional current from

the higher electrode to the lower is at most

dA(t)

I(t) =
®) TR

(2.2)

where o is the surface charge density on the FEP surface. In the other extreme, if the resistance
between the electrodes is infinite, we see that an electric field and thereby a potential is created
between the electrodes. In the next section we will attempt to quantify the potential between the
electrodes for a situation where the load is of a finite nonzero value. This, in order to predict the

current through the load.

2.2.2  Quantitative analysis

In order to predict the potential difference between the electrodes we must approximate their mutual
capacitance. In the following discussion the capacitance associated with the EDL is not considered. As
mentioned above, the Debye length of deionized water is on the order of 1um, even shorter for regular
fresh water. This can be viewed as the dielectric thickness of the capacitance associated with the EDL.
The dielectric constant of water is approximately 80. Since permittivity is high and dielectric thickness
is low, the EDL capacitance is expected to be several orders of magnitude larger than the electrode-

water capacitance. The EDL capacitance is in series with the electrode-water capacitance. Because we
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assume the much smaller electrode-water capacitance to dominate, we disregard the EDL capacitance

from here on.

Figure 2.5 illustrates the geometry of the device viewed from the side, its electrical connections and

capacitive couplings. First, we evaluate the different sources of capacitance.

Figure 2.5: Construction of device and assumed capacitive connections. Acrylic substrate (dark blue)
with imbedded electrodes (brown), covered by FEP. The electrodes are connected in series with a
load resistor (R) and a picoampere meter (A). Ry, is the resistance in the water between the
electrodes. A bubble has started to displace the EDL in the left side of the device, effectively shrinking
the mutual capacitance between the bottom electrode and the water underneath.

The electrode and the water body are separated by a dielectric sheet of FEP. If we consider the water
body as a conductor, this resembles the basic construction of a parallel plate capacitor. Here, the plates
are the electrode and the water in contact with the FEP surface. As we consider the water as a
conductor, it will both constitute capacitor “plates” and connect the two electrode-water capacitors in

series. This is shown by the black line in the lower part of figure 2.5.

As a bubble passes the electrode, the volume of water we have assumed acting as a capacitor “plate”
will be disturbed. We assume this to decreases the effective “water plate” area and therefore the
effective capacitance. This is illustrated in the left electrode in figure 2.5, where a bubble has partly

overlapped. The area of the water “plate” will be
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A1 (t) = Ag — Ap1 (B), (2.3)

where Ag is the area of the electrode and A, is the area the bubble overlaps with the electrode. The
area of the “water plate” will at most be the same area as the electrode. If a bubble covers the entire
electrode the area of the “water plate” is zero. Because the thickness of FEP is much smaller than the
width and length of the capacitor plates, we assume that edge effects are negligible, and the waterbody
and electrodes can be regarded as infinite planes with homogenous charge distributions. If so, the

mutual capacitance between one electrode and the water becomes

Aw1 w2 () €rgp

; , (2.4)

Ce1/e2(t) =

where epp IS the permittivity of FEP and d is the thickness of it. In this study, the thinnest FEP sheet
used is 25 um. Electrode area used is 1 by 4 cm. The relative permittivity of FEP is approximately 2
[46]. From this we expect the maximum magnitude of Cg, /g, (t) to be 283 pF. For the thickest FEP
sheet used in this study, 125 um, the corresponding capacitance is 57 pF. From equation 2.4 we expect
this capacitance to vary in the interval the electrode interacts with the bubble.

The electrodes will also have mutual capacitance directly between themselves. This is illustrated in
figure 2.5 by the capacitor symbol between the electrodes. The space separating the electrodes is the
interface between the acrylic substrate and FEP. If there is a potential difference between the
electrodes, the field lines between them will pass through a mix of acrylic plastic, FEP and a variable
mix of air and water. These are materials with relative permittivity ranging from close to 1 to around
80. We make a very rough order of magnitude estimate here and postulate that the parallel capacitance
is constant at

80,4 B
Cp~—p— =28x10712F, (2.5)

where D is the distance between the electrodes and ¢, is the permittivity of vacuum.

The contribution of the electrode coupling with water above the device could also be considered.
However, because the acrylic layer is 5 mm, about 3-4 orders of magnitude larger than the FEP
thicknesses used, this capacitance is expected to be low compared with the electrode-FEP-water

capacitance, and is therefore neglected from the discussion.
Next, recall the key assumptions made earlier:

1. There is at any time a one-to-one relationship between the amount of charge exposed under an
electrode and the amount of charge induced in that electrode.

2. The induced charge in the electrode is the sum of,

Type 1: Charge induced by internal redistribution of charge in the electrode.
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Type 2: Charge induced by redistribution of charge between electrodes.

The second assumption can be formulated as

A(t)o = Q1 (t) + Q2(0), (2.6)

where A(t) is the dry area described in equation 2.1, Q,,(t) is the sum of type 1 induced charge in the

electrodes and Q,, (t) is the sum of type 2 induced charge in the electrodes.

We assume that there is no source or sink of charge in the water body. We also disregard the resistance
in the water and approximate it as an ideal conductor. This is based on the assumption that source
impedance is high compared to the resistivity of the water. From this, the water body can be regarded
as an isolated node. The current through Cg, (t) must therefore be equal to the current through Cg, (t)

and we can therefore regard them as one capacitor, C,(t), with capacitance

LI + ! (2.7)
Cs(t)  Cp(®)  Cpa(®)’ .
where C,(t) is the total serial capacitance. Substituting 2.4 into 2.7 and rearranging we obtain
€FEP
Cs(t) = 1 T (2.8)
(i )
Ay1(t) A, (1)

Observe that C, and C,(t) are parallel and can therefore be added and viewed as one capacitance

Ctotal(t) = Cs(t) + Cp- (2-9)

If type 1 induced charge is the same as the charge stored in the total mutual capacitance between the

electrodes, the corresponding potential between the electrodes is

Qn (@)

Ve = Crotar(t)

(2.10)

Because the type 2 induced charge in the bottom electrode by definition was transferred through the
load, it can be expressed as the integral of the current through the load. By using ohms law to describe

current in terms of the potential across the load and the resistance of the load, this can be written as

tv (o)
Qr2(t) = f — a4t (2.11)
0
By integrating 2.10 and 2.11 into 2.6 we obtain
40)
Ceotar (OV () + j — 4t =4 (2.12)
0
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The above assumptions are analogous to a current source in parallel to the load in figure 2.5. This

current source has an output equal to dfi—(t”a , as stated in equation 2.2. The above discussion leads to

the equivalent circuit shown in figure 2.6.

®

Load

N
I
I

E1

N

"7

Figure 2.6: Equivalent circuit of model 1.

This describes the system proposed in figure 2.5 with one first order differential equation. This model

relates the system voltage across the load resistor to the following parameters:

e The time dependent total capacitance. This is shown in equation 2.4, 2.5, and 2.7-9.
e The resistivity of the load.
e The surface charge density on the FEP surface.

e The rate at which air is displacing water below the electrodes.
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2.2.3 Model of how the bubble displaces water under an electrode over time

From preliminary experiments, bubbles were observed to be sliding across the polymer surface in a
roughly elliptical shape with an extension in the direction of movement of 1 — 2 cm and a width of

3 — 4 cm. A picture of this can be seen in appendix 4. The duration of the current signal created when
a bubble slid across the electrodes was approximately 0.18 seconds. Assuming that the current signal
starts when the leading edge of the bubble reaches the first electrode, and stops when its trailing edge
leaves the second electrode, the speed of the bubble was calculated to be 0.25 ms~?! along the plane of
the BMAT. We will attempt to approximate how these observed characteristics translates into the rate
at which area under the electrodes overlaps with a bubble. The three-phase contact line the bubble,
water, and polymer interface makes, is described as an elliptical shape, moving at a constant speed
along the surface.

When an elliptical shape of width W, and length [,, moves in the x-direction at a constant speed of v,

the width, W, of the shape where it intersects with x = 0 at time t is
t
Wye—o(t) =W [sin (T—n>, (2.13)
b

where T, is the time interval the bubble needs to travel one length of its body, %’ Figure 2.7 illustrates

how an elliptical bubble slides across two electrodes. By looking at the superposition of the bubbles
positive areal change rate at its lower border (x = 0) and the negative areal change rate at its higher

border (x = I¢), the total area rate of change for one electrode is obtained. Doing this for both

electrodes we can calculate dz_it) resulting from an elliptical bubble sliding pass both electrodes.

dA(t)

Recall equation 2.1 describing the definition of . A more detailed derivation of this can be found

in appendix 2.

X = ]e +lD+le

X= le+lD

x=le+lp)

X=le

Wy

1. 2. 3.

Figure 2.7: lllustration of an elliptical bubble of length I and width Wh, sliding across two electrodes. The width of the line
where the bubble intersects with the lower or upper edge of an electrode, and the speed of the bubble determines how fast the
area overlap between bubble and electrode increase or decrease. 1: The bubble is midway over the first electrode. In this

instant the rate at which it slides off the electrode is equal to the rate at which it slides on. 2: The bubble is sliding off E1 and
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onto E2 at the same time. 3: Same situation as in (1.) but for E2. The magenta line shows the width of the bubble where it

slides on to E>.

The shape of the intersection between bubble, surface and water described by equation 2.13 is

illustrated in figure 2.8. Here, the width of the shape is 3 cm and its length 1.5 cm.

0.015

Water/air/[FEP boundary

0.01

Length [m]

0.005

0 1 1 | 1 1 1
-0.015 -0.01 -0.005 0 0.005 0.01 0.015

Width [m]
Figure 2.8: The bubble shape described by equation 3.15 when the width is 3 cm and the length is 1.5 cm.

For the BMAT device used in this work the electrode length is 1 cm, the electrode width is 4 cm, and
the gap between the electrodes is 1 cm. Assuming the bubble travels along the surface at a constant
speed of 0.25 m/s, we have the necessary parameters to do the calculations described above and in
appendix 2. This is shown in figure 2.10. In the left panel of figure 2.10 we see the calculated areal
overlap change for the bottom electrode (red) and the top electrode (green). We recognize here what
was described descriptively in chapter 2.2.1. As the bubble slides onto the first electrode, it increases
its overlap with it. When it has reached the state illustrated in the figure 2.7, part 1, its leading edge is
sliding off the electrode at the same rate as its trailing edge is sliding onto the electrode. Therefore, the
rate of area change is here zero. From there on the bubble slides off the bottom electrode, the area rate
of change is now negative. We see that because we have modeled a bubble longer than the gap
between the electrodes, the bubble starts to overlap with the top electrode before it has stopped
interacting with the bottom electrode. Since the shape is assumed to be constant the area rate of change
curve for the top electrode is an exact mirror image of the curve for the bottom electrode, only delayed

in time.

Recall the discussion in 2.2.1 leading to equation 2.1. We argued here why the current in the outer
circuit should be proportional to the area change rate in the bottom electrode minus the area rate

change in the top electrode. This followed from defining positive current to be towards the bottom
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electrode. This is shown in the right panel of figure 2.9. The blue curve in this plot is therefore
representative for the short circuit current signal shape we expect from the ideal bubble described

earlier in this chapter and in appendix 2.
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dAb2/dt
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dt dt

Figure 2.9: Left: Area covered by bubble rate of change under the bottom ( ) and top (dA”—Z(t)) electrode as the bubble

depicted in figure 2.8 slides across the device in 0.25 m/s. Right: Total dry area rate of change as defined in equation 2.1, for

the same bubble.

Notice the strange looking negative pulse in the total area change rate, to the right in figure 2.9. This
is the superposition of phase 2. and 3. discussed in chapter 2.2.1, yielding a peak negative area rate
change of higher magnitude than the positive peaks.
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3 EXPERIMENTAL SETUP

Four BMAT devices were made with four different thicknesses of FEP sheet. The devices were
submerged in a water filled container and subjected to bubbles. Current between electrodes were

measured and recorded on a computer.

3.1 DEVICE ASSEMBLY

The goal of the experiment was to see how the thickness of the FEP film effected device output under
different resistive loads. Therefore, four devices were fabricated with different thicknesses of FEP.
These devices were identical except for the FEP thickness. The polymer thickness used were 25, 50,
75 and 125 um. The devices are denoted in the text by the thickness of the polymer in micro meters,
“FEP25”, “FEP50”, and so on. Figure 3.1 shows how different materials were used to assemble the

tested devices.

Acrylic plastic, Smm

Silicone

NN

N

FEP

N

=

Figure 3.1: Illustration showing the constituent parts of the BMAT investigated. Acrylic plastic is used to insulate the

\S
\\

electrodes and to be a rigid base for the device. Electrodes of copper with connected leads are imbedded between the acrylic
plastic and a sheet of FEP. Silicon rubber ensures that water cannot leak in between the acrylic and FEP. The relative

thickness of the FEP is greatly exaggerated in the illustration.
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15 em Copper tape was used as electrode material. The copper

thickness was estimated to be ~22 um. Electrodes of 1 cm by

12 em 4 cm was cut out and carefully applied by hand with the

adhesive side down to 8 cm by 12 cm FEP sheets. The
electrodes were rubbed with cotton sticks from center and out
to maximize contact and remove air between the copper and
the FEP. Lead wires was connected to the backside of the
electrodes with Kapton tape and conducting glue. Paint

E- ] insulated 0.5 mm copper wire was used for this. Acrylic

substrates of 8 cm by 15 cm and of 0.5 cm thickness were

covered with an approximately 2 mm thick layer of uncured

0cm transparent wet-room construction silicon from Biltema. The

FEP sheets with electrodes and leads were pressed against the

0 cm (2 cm 6cm |8cm - ) ) . N
uncured silicone with the electrode side facing the silicone,

Figure 3.2: relative positioning of thereby imbedding them between the FEP and the acrylic
electrodes (brown), FEP sheet (green) and

acrylic substrate (blue). The electrodes were
1 by 4 cm.

substrate. The silicone was then allowed to cure. Figure 3.2
shows the geometry and dimensions of construction in the

plane of the device.

The FEP surface was cleaned with ethanol and rinsed in deionized water before the experiments. As
mentioned, four of these devices were made, all with different thicknesses of FEP sheet. The left side
of figure 3.3 is a picture of copper electrodes after they have been adhered to a sheet of FEP. The right
picture shows the four finished BMATS.
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Figure 3.3: Left: Picture of FEP sheet after copper electrode have been adhered to its surface during assembly of devices.

The background is millimeter paper. Right: Four test devices completed.

3.2 GENERAL SETUP

Figure 3.4 shows the experimental setup used throughout the experiment. A plastic container was
filled with deionized water. An air pump provided a constant flow of air through a plastic pipe. The
end of the plastic pipe was placed under the bottom part of the submerged device so that bubbles
ejected from the pipe would slide across the entire FEP surface. A cardboard box was used to obtain a
distance between the water container and the conducting laboratory bench. This was done to decrease
unwanted capacitive connections. The positive terminal of the picoampere meter was connected to the
bottom electrode via the resistor. The upper most electrode was connected to the negative terminal of
the picoampere meter and to a conductive point in the laboratory table, illustrated by a grounding
symbol in figure 3.4. This grounding of the negative terminal / top electrode gave a significantly better
signal to noise ratio in the preliminary experiments. Therefore, it was used in the main experiments as

well.
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AIR PUMP /

CARDBOARD ISOLATOR 65MM

1

Figure 3.4: Illustration of experimental setup. Air is pumped into a plastic pipe. The opening of the pipe is placed under the
bottom end of the submerged device. The top electrode is grounded to the laboratory table holding the setup. A carboard box
is used to isolate the plastic container holding the water from the table.

A stable adjustable rig was used to hold the devices in the same relative position to the pipe, water
surface, and container during all experiments. Figure 3.5 shows a picture of the experimental setup
with a rig for holding devices, the water container, and the bubble generator. No changes were done to
the rig position during the experiment between different devices. Therefore, the position of the
different BMATS tested relative to the bubble ejecting pipe and water surface was not changed.
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Figure 3.5: Picture of experimental setup. An apparatus for fixing the BMAT is seen to the right in the picture. The pipe with
connection to the air-pump is seen to the left in the picture.

Figure 3.6 shows a picture of the device and air pipe submerged, depicted from the side through the
transparent container. The device was fixed at an angle of 30° + 2° relative to the water surface. The
same angle for the plastic pipe was 40° + 2° . The depth of the highest part of the pipe opening was

5c¢cm + 1cm.
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Figure 3.6: Picture showing the relative positioning of the test device and bubble generator to each other and the water

surface.

The device angle and relative positioning of bubble generator was chosen on basis of observations

done under preliminary experiments. It was observed that when the angle became too steep, the device
stopped producing current. From visual observation it was assumed that this was due to the bubble not
making sufficient contact with the FEP surface, sliding across it with a substantial wet layer between it

and the surface.

3.3 PROCEDURE

The four devices were tested in short circuit, and under 0.5, 1, 2 and 3 GQ of load. The reason for

choosing to test the devices under such high loads was as follows.

If we in model 1 disregard the time variability of capacitance and the rate at which bubbles overlap
with electrodes, it can be simplified and described as a first order system with a time constant of t =
RC, where C is the characteristic total capacitance of the system and R is the load resistance. In this
simplified view, it can be expected to see more variability in output when the duration of the input is
comparable to the time constant of the system. Preliminary experiments showed that the time from
zero to maximum overlap between electrode and bubble to be on the order of 10~2 seconds. We have
assumed from the thickness of the FEP and the electrode area the capacitance of the electrodes to be
on the order of 10711 farads. This is shown in equation 2.4-2.8. Therefore, for the time constant of the

system to be on the same order of magnitude as the duration of the input, R must be around 10° Q.
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From every combination of FEP thickness and load resistance 600 seconds of data was collected. That
is, 5 runs for every of the 4 different devices. In addition to this, FEP125 were run a second time for 0,
0.5 and 2 GQ in the end of the experiment. This to identify potential drift in results due to potentially
poorly controlled parameters. Every device was exposed to the bubbles for 10 minutes before data
collection started. This was chosen because it was observed from preliminary experiments that output
increased the first minutes of exposure and then stabilized. A table showing the order of experimental

runs can be found in appendix 4.

3.4 THE TEST ENVIRONMENT AND DATA ACQUISITION

The devices were tested in a plastic container filled with 26 liters of deionized water. The temperature
of the water increased from 23.7 to 24.1 Celsius during the time of the experiment (6 hours). The
bubbles were generated by pumping air through a 40 mm polypropene tube into the water at an angle
of 40° £ 2° relative to the horizontal, and at a depth of 5¢m + 1cm. The position of the pipe and
power settings on the air pump was kept constant during all experiment. Average bubble volume was
measured by collecting 41 bubbles in an upside-down waterfilled beaker. In 30 seconds 80 ml of air
had accumulated in the beaker. Average volume per bubble is from this 1.95 ml, and frequency

around 1.4 bubbles per second.

The instrumentation used was a Keithley 6485 picoampere meter connected to a computer with
Logger Pro data collection software. The settings on the picoampere meter were set to “fast”,
constituting an integration time of 0.1 power line cycles (PLC), corresponding to a reading rate of 500
samples per second with a 50hz power line. The range used was 2pA. The data collection settings in

the software were set to 1000 samples per second.
Equipment used:

o Millipore Milli-Di, > 1IMQ @ 25 °C water deionizer.
e ALEAS air pump, AP-2888

e Keithley 6485 Pico amperemeter

e Vernier, LabQuest Mini

e Computer with Logger Pro software

e Resistors, 500 MQ, tolerance of + 2% , KOA.
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3.5 PROCEDURE OF CALCULATIONS

Current

It was assumed that any net current measured over many signal cycles must have been due to a bias
error in the meter and not a physical net current. The electrodes are insulated from each other,
therefore the net current over time must be zero. The average bias current was calculated as the net

cumulated charge divided by data collection time,

has = 3 10A, (3.1

where T is the duration of the dataset (600 seconds) and At is the measurement interval. The bias
current was subtracted from the data before presentation or further analyses.

Average peak current for the first pulse

As one bubble passed the device a signal of three pulses was measured. The middle pulse was negative
and the first and third positive. This is referred to as a signal triplet in the text. The average current
peak heights for the first pulse in the triplet was calculated by manually reading the maximum value of
the first pulse in the last 50 signal triplets in each data set and dividing by 50.

Charge

Before current data was used to calculate charge or energy, it was filtered by a moving average of 0.02

seconds to reduce the contribution of noise. Cumulative charge transferred was then calculated as

q(n) = Z|Ifiltered () x At|, 3.2)
0

where At is the interval of individual current measurements (1 millisecond) and I¢;zereq IS the
measured current applied the running mean described above. The average charge transferred per
bubble was calculated by choosing a time interval and dividing the cumulative charge by the number
of bubbles that passed the device in that interval. This was done for the 10 last bubbles in each dataset,
where one dataset contains the data for one FEP-load combination. An example of a FEP-load
combination is FEP127 under 1GQ. The variance of charge per bubble was obtained by dividing the

interval into subintervals, each containing the accumulated charge from the passing of a single bubble.
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Energy

Instantaneous power was calculated as the product of filtered current squared and load resistance,
p(i) = Ifilterz(i)R- 3.3)

The average energy dissipated between two discrete measurements is then p(i) x At, where At is the

time between measurements (0.001 seconds).

Cumulated energy dissipated in load for n measurements was then calculated as the cumulative sum of

this energy,
E(n) = ) p(i) X At. (3.4)
2

Mean energy per bubble was then calculated by dividing the cumulated energy from a time interval by
the number of bubbles that passed the electrodes in that interval. The variance was obtained by
dividing the interval into subintervals, each containing the cumulative energy from the passing of a
single bubble. In that way their individual contributions to energy were obtained. The ten last bubbles

in each data set were used for this.
Time

In order to evaluate system time response, the average duration of the first pulse in the signal triplet
was measured. To obtain this, the duration of the ten last peaks in each data set were measured semi-
automatically in Logger Pro using the cursor and selecting the interval. The pulse is measured from
the point where the current signal exceeds the noise level, to where it first reaches zero again after the

peak. The uncertainty associated with the human factor in this method is quantified in appendix 1.
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4 RESULTS

The four BMAT devices were subjected to bubbles and tested under different resistive loads. The
current through this load was measured. In the first part of this chapter the results from these
measurements are presented. In the second part, the theoretical model of the system is used to attempt
to replicate the measurements by numerical simulation. All data presented with error bars indicate two

standard deviations of estimated standard uncertainty, unless otherwise is clearly stated.

4.1 CURRENT, CHARGE AND ENERGY

For each FEP and load resistance combination, 600 seconds of data was collected. In these 600
seconds the devices where exposed to about 1.4 bubbles passing per second. Figure 4.1 zooms in on
the time axis to show a representative example of the current signal shape generated as a single bubble
passes the electrodes. The different subplots show how current signal shape varies with FEP thickness
(left to right) and load resistance (top to bottom). A running mean of 10 datapoints is applied to reduce

noise.

In short circuit the current signal consisted of three pulses. A positive followed by a negative, and at
last a positive pulse. In theory we expected the signal to be symmetric. Recall equation 2.2, describing
the idealized short circuit current. However, a symmetric current signal was not observed, as the last

pulse was significantly smaller than the first.
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Figure 4.1: Examples of current signal shape created as a single bubble passes FEP25 (left column), FEP50 (middle
column) and FEP125 (right column) under short circuit (top row), 0.5GQ (middle row) and 3 GQ (bottom row) load

resistance. A running mean of 0.01 seconds (10 datapoints) is applied to reduce noise.

Figure 4.2 shows the full raw data for each polymer thickness superimposed for easy comparison of
current peak magnitude. The left graph displays current under short circuit. The middle graph displays
the current with a load resistance of 0.5 GQ. FEP25 peak current magnitude is lowest. FEP50 and
FEP76 are about equal and highest. The FEP25 current peak magnitude clearly suffers the most from
the increase in load resistance. The right graph shows the current under a load of 3 GQ. Current drops
further, about one order of magnitude down from the short circuit measurements. The limitations of
the data resolution are visible here. The resolution of the data collected was 3 x 10~°A. See appendix
1 for details on uncertainty.
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Figure 4.2: The 600 seconds of collected current data for different FEP thicknesses superimposed for comparison. Left:
Short circuit. Middle: 0.5 GQ load resistance. Right: 3 GQ load resistance. No filtering applied.

411 Charge per bubble

Figure 4.3 shows the average charge transferred through the amperemeter per bubble under short
circuit. Here, it is referred to the integral of the absolute value of the current. That is, the total area
under the current curve from the passing of one bubble, illustrated by the orange area marked in the
left panels of figure 4.3. This was obtained by first calculating the cumulative absolute value of the
current data. This is shown in equation 3.2. Then, the interval containing the 10 last bubbles of each

dataset was used to obtain average charge transferred per bubble. See chapter 3.5 for procedure of
calculations.

When subjecting the different devices to bubbles under short circuit it was observed that charge

transferred per bubble increases with decreasing thickness of FEP. Charge transferred for FEP125 is
nearly half of FEP25.
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Figure 4.3: Left: Charge per bubble is here defined as the total area under the current curve from the passing of one bubble,
here illustrated by coloring the area orange. Right: Average charge transferred through meter in short circuit per bubble
versus FEP thickness. Uncertainty is due to uncertainty of the mean and inherent uncertainty in the measurements.

Consider the optimal situation based on the four phases described in chapter 2.2.1:

1. The bubble overlaps 100% with E:. A charge, g4, is transferred from E; to E; in order to
screen the corresponding exposed charge on the FEP surface.

2. The bubble slides off E;. The same charge is transferred back to E.

3. The bubble overlaps 100% with E,. A charge, A, is transferred from E; to E; in order to
screen the corresponding exposed charge on the FEP surface.

4. The bubble slides off E,. The same charge is transferred back to E;.

The maximum amount of charge that has passed through the ampere meter between the electrodes
during these phases is therefore 4gA,. Because this is the theoretical optimal amount of charge
transferred per bubble passing the device, we can infer from measured charge transferred per bubble

that surface charge density is

Measured charge transferred per bubble
e

where A, is the electrode area. This is the minimum surface charge density because it accounts for a
bubble which perfectly covers the entire electrode area, perfectly unscreens the static field and
perfectly transfers the same amount of charge through the meter. If this was the case, the same amount
of charge should be transferred in phase 1 as in phase 4. Therefore, a symmetric current signal would
be measured, where the first and third pulse magnitude was equal. It can be seen in the three upper

subplots of figure 4.1 that this is not the case. From the measured charge in figure 4.3 and equation 4.1
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we expect FEP125 to have a surface charge density larger than 15 uCm? and FEP25 to have a surface

charge density larger than 30 uCm=2.

When a load was connected in series with the electrodes and the picoampere meter, the charge
measured through the meter per bubble did not follow the same pattern as under short circuit. FEP25
generated the least amount of charge through the load for all loads. For all loads, FEP50 or FEP76
yielded highest charge. Figure 4.4 displays average charge transferred through the load between
electrodes per bubble subjected to the device. Charge is here measured in the exact same way as
described for figure 4.3.
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Figure 4.4: Average charge transferred through load per bubble passing device versus FEP thickness. Uncertainty due to

uncertainty of mean and inherent uncertainty in measurements.
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4.1.2 Energy per bubble

The average energy generated per bubble passing the devices was calculated from the current data.
Figure 4.5 shows the average energy dissipated in the load per bubble passing the device based on the
10 last bubbles in each dataset. Energy yield per bubble increases with decreasing load resistance for
the resistances used. This indicates that the load for which the largest amount of energy is transduced

is somewhere in the interval from 0 to 1 GQ for all FEP thicknesses.
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Figure 4.5: Average energy dissipated in load per bubble passing versus FEP thickness. Different colors represent different

load resistances. Uncertainty due to resistor tolerance, current measurement and uncertainty of the mean.

4.1.3 Peak current and power of the first pulse in the signal triplet

The average peak current (left panel) and corresponding average peak power (right panel) in the first
pulse in the signal triplet is presented in figure 4.6. This was obtained by averaging the maximum
current for the first pulse of the 50 last signal triplets for each data set. There was no filtering of the
raw data applied in advance to this, which is reflected in the error bars. The instantaneous power is
calculated as p = I ax>R, Where I, 15 is the measured peak current and R is the resistance of the

load.

The highest mean peak current is for FEP25 under short circuit. It is approximately 5.25 x 10774,

translating to a peak current density of approximately 1.31 x 10734/m?. We see that for all loads
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FEP25 yields the lowest peak power. The maximum power is obtained by FEP50 under 0.5GQ load,
reaching roughly 2.8 x 10~>W . This corresponds to a power area density of 0.07 W /m?2. Here, the
area current and power density is calculated relative to the area of one electrode. As can be seen in the

right panel of figure 4.6, measurement uncertainty is high.
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Figure 4.6: Average peak current of first pulse in triplet (left panel) and corresponding average peak power (right panel).

Data collected from the last 50 signal triplets in each dataset.

4.1.4 Duration of charge transfer of the first pulse in the signal triplet

In order to evaluate the system time response, the mean duration of the first pulse in the signal triplet
was measured. To obtain this, the duration of the ten last peaks in each data set were measured semi-
automatically in Logger Pro using the cursor and selecting the interval. The pulse was measured from
the point where the current signal exceeds the noise level, to where it first reaches zero again after the
peak. The duration of positive current for the first triplet pulse versus FEP thickness is displayed in
figure 4.7. Be aware that error bars in this plot is only one standard deviation to make it readable. The
high uncertainty is due to the semi-automatic method of measuring. This is described in more detail in
appendix 1. The duration dependency on resistance is clear. As resistance increases so do the duration

of the first pulse.
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4.2 SIMULATION

In describing the BMAT in chapter 2, no assumptions were made on if or how thickness might affect
surface charge density. The data on charge transferred in short circuit displayed in figure 4.3 shows
that as FEP thickness was increased, the charge transferred per bubble decreased. In the view of
equation 2.2 this can be interpreted as a direct consequence of thinner FEP holding a higher effective
surface charge density than thicker FEP. It is important to mind that this suggestion rests on the
assumption that our theoretical description is valid. The surface charge density parameter used in
simulation can be calibrated to reflect this. We assume here that the relative difference between
devices in how much charge was transferred in short circuit, is the same as the relative difference in
effective surface charge density between devices. For example, because FEP25 transferred roughly
twice as much charge per bubble as FEP125, it is assumed that the effective surface charge density of
FEP25 is roughly twice that of FEP125. From this we obtain a relative relationship between FEP
surface charge densities for different FEP thicknesses as displayed in table 4.1. The effective charge

density of FEP125 is chosen for relative comparison.

Thickness Charge transferred per Effective charge density relative to
[um] bubble in short circuit. [C] | FEP125, [6/0Fgp125]

FEP25 481x 1078 1.94

FEP50 427 %1078 1.72

FEP76 3.96 x 1078 1.60

FEP125 248 x 1078 1.00

Table 4.1: Adjusted relative surface charge density between different FEP thicknesses based on
assumption that charge transferred under short circuit conditions is proportional to effective surface

charge density on the FEP surface.

The relative relationship of surface charge density proposed in table 4.1 is used in all simulations. In
addition to the relative relationship between surface charge density between thicknesses, the
magnitude must be chosen in simulations. The surface charge density of submerged or alternatingly
submerged FEP can be expected to be on the order of 10 uC/m? [19]. Zhu et al. operated with an
assumption of charge density of their nanostructured FEP surface employed in experiments with water
waves to be approximately 42 uC/m? [17]. In the following simulations the magnitude of the surface
charge density parameter was adjusted by trial and error to obtain an approximate best-fit with the
measured data. The approximate best fit was found when FEP125 had a surface charge density of

30uCm™2, which is realistic based on previous reports [17, 19].
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In connecting the negative terminal of the picoampere meter to a conducting part of the laboratory
bench, the signal to noise ratio improved by more than one order of magnitude. However, the setup
may have created a significant capacitive connection between the water body and the upper electrode
through the table and other conducting equipment in contact with it. This was to some degree
countered by placing the water container on top of a cardboard box, creating a distance between it and
the conducting table. This can be seen in figure 3.4. However, because of unexpected attributes of the
measured current signal shape, it was suspected that this connection was significant despite measures
to decrease it. Therefore, it might have had an important influence on the measured current. The
capacitive connection described is from here on denoted Csroynp in Order to distinguish it from the
other capacitive connections discussed earlier. In the following simulation the possible effect of this is

evaluated. Simulation is done both with and without accounting for Csrounp-

In the simulation of model 1, C;rounp IS @ssumed to be very large compared to Cg, (t). In this manner
it can be approximated in the equivalent circuit of model 1 as a conductor parallel to Cg,(t). The zero-

resistance path this creates around Cg, (t) results in the C¢(t) to be equal to Cg4 (t).

The model was simulated numerically in MATLAB in order to see if it reflected any of the results
displayed so far. This was done with the assumption of device specific relative FEP surface charge
density, as shown in table 4.1. The system response was simulated with and without C;roynp- The
model results are referred to as M1 and M1*, where the latter denotes the model results when
considering Csrounp- AS mentioned, FEP125 surface charge density was adjusted for rough fitting. It
was set to 30 uC/m? for all of the following simulations of model 1. All other model parameters are
based on the analytical assumptions and calculations discussed in chapter 2, and visual observations of
the bubble geometry. In simulating short circuit current, a low load resistivity of 1IMQ was used in the
MATLAB program. This was done because the crude time resolution used resulted in high model
error when resistivity was set low. The simulation results under 1IMQ load are assumed to be
representative for the short circuit measurements because, preliminary experiments hardly showed an
observable decline in current output after a load of this magnitude was connected, suggesting that the

BMAT is a high impedance source.

The current signal from the passing of one bubble was simulated by solving equation 2.12 numerically
in MATLAB, obtaining the voltage across the load over time. Ohms law was used to find the current
through the load from this. Figure 4.8-10 shows the simulated current signal together with the
measured current signal. Figure 4.11-13 compares simulation results with measured average charge
transferred through load per bubble, average peak current in first pulse, and average duration of the
first current pulse in the signal triplet. The parameters used in the simulations were as stated in table
4.2.
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Parameters M1* M1

Surface charge density FEP 125, [Cm™?] 30x107° 30 x 107°

Surface charge density FEP 76, [Cm™2] 48 x 107° 48 x 107°

Surface charge density FEP 50, [Cm™2] 52 x 1076 52x107°

Surface charge density FEP 25, [Cm™2] 58 x 1076 58 x 107°

Wg, electrode width, [m] 0.04 0.04

I, electrode length, [m] 0.01 0.01

W, bubble width, [m] 0.03 0.03

I, bubble length, [m] 0.015 0.015

Bubble speed, [m/s] 0.25 0.25

Cerounp; [FI 0 0

Cy, [F] 28.32 x 10712 28.32 x 10712

C,(t), serial capacitance, [F] _ Aw1€pgp 1 _ 1 4 1
* d Cs(t)  Cp (1) Cpa(D)

Time resolution, [s] 1.88 x 107° 1.88 x 107°

Bubble shape
(Shape of three-phase line of air, water and
FEP surface.)

Elliptical, as described
by equation 2.14,
chapter 2.23 and
appendix 2.

Elliptical, as described by

equation 2.14, chapter 2.23

and appendix 2.

Table 4.2: Model parameters used when deriving results displayed. M1 denotes the model as

described in chapter 2. M1* denotes the model when taking into account the effect of C;rounn-
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Figure 4.8: Comparison between measured current signal and simulated current signal in short circuit for FEP25 (top left),
FEP50 (top right), FEP76 (bottom left), and FEP125 (bottom right). The simulated current signal without accounting

Csrounp is denoted M1. The simulated current signal accounting for Cg;poynp iS denoted M1*. Parameters used in the

simulation is given in table 4.2. The measured current signal is applied a running mean of 0.01 seconds to reduce noise.

In figure 4.8 we see how the model predicts the current signal from the different devices with no load
between the electrodes. Bear in mind that the surface charge density parameter used in the model is
calibrated from this data. Therefore, the fact that the model seems to replicate approximately the
relative difference in signal magnitude between the different devices is expected. Both M1 and M1*

predicts a perfectly symmetrical signal, the first and third peaks being mirror images of each other.
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This is not observed in the measurements. Calculating the average ratio of the first to the third current

pulse magnitude in the measured data we obtain table 4.3. That is, the peak height of the first pulse

divided by the peak height of the third pulse. The average is based on the five last signal triplets in the

measurements.
FEP25,0 Q FEP50, 0 Q FEP76,0 Q FEP125,0 Q
Ratio 1.74 £ 0.16 1.67 £ 0.13 2.19 + 0.15 291+ 0.24
1.peak/3.peak

Table 4.3: Mean ratio of first to third pulse in short circuit measurement. Average based on the five last signal triplets for

each filtered dataset. The uncertainty in the average is purely statistical with confidence of 95%.

Looking at table 4.3 it is clear that the symmetrical signal predicted by M1 and M1* is not observed in

measurements. Therefore, this is a qualitative attribute of the signal that the model to no degree

replicates. In figure 4.9 measured current signal and simulated current signal under 0.5 GQ of load is

compared.
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Figure 4.9: Comparison between measured current signal and simulated current signal under 0.5 G2 of load for FEP25
(top left), FEP50 (top right), FEP76 (bottom left), and FEP125 (bottom right). The simulated current signal without

considering C;poynp IS denoted M1. The simulated current signal accounting for C;popnp i denoted M1*. Parameters used

in the simulation is given in table 4.2. The measured current signal is applied a running mean of 0.01 seconds to reduce
noise.
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In figure 4.9 and 4.10 we see how the model simulates the current signal from the different devices

with respectively 0.5 GQ and 3 GQ of load between the electrodes. Qualitative conformity between

the measured signal and M1* is visibly better than between measured signal and M1. That is, at high

load the model better reflects the measured signal when accounting for Csrounp-
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Figure 4.10: Comparison between measured current signal and simulated current signal under 3 GQ of load for FEP25 (top
left), FEP50 (top right), FEP76 (bottom left), and FEP125 (bottom right). The simulated current signal without considering

Cirounp 1S denoted M1. The simulated current signal accounting for C;popyp is denoted M1*. Parameters used in the

simulation is given in table 4.2. The measured current signal is applied a running mean of 0.01 seconds to reduce noise.
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The absolute value of the simulated current through the load was integrated to find simulated charge
transferred through the load per bubble. Figure 4.11 shows measured charge transferred through the
load (whole line with error bars) per bubble, the simulation results (red cross) and the simulated result
when accounting for C;rounp (black diamonds). The measured charge per bubble is the same as
displayed in figure 4.3. The different subplots display charge versus FEP thickness for different values
of load. The covariation between simulation and measurement can be seen for both M1 and M1*,
Quantitatively, M1* is noticeably closer to the measurements than M1. This is also apparent in figure

4.9 and 4.10 where one can see that M1 fails to replicate the diminishing of the second pulse in the
signal triplet.
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Figure 4.11: Charge transferred through load per bubble versus thickness of FEP under 02 (top left), 0.5G2 (top right),

1GQ (bottom left), and 2GL (bottom right). The simulated charge without considering C;poynp is denoted M1 (red cross).

The simulated charge accounting for C;poynp is denoted M1* (black diamond).

Figure 4.12 shows the measured peak current for the first pulse in the signal triplet (whole line with

error bars) per bubble, the model results (red cross) and the model result when considering Corounp
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(black diamonds). The different subplots display peak current versus FEP thickness for different

values of load.
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Figure 4.12: Peak current for the first pulse versus thickness of FEP under 02 (top left), 0.5GQ (top right), 1GQ (bottom

left) and 2GQ (bottom right). The simulated charge without considering C;zoynp 1S denoted M1 (red cross). The simulated

charge accounting for Cgpoynp IS denoted M1* (black diamonds).

Figure 4.13 shows the measured duration of the first pulse in the signal triplet compared with the
model prediction. The uncertainty in measured duration is high due to the method of obtaining this
data. Here, error bars are only one standard deviation in magnitude. This is explained in the appendix

on uncertainty.
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Figure 4.13: Duration of first pulse versus thickness of FEP under 02 (top left), 0.5GQ (top right), 1G22 (bottom left) and

2GQ (bottom right). The simulated duration without considering C;oynp 1S denoted M1 (red cross). The simulated duration

accounting for Cspoynp is denoted M1* (black diamond). Error bar magnitude is here only one standard deviation.

The model replicates the earlier observed tendencies with regard to the duration of the first pulse. The
duration of the first pulse increases when resistance increases. The model also predicts that duration

decreases with increasing polymer thickness.

Covariance between the model and the measured signal shape was observed at high load. This is seen
in figure 4.9-4.13. At zero load the model clearly failed to reflect qualitative features of the measured
signal shape. For example, the ratio of the first to the third pulse magnitude, and how this ratio showed
a tendency to increase with FEP thickness. Motivated by this, an alternative interpretation of the

model was analyzed and simulated.
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42.1 Model 2

Equivalent circuit

In model 1 it was assumed that there are no sources or sinks of charge in the water body. We could
then view Cg,(t) and Cg,(t) as one capacitor as discussed in chapter 2.2.2. This simplified the

analysis of the equivalent circuit. Consider the following alternative interpretation:

As a bubble pushes positive charge away from the polymer under the bottom electrode, it is equivalent
to charges from the electrode to move into the water body, rather than to the other electrode, as
assumed in model 1. When a bubble displaces the diffuse positive layer along the FEP surface, a
corresponding charge is induced in the electrode above. Now, the induced charge in the electrode is
screening the field from the FEP surface charges instead of the diffuse layer in the water. Because the
net positive charge associated with this layer is no longer bound by the negative surface charges, we
consider them as free and inserted into the water body. Therefore, for the purpose of analyzing the

circuit, we assume this to be analogous to a current parallel to Cg4 (t) and Cg,(t).

Therefore, the current through Cg4(t) and Cy,(t) may not be equal and the waterbody must be
considered as a circuit node of its own. In this model, the driving current must be split into two
sources. One for each electrode. Each proportional to the rate at which surface charge is exposed under
the respective electrode. The equivalent circuit of this is shown in figure 4.14.

Vi(t) V,(t)
Load

CP
} | I\

Al

I (t) ls>(t)
C'D Ce1 ;E Ce2 ;E C'D

® ®

Figure 4.14: Equivalent circuit when considering the water body as an independent node. The unscreening of polymer
surface charge is here modeled as a current source transporting current from the electrode and into the waterbody
underneath. Each electrode has a current source representing the unscreening of charge under it.
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The output of the ideal current sources I (t) and I, (t) is here,

I () = dAZ—lt(t) o, (4.1)
and,
I, (t) = dAszt(t) o. (4.2)

Analysis of equivalent circuit

The water body is chosen, as reference, to be of zero potential relative to the other nodes in the circuit.
Recall that positive current through the load was defined to be in the direction towards the bottom

electrode, E;.

Observe that the charge stored in Cg4 (t) must be the sum of the charge from transferred through the
load and Cp, minus the integral of Iy (t). This can be written as

Vo (t) — Vi (t)

CaOV(©) = - [ In@de+ [ 22

dt + C, (Vo () — V1 (D), (4.3)

where V; (t) is the potential on the left side of the load and in figure 4.14 and V,(t) is the potential

on the right side. Likewise, the charge on Cg,(t) is

V,(t) =V,
Cry OV, (D) = — f I, (0)dt — f wdt — Cp(Va(8) = V1(1)). (4.4)
The derivative of equation 4.3 is
av. 1 dC V. dv.
;t(t) (Cer(O+C,(®) = =11 (®) (E + ’;(t)> —I, () + Z;t) +C, ;t(t). (4.5)
The derivative of equation 4.4 is
av. 1 dc V. av
2 (e 0+6,0) = 1,0 (3 + 50) o0+ P4 6, T )

Model 2 describes the potential across the load, V2(t) — V1(t). This is done with two differential

equations, equation 4.5 and 4.6.
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Again, these equations were simulated using the same simple loop program in MATLAB, running the
equations in small time steps. The model 2 results without considering Csroynp are discussed as M2.
The model 2 simulation result considering Csrounp 1S discussed as M2*. In simulation of model 1
Cerounp Was simply assumed to be large enough to be considered a conductor. A better
approximation is attempted here:

The magnitude of C;rouynp pParameter used to simulate model 2 was chosen based on the following
approximation. The bottom of the water container was separated from the conducting laboratory bench

by a 65 mm cardboard box. The container had a bottom area of approximately 0.3m x 0.3m. This

EoXA
0.065

alone should constitute a capacitance of at least = 12 X 10712F, approximating it as an infinite
plane parallel plate capacitor. However, edge effects should here be prominent and add substantially to
this because the distance between the “plates” are large compared to the “plate” dimensions. In

addition to this, both the apparatus holding the bubble pipe and the tested devices were made of metal,
in contact with the table and in close proximity (2-10 cm) to the water body. It was therefore chosen to

round this capacitance up to the closest order of magnitude, 10 1°F.

Table 4.4 shows the parameters used when simulating model 2. Mind that the only differences in the

simulation parameters of model 1 and model 2 are:

e Surface charge density magnitude was increased by 50% in model 2 simulations. The relative
relation between surface charge density between different FEP thickness were held the same.
o Improvement of evaluation of capacitive connection between upper electrode and water body

through ground, Csrounp. @s discussed above.

Except for this, the assumptions of the capacitive connections and the properties of the bubble are held

constant, still based on the analytic evaluations done in chapter 2.2.2 and 2.2.3.
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Parameters M2* (Cerounp considered) M2

FEP125 [Cm™2] 45x 107° 45 x 107°

FEP76 [Cm™?] 72 x107° 72 x107°

FEP50 [Cm™2] 78 x 1076 78 x 1076

FEP25 [Cm™2] 87 x 1076 87 x 1076

Is1(t) dAp, (1) dAp, (1)

“dar ¢ —dr ¢
I (1) dAp,(t) dAp,(t)
“dar ¢ e ¢

Wy, electrode width, [m] 0.04 0.04

I, electrode length, [m] 0.01 0.01

Wy, bubble width, [m] 0.03 0.03

lp, bubble length, [m] 0.015 0.015

Bubble speed, [m/s] 0.25 0.25

Cp, [F] 28.32 x 10712 28.32 x 10712

Cerounp [FI 10710 0

C,(t), serial capacitance, [F] Cou(t) = AWl(Z)eFEp Con(t) = AWl(Z)sFEP
Cp2(8) = w + 10710 Ce2(t) = w
(Equation 2.4) (Equation 2.4)

Time resolution, [s] 1.88 x 107° 1.88 x 107°

Bubble shape
(shape of three-phase line of air,

water and FEP surface)

Elliptical, as described by
equation 2.14, chapter 2.23 and
appendix 2.

Elliptical, as described by
equation 2.14 and chapter
2.23 and appendix 2.

Table 4.4: Model parameters used in model 2. FEP surface charge density is increased with 50%.

Figure 4.15 shows the signal shapes model 2 predicts under short circuit with parameters as in table

4.4. For M2 the predicted signal is similar as in M1 and M1*. Namely, no significant difference in the

magnitude of first and third peak can be seen. The signal predicted by M2*, on the other hand,

replicates the measured difference between the first and third pulse magnitude quite well.
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Figure 4.15: Comparison between measured current signal and model 2 simulated current signal in short circuit for FEP25
(top left), FEP50 (top right), FEP76 (bottom left), and FEP125 (bottom right). The simulated current signal without

accounting Croynp 1S denoted M2. The simulated current signal accounting for C;zoynp 1S denoted M2*. Parameters used
in the simulation is given in table 4.4. The measured current signal is applied a running mean of 0.01 seconds to reduce

noise.
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The ratio of the magnitude of pulse 1. to pulse 3. in the measured short circuit current signal was

obtained and displayed in table 4.3. Adding to table 4.3 the simulated ratio obtained by M2* we obtain

the following, displayed in table 4.5.

FEP25 FEPS0 FEP76 FEP125
Ratio 1.74 £ 0.16 1.67 +£0.13 2.19+0.15 291+ 0.24
1.pulse/3.pulse
Ratio M2* 1.36 1.72 2.09 2.82

Table 4.5: Mean ratio of first to third pulse magnitude in short circuit measurement (first row) and model 2 when accounting

for Csrounp (seCONd row). Average based on five last signal triplets for each dataset filtered with a running mean of 0.02

seconds. Uncertainty in mean is purely statistical with confidence of 95%.

As displayed earlier in table 4.3, it can be seen that the measured first pulse is in fact approximately

between 60 - 200% higher than the third. Also, the ratio increases with increasing thickness. We see
that M2* reflects both these observed tendencies. For FEP50, 76 and 125 the ratio predicted is within

the 95% confidence interval of the measured ratio.

Figure 4.16 and 4.17 displays an example of measured signal shape plotted together with model

prediction for model 2 under respectively 0.5 GQ and 3 GQ of load.
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Figure 4.16: Comparison between measured current signal and model 2 simulated current signal under a load of 0.5 G for
FEP25 (top left), FEP50 (top right), FEP76 (bottom left), and FEP125 (bottom right). The simulated current signal without

accounting for C;poynp IS denoted M2. The simulated current signal accounting for Cgpoyyp is denoted M2*. Parameters

used in the simulation is given in table 4.4. The measured current signal is applied a running mean of 0.01 seconds to reduce

noise.
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Figure 4.17: Comparison between measured current signal and model 2 simulated current signal under a load of 3 GQ for
FEP25 (top left), FEP50 (top right), FEP76 (bottom left), and FEP125 (bottom right). The simulated current signal without

accounting for C;poynp 1S denoted M2. The simulated current signal accounting for C;poynp iS denoted M2*. Parameters

used in the simulation is given in table 4.4. The measured current signal is applied a running mean of 0.01 seconds to reduce

noise.

Figure 4.15 and table 4.5 show that M2* predicts the relative relationship between the first and third

pulse at zero load. This feature was absent in M1 and M1*. In figure 4.17 one can see that M2* also

predicts a small negative current after the bubble has passed both electrodes, slowly tapering off to
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zero, under 3GQ of load. This is also observed in the data, but not replicated by M1 or M1*. For a

slightly better view of this feature, review figure 4.1.

It is interesting to compare model 1 and model 2 in how they simulate transferred charge through the
outer circuit. Figure 4.18 compares the simulated charge transferred through the outer circuit per
bubble for M1* and M2*. Mind that the two simulations differ in two parameters. These are the
magnitude of Cgroynp and the surface charge density of FEP125. Model parameters can be found in
table 4.2 and 4.4.
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Figure 4.18: Comparison of model 1 and 2 on simulation of charge transferred through the outer circuit per bubble. Model 1
simulation accounting for Csroynp 1S denoted with black diamonds. Model 2 simulation accounting for Csroynp 1S denoted

with red diamonds. Measured charge is denoted by whole line with error bars.
The simulations of model 2 reproduces feature of the current signal shape that simulation of model 1

did not reproduce. However, when considering the total charge transferred through the outer circuit
per bubble, model 1 and model 2 predictions are quite similar. This can be seen in figure 4.18.
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5 DISCUSSION

5.1 SIGNAL SHAPE

Figure 4.1 shows individual signal triplets created from one bubble passing both electrodes. In short
circuit the signal consists of three pulses. This can be explained within the framework from chapter
2.2.1 as a superposition of phase 2 and 3. That is, the bubbles length in the direction of motion is
longer than the gap between the electrodes. This was also observed and explained in a similar manner
by Wijewardhana et al. [28].

The last signal pulse was significantly smaller than the first in magnitude. This feature was more
significant for thicker FEP. To illustrate this, the ratio of the first to the third current pulse magnitude
was measured and shown in table 4.3. Model 1 predicted a perfectly symmetrical current signal and
did therefore not replicate this feature to any degree. This can be seen in figure 4.8. After modifying
the model, deriving model 2 in chapter 4.2.1, this tendency was well replicated when accounting for

Cerounp- This can be seen in figure 4.15, and was quantified in table 4.5.

When a high resistive load was connected between the electrodes, this further reduced the magnitude
of the second and third pulse relative to the first. Both simulation of model 1 and model 2 reproduced
this feature. Accounting for C;roynp iMmproved the covariation between simulation and measurement

for both models.

Model 2 simulation replicated the ratio of the first to the third pulse magnitude in short circuit when
accounting for C;rounp- This might indicate that model 2 is a better description of the physical
process occurring in the BMAT. Recall the essential distinction between the models. In model 2 each
electrode was considered individually. The displacement of the positive diffuse layer by the bubble
was considered analogous to positive charge being injected into the water body circuit-node. In model
1 we assumed that the current through Ce1 and Ce always was equal and that it therefore was
permissible to consider the two capacitors as one. The model 1 assumption proves insufficient in
describing the current signal shape attributes in short circuit. However, the current signal shape
expected by the models relies on the assumption that the shape of the bubble is constant as it slides
across the electrodes. It can therefore not be excluded that asymmetry in the current signal is simply

due to degrading contact between bubble and the FEP surface as it slides along.

Figure 4.7 shows the duration of the first pulse versus FEP thickness. The measured duration of the
first positive pulse in the current signal increased with increasing load. Uncertainty in this statement is
low when considering the difference between duration in short circuit (0€2) and in any of the applied

loads. A tendency was also seen of duration decreasing with increasing FEP thickness under 0.5GQ of
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load. This tendency has significant uncertainty attached to it. Recall that error bars in figure 4.7 are
only one standard error. However, it can be considered more likely than not that the first pulse

duration of the signal triplet decreases with increasing FEP thickness for 0.5 GQ.

In figure 4.13 it is clearly seen that simulation of model 1 replicates the increase in first pulse duration
with increasing load. The model 1 simulation also produced a decrease in first pulse duration with
increasing FEP thickness, as observed for 0.5 GQ. The exact first pulse duration was not retrieved
from model 2 simulation. However, by close observation of figure 4.16 and 4.17 one can see that the
same tendencies are reproduced by model 2.

5.2 CHARGE TRANSFERRED PER BUBBLE

In short circuit, charge transferred per bubble decreased with increasing FEP thickness. This is
displayed in figure 4.3. Charge transferred per bubble for FEP125 was nearly half of FEP25. This is
considered the first key finding.

When a load was connected between the electrodes, charge transferred through it decreased with
increasing load. This can be seen in figure 4.4. A non-linear relationship between FEP thickness and
charge transferred through the load was also seen. Energy per bubble, being a function of charge,
therefore showed the same pattern. Medium FEP thickness yielded highest charge and energy per
bubble. FEP25 yielded the lowest charge transferred and energy for all loads. This is considered the
second key finding.

Measurement uncertainty in the second key finding is low. This can be seen by the error bars in figure
4.4 and 4.5, denoting two standard deviations in measurement uncertainty as calculated in appendix 1.
However, because only one device per FEP thickness was made, there is no way of statistically
guantifying the uncertainty due to potential lack of precision in fabrication. The probability that the
results are due to random variations in fabrication rather than the FEP thickness alone can therefore
not be excluded or statistically quantified. Drifting of environmental parameters and their effect was
controlled for by testing some devices twice. Some drift was observed, but this was not significant
compared to the variations observed with respect to FEP thickness. It is therefore unlikely that the

observed features of the data are due to an unidentified drifting parameter.

As mentioned, the first key finding was that as FEP thickness was increased, short circuit charge
transfer decreased. The most direct interpretation of this results is that the thinner FEP holds a higher
effective surface charge density. This would explain why more charge is induced in the electrode per
bubble. Previous investigations done on polymer surfaces in air, made similar conclusions. In 1991
Xia and Jiang found that the surface charge density of a FEP film with a conducting backplate was
correlated to its thickness after corona charging [34]. The thinner film in this study obtained the

highest surface charge density. The surfaces in this experiment were only exposed to air after
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charging. After negative corona charging of a 11 pm and a 25 pm sample, the thinner sample had
roughly double the effective charge density of the thicker. Because most of the charge is at or near the
surface, they proposed the relationship between surface charge density, surface potential and thickness
of

egoVs
= 5.1
o=—", (5.1

where o is the surface charge density of the FEP, ¢ is the relative permittivity of the FEP, ¢, is the
permittivity of free space, V; is the surface potential, and d is the thickness of FEP sheet. Their
findings therefore suggested that surface potential relative to the backplate was approximately
constant, translating into higher charge density on thin samples.

Yatsuzuka et al. studied how drops of ultra-pure water falling on a PTFE surface gained positive
charge, leaving the surface net negative. Based on scanning of the surface potential and measuring of
the charge gained by the droplets that had been in contact with the surface, they concluded that
electrification of a polymer surface by pure water is influenced by the thickness of the polymer [35]. It
was reported that surface charge density became lower as the thickness of the polymer was increased.
The authors proposed that the reason for this was the decreasing of the Coulomb force between surface
charges and the mirror charges in the backplate when thickness was increased.

The experiments done by Yatszuka et al. and Xia and Jiang [34, 35] indicate that the electrostatic
connection between the surface charges on the polymer and opposite mirror charges in the conductor
on its back side, influences the density of surface charge the material can hold. Considering this, it is
not the thickness of the electrification layer in itself that effect surface charge density, but the distance
from the surface to a conducting material on its back side. As mentioned, Yatsuzuka et al. discussed
that the decreasing Coulomb force possibly was the reason for the thicker PTFE plates to hold a lower
surface charge density [35]. In their experiment, only a maximum of 12 droplets was dripped onto the
surface and allowed to roll off. Also, the thinnest PTFE plate was 3.2 mm thick. In this case therefore,
the extension of the charged area on the PTFE surface was perhaps comparable to the distance to the
conducting back plate. This would justify explaining the phenomena in terms of a decreasing Coulomb
force with increasing thickness, because the electric field between the surface charge and the mirror
charges in the conductor is not uniform. However, in the case of Xia and Jiang, the FEP sheet samples
they used were only 10 um and a 25 um thick. The electrode was circular with a diameter of 53 mm
[34]. If the plane of the surface charge can be approximated as a homogenously charged plane, it can
be argued that the field between the FEP surface and the backside conductor should be uniform in the
bulk of the area. If this is true, changing the distance between the surface charges and the mirror
charges does not change the electrostatic force between the planes, only the potential difference

between them. The approximation of the surface charges as a homogenously charged plane can be
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argued for, based on the surface charge density and the average distance between charged species on

the surface. Assuming that charge is spread uniformly in species of elementary charge, the typical
distance between charges on the surface can be calculated as \/g , Where ¢ is the surface charge

density and e is the elementary charge. Fluoropolymer films used for energy harvesting are typically
reported to have surface charge densities above 10~°Cm™2 [17, 31]. Therefore, the typical distance
between charges on the surface will be on the order of 10~7m. If the thickness of the electrification
layer is much larger than this distance, we would expect the field between the surface charge and the
mirror charges to be approximately uniform in the bulk of the area. Changing the distance between the
surface and the conducting backplate/electrode will in that case not change the electrostatic force
between the surface charges and the mirror charges in the bulk area. However, along the edges of the
electrode the field is not uniform and the argument about Coulomb force arguably becomes more
plausible in this region.

Short circuit charge transfer per bubble is found to be higher for thinner FEP in this thesis. This
indicates that the surface charge density decreases with increasing thickness on a submerged FEP
surface subjected to bubbles. Earlier work demonstrates thickness dependency on surface charge
density on polymer surfaces in air [34, 35]. Thickness dependency on surface charge density of

submerged polymer surfaces was not found to have been investigated by others before.

The second key finding was a non-linear relationship between FEP thickness and charge transferred
per bubble when a high load resistor was connected between the electrodes. Medium FEP thickness
yielded the highest charge transferred under high load. Both models replicated this finding in terms of

a covariance with the measurements. This can be seen most clearly in figure 4.11 and 4.18.

The observed effect can be explained as the combined effect of thin FEP having higher effective
surface charge density, and thin FEP also resulting in higher mutual capacitance between the
electrodes, as shown in section 2.2.2. Higher surface charge density increases output. This can be seen
straight forward by equation 2.2 or 2.12. However, thinner FEP also contributes to higher mutual
capacitance between the electrodes, which decreases output. To explain this, consider equation 2.12,
describing the potential across the load in model 1. If total capacitance is high, voltage across the load
is lower, and therefore the current through the load. This is true for any situation where there is a
difference between the second and third term in equation 2.12. Therefore, high mutual capacitance
between the electrodes reduces the BMATS ability to transfer charge through the outer circuit quickly.
Because the driving force behind the charge transfer is limited in time, this results in a lower total
charge transferred per bubble. In other words, high mutual capacitance between electrodes results in a

smaller fraction of the induces charge to transfer through the load before the bubble has passed.
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Wijewardhana et al. showed that in their BMAT that, increasing electrode area while keeping all else
constant, decreased the power dissipated in the test load connected between the electrodes [27]. They

explained this as an effect of the increased capacitance due to the increased electrode area.

It is shown in this thesis that increasing capacitance by decreasing electrification layer thickness also
can negatively affect power output. This finding fits with the conclusions in [27] and the theoretical
understanding presented in this thesis. When the load between the electrodes is non zero and the
capacitance between the electrodes becomes large, more of the induced charge will be trapped in the
field between the electrodes rather than transferring through the outer circuit.

The practical implication of the above discussion is that for a given load, device geometry and bubble
properties, electrification layer thickness can be optimized to maximize charge transferred through the

outer circuit and thereby energy transduced.

In this thesis, only four different thicknesses of FEP were used. Also, the exact fraction of the area
under the electrodes uncovered by the bubbles is unknown and variable. For future investigations it
would be interesting to do experiments more specifically designed to reveal the relationship between
electrification layer thickness and effective surface charge density in a BMAT. This could be done by
more precisely controlling the wet and dry area of the device by dipping instead of subjecting it to
bubbles. A wider range of FEP thicknesses could be tested, and the conducting material should be
applied on its backside in a manner guaranteeing perfect contact. This could be done, for example, by
metal sputtering. Such a study would give deeper insight in how electrification layer thickness and its
effective surface charge density covaries, both quantitatively and qualitatively. Parameters such as ion
availability, temperature and flow speed along the surface could also be varied as these parameters
effect the properties of the EDL which again might affect the polymer surface ability to hold effective

surface charge.

If a wider range of loads were tested, a good indication of the matched load would be obtained for the
different FEP thicknesses. It is suspected that this would show that matched load increases with FEP
thickness. This because, thicker FEP results in lower capacitance and therefore increases the quickness
of the charge transfer through the load. The range of loads used in this experiment is not sufficient to

show this.

5.3 ENERGY HARVESTING EFFICIENCY

There are many possible ways of evaluating the effectiveness of energy harvesting. Consider energy
transduction efficiency, here defined as the ratio of the electric energy output from one bubble to the
mechanical energy carried by one bubble. In order to evaluate this, we must evaluate the mechanical

energy one bubble carries. On one hand, one can consider a bubble in water to have potential energy.
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That is, the integral of the buoyancy force with respect to depth. On the other hand, the bubble can be

viewed as an object moving, and therefore to have kinetic energy.

A bubble in water can be viewed as having a potential energy equaling the energy required to work
against its buoyancy. Let us consider the change in potential energy of the bubble in the time interval

it interacts with the BMAT in this work. This can be calculated as

AE, = mass of water displaced X g X vertical travel distance, (5.2)

where g is the gravitational constant. The relevant trajectory length generating energy is from where
the leading edge of the bubble meats E; to its trailing edge leaves E». This constitutes 4.5 cm if the
bubble is 1.5 cm long. The BMAT plane the bubble was moving along had an angle of 30° relative to
the horizontal. Therefore, the vertical travel distance generating energy is 4.5 cm X sin(30) =

2.25 cm. The average bubble volume was measured to 1.95 mL, i.e., 1.95 grams of water displaced.
We disregard the fact that the bubbles volume and buoyancy slightly change over the vertical distance
traveled due to pressure difference. This results in the bubble having a potential energy difference

from before it effects the circuit to after of AE, = 4.3 x 107%].
Comparing this to the maximum energy per bubble, obtained by FEP76 under 0.5GQ, we get a
conversion efficiency of

12x 1077
Npotential = 43)(—10_4] = 0.28%. (5.3)

Alternatively, suppose that the bubble moving in one direction must be compensated for by an equal
volume of water moving in the opposite direction, in order for total volume to be conserved. Again,
we disregard the compressibility of the bubble since we are considering a small extension in the
vertical direction. Using the same bubble speed as in the simulations of 0.25 m/s, the kinetic energy of
the corresponding water volume, moving in the same velocity as the bubble, becomes

1
5mvz =6.1x107%]. (5.4)

Comparing this to the maximum obtained energy per bubble we get a conversion efficiency of

12 x 1077]

Mkinetic = g 15 70-5 ] ~ 2%. (5.5)

The two measures of efficiency yields estimates separated by almost an order of magnitude.

Another way of comparing the results from this study with other reports is to calculate energy

harvested per unit volume of bubbles, in other words, joules per cubic meter. Once more, using the
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maximum obtained energy of 12 x 10~7] for one bubble, and the measured average bubble volume

we obtain

12x1077J

— -3
ot To=e 3 = 0-62/m™. (5.6)

Energy per volume bubble =

In the same manner, the peak power per unit volume can be calculated. The highest peak power was
measured from FEP50 under 0.5GQ load, reaching approximately 2.8 x 10~>W, therefore,
2.8 %X 1075w

Peak power per volume bubble = 195X 1063 — 14 Wm™3. (5.7)

Table 5.1 show energy and power per bubble volume in this work, compared to other relevant studies
on BMAT where this information was provided. The optimum (match) load was not obtained in this
work. Both maximum energy per bubble, and maximum peak power was obtained under the lowest
load tested, 0.5 GQ.

Energy per | Peak power Bubble volume Electrification material
bubble per bubble used in study
volume volume

This thesis 0.62 Jm™3 14 Wm™3 1.95 x 1076 m3 | FEP, flat untreated

Yan, 2022 [23] 1.72 Jm™3 56.4 Wm™3 0.1 x 10~%m3 | PTFE, flat

-Unknown thickness.
-100 MQ matched load.
Li, 2023 [22] - 0.45 Wm™3 10 x 10~%m3 | PTFE, pipe

-1 mm wall thickness
-500 MQ matched load

Table 5.1: Energy per bubble volume and peak power per bubble volume reported here and in [22, 23].

5.4 MODELS AND SIMULATION
Simulation of the system was done under assumptions both based on physical arguments done before

experiments, and observations of the data. Simulations were done first using the model derived in
chapter 2, model 1. Seeing that the simulation of this model failed to replicate some key qualitative

aspects of the measurements, an adjusted model was derived and simulated, model 2.
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The capacitance between E; and the water through ground, Csrounp, Was accounted for differently in
model 1 and 2. In model 1 it was simply assumed to be large enough to be considered as a conductor
parallel to Cg,(t). This approximation is crude because for it to be valid this capacitance should be
much larger than that associated with the electrode-water connection, Cg, (t). Before simulating model
2, this capacitance was attempted approximated by evaluating the geometry of the setup. From the
discussion in chapter 4.2.1 it was approximated to be around 100 pF.

As discussed in chapter 4.2, the relative relation of surface charge density between FEP thicknesses
used in simulations, is obtained from the short circuit charge transferred per bubble. This can be
reviewed in table 4.1. Therefore, it is important to note that the presented models and simulations to no
degree predicts the relationship between FEP thickness and effective surface charge density in the
BMAT. This information was only observed experimentally and implemented as a parameter in
simulations. Recall also that this method rested on an assumption that charge transferred in short
circuit is proportional to the device surface charge density. A more complete model should include a
qualitative description of how effective surface charge density depends on electrification layer
thickness, among other parameters. However, simulations replicated the relative relationship between
FEP thickness and performance when load was increased. This indicates that if surface charge density
is known, the presented model might be useful in describing the rest of the process in terms of design
parameters, the bubble properties and well-known bulk material properties.

The magnitude of the surface charge density parameter used in simulations was determined by simple
trial and error. Plainly, the simulations were run several times while adjusting FEP125 surface charge
density, holding the relative relationship between FEP125 and the other thicknesses constant, as
shown in table 4.1. This was done until the best approximate fit with measurements was reached.
Using this method, the surface charge density parameter used in simulation of model 2 was 50%
higher than for model 1. In simulation of model 1, surface charge density was set to 30 uCm- for

FEP125. For model 2 the corresponding was 45 pCm2, 50% higher than for model 1.

The M2* simulation replicated the signal shapes measured better than the other simulations. This,
combined with the more realistic assumption of value of C;roynp USed in this simulation can be used
to argue that this model is more physically correct in describing the system. However, the surface
charge density parameter-setting required in model 2 to replicate measured results is suspiciously high
when considering previous work on FEP in water. Zhu et al. reported for example of a surface charge

density of approximately 42uCm™2for a nano structured 70um FEP film [17].
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5.5 ANALYTICAL APPROXIMATION OF ENERGY PER BUBBLE

Model 1, as described by equation 2.12, were simulated numerically. However, if further
simplifications are done, equation 2.12 can be solved analytically. In the following discussion this is
done by removing the time dependency in two parameters. Namely, mutual capacitance and the rate at
which the bubble overlaps with the electrodes. Also, only the time interval of phase 1 is considered.
That is, the time from the bubble starts to overlap with Ez until it is at the maximum overlap with E.

We approximate C; and C, to be constant at

Age
d

Cl = CZ = (58)

where A is the electrode area, ¢ is the permittivity of FEP and d is the thickness of the FEP film. The
total serial capacitance through the water then becomes

CS = = . (59)

We keep our previous approximation of the direct capacitance between the two electrodes,
C, = 28 pF. (5.10)

The total capacitance becomes
Cc
Ceotar = 2 + Cp- (5.11)

The time dependency of Z—f can be removed by considering the bubble as a rectangular shape of width

W, and length [, moving at a constant speed. The rate of area change then becomes

dA
= =Wy xv. (5.12)

If W, = 2.7 cmand [, = 1 cm, the maximum overlap between the electrode and this bubble is equal
to the maximum overlap of the elliptical bubble used in the simulations in chapter 4. This shape is

described in detail in appendix 2. The time needed for the rectangular bubble to fully overlap with the
electrode is %’ where v is the speed of the bubble. Using the same speed as observed from the data

and used in simulations, this time interval, T, becomes

l
T = ?b = 0.04 seconds. (5.13)
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dA

This represents the duration of phase 1 as illustrated in figure 2.4. We see that fromt=0tot=T, =

IS a constant.
The simplifications done on capacitance and % enables us to write equation 2.12 as

av(t) dA V(@)

Crota =, =377 ~ R (5.14)
A solution for this is equation is
dA _t
v = ZLoR (1 _e r), (5.15)
dt
where 7 is the time constant
T = RCtotal- (516)
Using ohms law, the current through the load is then
(6 = 20 _ 94 (1 ‘E) (5.17)
= = — — T .
RL R, dt’ ¢
The instantaneous power dissipated in the load is
P(t) = Ix(t)>XR. (5.18)
The energy dissipated in the load fromt=0tot=Tis
T
Ephaser = f P(t)dt, (5.19)
0
which solves to
dA \* T ¢ 2T 3
Ephaselz(EO) R(T+2T€ T—Ee T —ET). (520)

Equation 5.20 gives the energy dissipated in the load in the first phase. If we approximate that energy
dissipated in the load is equal in each phase of the bubble passing the BMAT, the total energy per

bubble becomes

Energy per bubble = Ejppg5e1 X 4. (5.21)

Figure 5.1 shows the same as figure 4.5, measured energy per bubble. Superimposed on this is the
prediction of equation 5.21. Except the bubble geometry and the simplification of capacitance, the
parameters are held as when simulating model 1 in chapter 4. Table 5.2 shows the parameters used.

The parameters simplified relative to earlier simulation of model 1 are highlighted.
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Parameters Value
Surface charge density FEP 125, [Cm™2] 30 x 1076
Surface charge density FEP 76, [Cm™2] 48 x 1076
Surface charge density FEP 50, [Cm™2] 52 x 107
Surface charge density FEP 25, [Cm™2] 58 x 1076
Wy, electrode width, [m] 0.04
I, electrode length, [m] 0.01
W, bubble width, [m] 0.027
1, bubble length, [m] 0.01
Bubble speed, [m/s] 0.25
CGROUND: [F] 0
Cp, [F1 28 x 10712
Cgp,C A€
Lo mE2 Cp1 =Cpp = 2
C,, serial capacitance, [F] 1 1 1
C; Cp Cp
Time resolution, [s] -
Bubble shape, (three-phase line air, water and FEP surface) Rectangular
Table 5.2: Parameters used when solving equation 5.19 in figure 5.1.
%107 Measured energy per bubble and Ephase1 x4
16 | - @- - .5GQ mes.
- D~ -1GQ mes.
- -§— +2GQ) mes.
14 + - '@‘ 3G mes.
.5G2 calc.
'1- _% 1GQ calc.
12 g---"""" S< 2GQ calc.
J

S 10
>
2
e 8f
[11]
6 -
4 -
2 -
1 1 1 1 1 1
4 6 8 10 12 14
FEP [m] x107°

Figure 5.1: Measured energy dissipated in different loads per bubble passing the BMAT as earlier shown in figure 4.5 in
dotted lines with error bars. Prediction by equation 5.21 on energy per bubble in whole line with corresponding color.
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It can be seen in figure 5.1 that even with the rough simplifications done to obtain a simple analytical

prediction on energy, there is covariance between calculated energy and measured energy.

In figure 5.2, equation 5.21 is solved with varying bubble speed under a 0.5GQ load. It is seen here
that energy per bubble rises quickly with bubble speed, reaching an optimum speed before it
asymptotically goes to zero for very high speeds. Note that the different FEP thicknesses have
optimum energy Yields at different bubble speeds. For thicker FEP, optimum speed is higher.

%106 Ephe se1 X 4 vs. bubble speed, under 500M2
FEP25
15 FEP50
FEP76
= FEP125
<
x 1F
E
[72]
©
=
o
w o5
0 1 1 1 1 1 1 1 1 1 |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Bubble speed [m/s]

Figure 5.2: Equation 5.21 prediction on energy per bubble under a load of 0.5GQ as a function of bubble speed for FEP25
(red), FEP50 (green), FEP76 (blue), and FEP125 (magenta). The approximate bubble speed obtained in experiment of 0.25

m/s is marked by a line.

Figure 5.3 shows the same as figure 5.2, but for a load one order of magnitude smaller, 50MQ. The
same relative relationship between the different thicknesses can be seen. However, optimum energy is
reached for much higher bubble speeds. Also, the magnitude of the optimum energy is equal as for
500MQ. This indicates that the same amount of energy could be harvested from a slow bubble as from

a fast bubble if the resistive load is lowered in magnitude.
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E x 4 vs. bubble speed, under 50MQ
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Figure 5.3: Equation 5.21 prediction on energy per bubble under a load of 50MQ as a function of bubble speed for FEP25
(red), FEP50 (green), FEP76 (blue), and FEP125 (magenta). The approximate bubble speed in experiment of 0.25 m/s is

marked by a line. Upper panel: Zero to 10 m/s. Lower panel: Zero to 0.5 m/s.

The calculation leading to figure 5.2 and 5.3 both rests on the simplifying assumptions made above
and that the surface charge density on the FEP surface would not be affected by bubble speed.
However, it is highly possible that a big change in bubble speed both effects the magnitude of the
surface charge density, and possibly the relative relationship between surface charge density between
different thicknesses of FEP. Besides this, figure 5.2 and 5.3 illustrates that in optimization of BMAT
energy Yield, one should consider bubble speed in relation to load and electrification layer thickness.
For example, consider if the BMAT described in this thesis was to drive an application constituting a
load of 50MQ, and the expected characteristic bubble speed was 4 m/s. The upper panel of figure 5.3
indicates that a thick FEP might be most effective. Suppose the expected bubble speed is only 0.1 m/s.
The lower panel of figure 5.3 would suggest that thinner FEP might be better.
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6 CONCLUSIONS

In this work it is demonstrated that air bubbles sliding across a FEP sheet in water with two electrodes
imbedded, transduced some of the bubble’s mechanical energy into electric energy. Similar devices
have been demonstrated lately [22-24, 27-30], but no experimental research has been found on the
effect of the electrification layer thickness. Therefore, the main aim of this work was to find how the
thickness of the FEP sheet effected the process of energy transduction. A theoretical model of the
device was presented to describe the current through a resistive load connected between the electrodes.
The model described this in terms of the surface charge density of the FEP surface, geometric
properties of the device, bulk material properties and the rate at which the bubble overlaps with the
electrodes.

In experiments, it was first found that a thinner FEP sheet in the BMAT gave a higher charge transfer
through the outer circuit in short circuit. When a high load was connected between the electrodes, the
medium thickness of FEP used, yielded the highest charge transferred through the load and therefore
the highest amount of energy transduced. The highest energy yield was obtained by the medium
thickness FEP reaching 1.2 uJ transduced from a 1.95 ml bubble. Numerical simulation of the model
replicated qualitatively the relationship between charge transferred per bubble, and FEP thickness.
Features of the current signal shape from the passing of one bubble was also replicated. Examples are
the duration of the first current pulse and the relative magnitude between pulses in the signal. Both

these features varied with load resistance and FEP thickness.

The experimental results strongly indicate that thin FEP holds a higher effective surface charge
density, increasing the number of induced charges. However, thinner FEP increases mutual
capacitance between the electrodes, resulting in slower charge transfer through the outer circuit when a
high load is applied. The experimental results therefore illustrates that the challenge of optimizing
energy transduction may involve a compromise between high effective charge density and low mutual
capacitance between electrodes. The theoretical model presented imply that optimization of energy

transduction also relies on electrode area, permittivity of the electrification layer and bubble speed.
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APPENDIX 1, UNCERTAINTY

Tolerance of resistors

The devices were run in series with 0.5, 1, 2 and 3 GQ of resistance. This was done by connecting 0.5

GQ resistors in series. Each resistor is given to have a tolerance of+- 2% from the manufacturer. It was

tolerance

V3
estimated standard uncertainty of a single resistor is assumed to be

chosen to estimate the resistor standard deviation as the (Iso GUM 4.3.7). Therefore, the

R % 0.02 500 x 10° x 0.02 ]
0500 = — = = 0.011547 X R > N = 5.7735 x 10°. (A1.1)

Because we assume the variance of the resistors not to be correlated and normally distributed around
the mean value of 0.5 GQ, the standard deviation of several resistors in series can be approximated as

the root sum of squares of the standard deviation of a single resistor.

Osum = \/Number of resistors x a%_ . (A1.2)
This gives the different combined standard uncertainties as shown in table Al1.1.
Resistance [GQ] Standard uncertainty [Q2] Relative standard uncertainty [%]
5 5.77 x 10° 1.15
1 8.16 x 10° 0.816
2 11.54 x 10° 0.577
3 14.13 x 10° 0.471

Table A1.1: The values standard uncertainty in this table are used in evaluation of uncertainty in the

peak power and energy per bubble.
Measurement uncertainty of current

The Pico amperemeter used was a Keithley 6485. It has an accuracy rating for the 2pA range of
+0.15% in addition to an offset of 100pA. The 2uA range was used for all experiments. In the
experiments done this contributes maximally to an uncertainty of 1074 x 0.0015 + 1071%4 =

1.6 x 10794 because the largest current measured was almost 6 x 1077 A.

Uncertainty due to noise are estimated from the standard deviation of the output signal when the

device was not subjected to bubbles. The noise was highest under short circuit measurements. It was
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then calculated to be approximately 6 x 10~° A. When a moving average of 0.02 seconds was applied

the noise standard deviation was reduced by more than one order of magnitude.
The resolution of the data collected to the computer was 3 X 107%A.

We see that for the typical current measured, noise and data resolution dominates uncertainty.
Uncertainty in current data is calculated as

u(l) = /(1.6 X 107°4)2 + (6 X 102 A)2 + (3 x 10724)%2 = 6.9 X 1072 4, (A1.3)

and when filtered by a moving average of 0.02 seconds,

W(Iriger) = V(1.6 X 10794)2 + (6 x 10710 A)2 + (3 x 107°4)2 = 3.5 x 107° 4. (A1.4)

Effect of running mean on accumulated charge measurements

The filtered current data was used in calculations of charge and energy. In order to roughly evaluate
how much of the signal was lost due to this filtering the integral of the filtered current was compared
to that of the unfiltered current for a period of time where the device was under influence of a bubble.
That is, for an interval where the current magnitude was high. The argument for the validity of this

method is:

o When current magnitude is higher than the magnitude of the typical noise, the contribution of
noise to the integral will be low as long as the integrated interval contains many wavelengths
of the expected dominant noise frequency.

e In periods where the device did not interact with a bubble, we assume all non-zero current
readings to be due to noise. Because charge was evaluated from the absolute value of current,
and energy is a function of current squared, noise contributes to the integral in these periods.
In other words, this constitutes an error biased towards yielding higher measured charge or
energy. This main reason for employing the filter.

e Consider an interval of data containing a signal triplet. The length of this interval is about 0.15
- 0.2 seconds. We assume 50 Hz noise to dominate. This interval then contains 7.5 — 10 cycles
of this frequency. The degree to which the integral of the filtered current is smaller than the
integral from the unfiltered current evaluated in this interval can therefore be a guide to how

much of the actual signal was lost due to filtering.

This was evaluated for a random signal triplet in the FEP25, 0Q dataset. The integral of the filtered

signal triplet was here 4.53 % lower than that from the corresponding unfiltered. The same was done
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for one random triplet in the FEP25, 3GQ dataset. The corresponding decrease from the unfiltered
signal integral was here 4.43%. When considering the integral of the whole 600 seconds of data the
decrease from the unfiltered to the filtered integral was 19.22% for FEP25, 3GQ and 8.33% for
FEP25, 0Q.

An interpretation of this can be that, as suggested, noise contributes more to the integral of absolute
current in between signal triplets than in them. As much as ~5% of the integrated signal might be lost
due to filtering. However, filtering greatly reduces the upward error associated with intervals where
the current is close to zero. To illustrate, figure A1.1 shows the integrated charge of the first signal

triplet for FEP25 at 02, with and without the running mean of 0.02 seconds.

%1078 Running mean effect on accumulated charge, FEP25 0Q2
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Figure A1.1: Accumulated charge for one signal triplet obtained from filtered signal (green) and unfiltered (magenta).
One can see that in the period between bubbles (0.4 — 0.8 seconds), the filtered accumulated charge

only increases slightly while the unfiltered increases substantially more, resulting in falsely

contributing energy from electromagnetic noise to the transduction of bubble motion energy.

Mean peak current, I,,,,, , was calculated from unfiltered current data. Its uncertainty is calculated as
the root sum square of single measurement uncertainty and the standard error of the mean for the

sample.
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5?2
U2 (Tygx) = m + (6.9 x 1072 4)?, (A1.5)

where s is the standard deviation of the N current peaks collected to create the mean.
Bias current

It was assumed that any net charge transfer measured over many signals must be due to drifting/ bias
error in the meter and not a physical current. This was accounted for by subtracting this average bias

current from the raw data. The average bias current was calculated as

At

_ At w
Tyigs = 72 I()At, (41.6)
0

where T is the duration of the dataset (600 seconds) and At is the measurements interval.
Mean charge transferred per bubble

Cumulative charge transferred was calculated as

n

q(n) = Z|Ifiltered(i) X At|, (A1.7)

0

where At is the interval of individual current measurements (1 millisecond). Mean charge transferred
per bubble was calculated by choosing an interval and dividing the cumulative charge by the number

of bubbles that passed the device in that interval.

Before charge transferred per bubble was calculated, the raw data was filtered in order to reduce
uncertainty contribution from noise. It was assumed that no electromagnetic frequency below 50 Hz
had meaningful impact on the measurements. Therefor the raw data was applied a moving average of

20 data points, corresponding to 0.002 seconds, in order to cover a whole 50 Hz cycle.

Assuming uncertainty in each current measurement is uncorrelated each other uncertainty in charge

can be calculated as

u(q)? = (Atu())’ + (Atu(T,))” + (Atu(ly))” ...+ (Atu(l,))”. (41.8)

Using the uncertainty calculated for the filtered current we obtain
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u(q)?* = nAt*u®(Iger)- (A1.9)

We can express n as the time interval at which the charge transfer occurs, T, divided by the timestep
At. Equation A1.9 then becomes

u(q)? = AtTu? (figer)- (A1.10)

The average time between bubbles is somewhat less than 1 second. Using 1 second for T we obtain an
estimation of standard uncertainty in the charge produced by one bubble of u(g) = 1.09 x 10~1°
Coulombs.

The standard uncertainty of the mean charge transferred per bubble is calculated as

2

u(@? = u(@)*+ SN (A1.11)

where N is the number of signals measured, not to be confused with n, the number of current

measurements within each interval of N. Standard deviation of charge samples is denoted s.

Mean energy per bubble

Instantaneous power is calculated as the product of filtered current squared and load resistance,

p(D) = Ipier (DR (A1.12)

The standard uncertainty of the current is as mentioned as in equation (Al.4). And the standard
uncertainty of R is as in table (A1.1). Considering the sensitivity of these underlying uncertainties the

standard uncertainty of power becomes,

2

dp) u(R)?. (A1.13)

Cumulated energy dissipated in load for n measurements is calculated as

E(n) = Z p(i) X At. (41.15)
0
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Average energy per bubble was then calculated by dividing the cumulated energy for an interval by
the number of bubbles that passed the electrode in that interval. The variance was obtained by dividing
the interval into subintervals, each containing the information from the passing of a single bubble.

Uncertainty of energy was calculated as

u(E)? = AtTu?(p), (A1.16)

where T is the time interval. Using the highest peak current as a proxy for I(t) when evaluating A.1.13
for the different load values and T = 1 second, we obtain a simplified conservative estimate of
uncertainty in energy per bubble as displayed in table AL1.2. This is highly conservative because we
estimate the energy uncertainty from the maximum uncertainty in power, which in reality lasts much

shorter than the interval chosen, 1 second.

Load Maximum peak Associated Associated uncertainty
current as proxy for uncertainty in in energy per bubble
I(t) power

0,5 236 x1077A 8.76 x 10774 2.77 x 1078]

1 1.51x 10774 10.59 x 10774 3.35x 1078

2 0.95x 10774 13.16 x 10774 416 x 1078

3 0.69 x 10774 1431 x 10774 423 x 1078

Table A1.2: Estimated uncertainty in energy calculated for one bubble.

Uncertainty of average energy per bubble was calculated as the root sum square of the uncertainty of

energy per bubble and the standard uncertainty of the mean for the sampled bubbles

2

wW(B)? = u(E)? +SN, (41.17)

where s is the standard deviation in energy per bubble and N is the number of energy measurements.
Mean duration of the first pulse in the signal triplet

The duration of the first pulse in the current signal triplet was measured in Logger Pro using the cursor
and selecting the interval of the pulse manually. To evaluate the variance associated with the use of
this method, the same pulse was measured 10 times. The standard deviation of this sample is taken to

represent the standard uncertainty associated with this method of collecting the data. The standard
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uncertainty obtained by this method was 5.1%. No other sources of uncertainty were assumed to affect
these measurements. Standard uncertainty of mean duration was therefore approximated as the root

sum square of the standard error of the mean, and the standard uncertainty associated with human

inaccuracy,

., s* (51 __ z
u(int)* = N + (m mt) . (A1.18)
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APPENDIX 2, DESCRIPTION OF THE BUBBLE

From preliminary experiments with the setup used, bubble velocity is approximated around 0.25 m/s.
Bubbles was also observed to be sliding across the polymer surface in a roughly elliptical shape with
an extension in the direction of movement of 1-2 cm and a width of 3-4 cm. We will attempt to
approximate how these observed characteristics translates into the rate at which area under the
electrodes overlaps with a bubble. We describe the bubble-water-polymer interface, the edge of the
bubble in contact, as an elliptical shape, moving at a constant speed along the surface.

When an elliptical shape of width W and length | moves in the x-direction at a constant speed of v, the

width of the shape where it intersects with x = 0 at time t is

Wy—o(t) =W [sin (Tin) (A2.1)
1’ b

where T), = 17” , is the time the whole bubble needs to pass x = 0. Therefore, the rate at which this
shape covers area at X > 0 is

VW, o (0). (A2.2)

After t = Ty the entire bubble has passed x = 0. The contribution of eq. A2.2 is now zero. Therefore,

W,o(t > Tp) = 0. (42.3)

X = le +lD+le
\

X= le +lD

Wi+

1. 2. 3.

Figure A2.1: lllustration of an elliptical bubble of length Ib and width Wb, sliding across two electrodes. The width of the
line where the bubble intersects with a lower or upper edge of an electrode and the speed of the bubble determines how fast
the are overlap between bubble and electrode changes. 1. The bubble is midway over the first electrode. In this instant the
rate at which it slides off the electrode is equal to the rate at which it slides on. 2.
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The electrodes are both limited in the x (length) and y (width) direction. We will disregard bubbles
wider than the electrode. If the bubble is longer than the electrode, it will, when its leading edge
reaches the top of the electrode (x = ly) start to “slide off” at a rate

_(t =T,
VW=, () = VW sm( T n), (A2.4)
b

where T, is the time needed to travel one electrode length, %E This is the situation shown in part one
of figure A2.1. Equation A2.4 does not contribute until the bubble reaches this point, that is when
t — T, is larger than zero. After the bubbles trailing edge has left it is also zero. Therefore,

Wyey (¢t =T, <0<t =T, —T,) = 0. (A2.5)

At the same time, if the bubble is longer than the electrode, its trailing edge is still on its way onto the
electrode at x = 0. The total areal rate change happening at the electrode can be expressed as the sum
of the area change happening a x = 0 and at x = El. Plainly, the rate at which it slides on minus the rate
at which it slides off. This can be written as

dA
;t(t) =v (Wx=0(t) - Wx:lE(t))v (A2.6)

the rate at which the area overlap between bubble and the bottom electrode changes.

Now, the time the leading edge of the bubble needs to travel from x = 0 to the first edge of the second
electrode is @ (line in magenta in figure A2.1). The rate at which the bubble start to overlap with
the first edge of the second electrode becomes

t—Te—TDn)

T (A2.7)

Wiz, () = vWJsin(

The contribution of this expression is zero before the leading edge of the bubble starts overlapping
with the second electrode and zero after its trailing edge has overlapped. Therefore,

Wyeeyp (6 =T, = Tp <0<t —T,—Tp —T,) = 0. (42.8)

Last, at the top of the second electrode, the bubble leaves at a rate

t—Te—TD—Tbn)

T (A2.9)

VWyoip+ip+1;(E) = vW\/sin(

This is zero everywhere except from the time the leading edge of the bubble starts to overlap with E-
until its trailing edge leaves it. This can be expressed as

WWyeey (¢ = 2T, = Tp <0<t — 2T, = Tp — Tp) = 0, (A2.10)
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The rate of area overlap change at the second electrode then becomes

dA, ()
dt

=V (WXZIE+ID (t) - szlE+lD+lE(t)) . (AZ']‘]‘)

Based on the above equation we can calculate at which rate an elliptical bubble moving at a constant
speed changes the dry area over both electrodes through time.

When simulating the output of the BMAT in MATLAB, the following script was used to calculate
what fraction of area under each electrode was covered by the bubble at time t:
%% Parameters

w = 0.04; % Electrode width
El = 0.01; % Electrode length

Ew = 0.04; % Electrode width
Bw = 0.03; % Bubble width
Bl = ©0.015; % Bubble length, maximum 2Gl + El

Gl = 0.01; % Electrode gap length

v = 0.25; % Bubble speed

TE = E1/v; % Time needed to travel one electrode length
TB = Bl/v; % Time needed to travel on bubble length

TG = G1/v; % Time needed to travel on gap length

T = 1*(TB + 2*TE + TG); % Time from leading edge starts to overlap E1 to trailing
edge leaves E2

dt = 100000; % time steps

t = linspace(®,T,dt); % time vector

%% Calculations

% Rate of overlap E1 lower border

wtl = Bw*(sin(t*pi*1/TB)).~.5; % width at x=0

dAdtl = (wtl-imag(wtl)).*v;

dAdt1([round((TB)*dt/T):end]) = ©; % remove contribution when not valid

% Rate of overlap E1 upper border

wt2 = Bw*(sin((t-TE)*pi*1./TB)).".5;

dAdt2 = (wt2-imag(wt2)).*v;

dAdt2([1:round((TE)*dt/T)]) = ©;% remove contribution when not valid
dAdt2([round((TE+TB)*dt/T):end]) = 0;% remove contribution when not valid

% Rate of overlap E2 lower border

wt3 = Bw*(sin((t-TE-TG)*1*pi./TB)).~.5;

dAdt3 = (wt3-imag(wt3)).*v;

dAdt3([1:round((TE+TG)*dt/T)]) = ©;% remove contribution when not valid
dAdt3([round((TB+TE+TG)*dt/T):end]) = 0;% remove contribution when not valid

% Rate of overlap E2 upper border

wt4 = Bw*(sin((t-TE-TE-TG)*1*pi./TB)).".5;

dAdt4 = (wtd-imag(wtd)).*v;

dAdt4([1:round((TE+TE+TG)*dt/T)]) = 0;% remove contribution when not valid
dAdt4([round((TE+TB+TE+TG)*dt/T):end]) = 0;% remove contribution when not valid

Al = cumsum((dAdtl-dAdt2)*T/dt); % Area covered by bubble under E1
A2 = cumsum( (dAdt3-dAdt4)*T/dt); % Area covered by bubble under E2
Awl = E1*Ew-Al; % Area covered by water under E1
Aw2 = E1*Ew-A2; % Area covered by water under E2
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APPENDIX 3, SIMULATION

Model differential equations was simulated numerically in MATLAB by a simple loop program
running the differential equation 2.13 (model 1) and equation 4.5 and 4.6 (model 2) in small time
steps. The equations describing the bubble overlap area are solved by the MATLAB script provided in
appendix. The simulation outputs was voltage across the load over time. The current was from this
calculated by ohms law.

voltage = resistance X current.

From this, model prediction on charge transfer is calculated in the same way as for the measured data

(equation 3.2 without filtering the simulated current data).
Model 1

Under follows the MATLAB script solving equation 2.13 for the potential across the load over time
for a given load value. First, parameters are defined with and without the capacitive connection
between E, and the water through ground. Second, one while loop runs the equation for the time
interval where the bubble interacts with the electrodes (phase 1-4 in chapter 2). Third, a second while
loop runs the same equations for a time interval following where there is no driving force except

charge imbalance between electrodes that has still to equalize.

The parts of the script which imports plots the data etc. is not shown. The code describing the bubble
overlap rate displayed in appendix 2 preceded the following code.

MATLAB script model 1:

d125 = 125*%10”-6; % FEP thickness

d76 = 76*10"-6;
d50 = 50*10"-6;
d25 = 25*%10"-6;

sigmal25 = 30*10"-6; % FEP surface charge density, table 4.1.

sigma76 = sigmal25*1.6;
sigma50 = sigmal25*1.72;
sigma25 = sigmal25*1.94;

epsilon = 2*8.85*10"-12; % FEP permittivity.
A = 0.01*0.04; % Electrode area.

Ae = 0.01*0.04; % Electrode area.

RL = 500*1076; % Load resistance.

i=1;

dt = T/100000;

% Parameters start value, t = 0.

V125(i) = @; % Potential over load.
intVv125(i) = @; % Charge transferred through load.
V76(i) = 0;

intv76(i) = @;

V50(i) = 0;

intvse(i) = o;

V25(i) = 0;

intv25(i) = @;
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V125j(i) = @; % Potential over load, when accounting for E2-water capacitance.

intv125j(i) = ©; % Charge transferred through load, when accounting for E2-water capacitance.
V763(i) = 0;

intv76j(i) = 0;

V50j(i) = 0;

intVv50j(i) = 0;

V25j(i) = 0;

intVv25j(i) = o;

% Parallel capacitance between E1 and E2.
Cpl25 = 4@*epsilon*A/0.01; % FEP125

Cp76 = 40*epsilon*A/0.01;
Cp50 = 40*epsilon*A/0.01;
Cp25 = 40*epsilon*A/0.01; % FEP25

% Serial capacitance, no capacitance between E2 and water.
Cs125 =1 ./ (1./((Awl*epsilon)./d125) + 1./((Aw2*epsilon)./d125 )+1*10~-10); % FEP125

Cs76 =1 ./ (1./((Awl*epsilon)./d76) + 1./((Aw2*epsilon)./d76 )+1*10~-10);
Cs50 =1 ./ (1./((Awl*epsilon)./d50) + 1./((Aw2*epsilon)./d50)+1*10"-10);
Cs25 =1 ./ (1./((Awl*epsilon)./d25) + 1./((Aw2*epsilon)./d25)+1*10~-10); % FEP25

% Serial capacitance, WITH large capacitance between E2 and water.
Cs25j = Awl*epsilon/d25; % FEP25

Cs50j = Awl*epsilon/d50;

Cs76]j = Awl*epsilon/d76;

Cs125j = Awl*epsilon/d125; % FEP125

%% No capacitance between E2 and water.
while 1 < 100000 % Time interval where bubble interacts with E1 and E2.
i=1+1;
%Potential across load for FEP125.
V125(i) = (( AL(i)-1*A2(i))*sigmal25 - intV125(i-1)*(1/RL) ) / (Cs125(i) + Cp125);
%Amount of charge transferred through load.
intVv125(i) = intV125(i-1) + V125(i)*dt;

V76(i) = (( A1(i)-1*A2(i))*sigma76 - intv76(i-1)*(1/RL) ) / (Cs76(i) + Cp76);
intV76(i) = intVv76(i-1) + V76(i)*dt;

V50(i) = (( A1(i)-1*A2(i))*sigma5@ - intVv50(i-1)*(1/RL) ) / (Cs50(i) + Cp50);
intV50(i) = intVvse(i-1) + V50(i)*dt;

V25(i) = (( AL(i)-1*A2(i))*sigma25 - intV25(i-1)*(1/RL) ) / (Cs25(i) + Cp25);
intVv25(i) = intv25(i-1) + V25(i)*dt;

end

while 1 < 200000 % Time interval where bubble has passed E2. Charge imbalance equalize passively.
i=1+1;
V125(i) = (( @)*sigmal25 - intvi25(i-1)*(1/RL) ) / (Cs125(end) + Cp125);
intV125(i) = intV125(i-1) + V125(i)*dt;

V76(i) = (( ©)*sigma76 - intVv76(i-1)*(1/RL) ) / (Cs76(end) + Cp76);
intV76(i) = intVv76(i-1) + V76(i)*dt;

V50(i) = (( ©)*sigma50 - intvs5e@(i-1)*(1/RL) ) / (Cs50(end) + Cp50);
intVvse(i) = intv5e(i-1) + V50(i)*dt;

V25(i) = (( ©)*sigma25 - intV25(i-1)*(1/RL) ) / (Cs25(end) + Cp25);
intVv25(i) = intV25(i-1) + V25(i)*dt;

end

%% Large capacitance between E2 and water.

i=1
while i < 100000 % Time interval where bubble interacts with E1 and E2.
i=1+1;

% Potential across load when accounting for capacitance between E2 and
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% water for FEP125.

V125j(i) = (( A1(i)-1*A2(i))*sigmal25 - intVv125j(i-1)*(1/RL) ) / (Cs125j(i) + Cpl25);
% Amount of charge transferred through load when accounting for

% capacitance between E2 and water for FEP125.

intv125j(i) = intv125j(i-1) + V125j(i)*dt;

V765(1i) = (( A1(i)-1*A2(i))*sigma76 - intVv76j(i-1)*(1/RL) ) / (Cs76j(i) + Cp76);
intv763(i) = intVv76j(i-1) + V763 (i)*dt;

V503 (i) = (( A1(i)-1*A2(i))*sigma50 - intVv50j(i-1)*(1/RL) ) / (Cs50j(i) + Cp50);
intVv50j(i) = intVv50j(i-1) + V50j(i)*dt;

V255(1i) = (( A1(i)-1*A2(i))*sigma25 - intv25j(i-1)*(1/RL) ) / (Cs25j(i) + Cp25);
intv25j(i) = intv25j(i-1) + V25j(i)*dt;

end

while 1 < 200000 % Time interval where bubble has passed E2. Charge imbalance equalize passively.
i=1+1;

V125j(i) = (( @)*sigmal25 - intVv125j(i-1)*(1/RL) ) / (Cs125j(end) + Cpl25);
intVvi25j(i) = intV125j(i-1) + V125j(i)*dt;

V76j(i) = (( @)*sigma76 - intV76j(i-1)*(1/RL) ) / (Cs76j(end) + Cp76);
intV76j(i) = intv76j(i-1) + V76j(i)*dt;

V50j(i) = (( @)*sigma5@ - intV50j(i-1)*(1/RL) ) / (Cs50j(end) + Cp50);
intV50j(i) = intVv50j(i-1) + V50j(i)*dt;

V25j(i) = (( @)*sigma25 - intV25j(i-1)*(1/RL) ) / (Cs25j(end) + Cp25);
intV25j(i) = intv25j(i-1) + V25j(i)*dt;

end

Tabel A3.1 show the simulation results from model 1 with parameters as stated in table 4.2. Peak

current in first triplet pulse (Imax), charge transferred through outer circuit per bubble (Q), and duration

of first triplet pulse (At). The results with the capacitive connection between the top electrode and the

water accounted for (M1*) is denoted with a star, for example Q*.
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I nax Inax(0) Q" Q At At
[Ax107° | [Ax107°] | [cx107°] | [C x 10~°] [s] [s]

FEP25, 1 0.4392 0.4379 63.3 63.3 0.050 0.050
FEP25,500 | 0.1993 0.2248 13.6 26.6 0.078 0.075
FEP25,1000 | 0.1141 0.1335 7.6 13.9 0.083 0.081
FEP25, 2000 | 0.06139 0.0734 3.9 6.9 0.086 0.085
FEP25,3000 | 0.04198 0.05062 2.6 45 0.088 0.087
FEP50, 1 0.3888 0.3882 56.2 56.2 0.050 0.050
FEP50,500 | 0.2434 0.2592 20.7 33.2 0.072 0.07

FEP50, 1000 | 0.1491 0.1651 10.7 19.5 0.079 0.077
FEP50, 2000 | 0.08375 0.0952 5.9 9.9 0.084 0.083
FEP50, 3000 | 0.05818 0.06683 4.0 6.6 0.086 0.085
FEP76, 0 0.3604 0.36 52.1 52.1 0.050 0.050
FEP76,500 | 0.2571 0.2662 24.8 35.1 0.069 0.067
FEP76,1000 | 0.1643 0.1765 135 22.1 0.077 0.075
FEP76,2000 | 0.09493 0.1046 7.0 11.7 0.083 0.081
FEP76,3000 | 0.06669 0.0743 4.855 7.731 0.085 0.084
FEP125, 0 0.2252 0.2251 32.59 32.59 0.05 0.05

FEP125,500 | 0.1780 0.1798 19.37 24.23 0.066 0.065
FEP125, 1000 | 0.1191 0.1242 11.40 16.36 0.074 0.072
FEP125, 2000 | 0.07107 0.0759 5.828 9.08 0.081 0.080
FEP125, 3000 | 0.05059 0.05454 3.942 6.075 0.084 0.083

Table A3.1: Simulation results from model 1 with parameters as stated in table 4.2.
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Model 2

Under follows the MATLAB script solving equation 4.5 and 4.6 for the potential across the load over

time for a given load value. First, parameters are defined. Second, one while loop runs the equation
for the time interval where the bubble interacts with the electrodes (phase 1-4 in chapter 2). Third, a

second while loop runs the same equations for a time interval following where there is no driving

force except charge imbalance between electrodes that has still to equalize.

The parts of the script which imports plots the data etc. is not shown. The code describing the bubble

overlap rate displayed in appendix 2 preceded the following code.

MATLAB script model 1:

d125 = 125*10"-6; % FEP thicknesses.

d76 = 76*10"-6 ;
d50 = 50*10"-6;
d25 = 25*%10"-6;

sigmal25 = 45*10"-6; %FEP surface charge density based on table 4.1.

sigma76 = sigmal25* 1.6;
sigma50 = sigmal25 * 1.72;
sigma25 = sigmal25 * 1.94;

epsilon = 2%*8.85*10"-12; % FEP permittivity.
A = 0.01*%0.04; % Electrode area

Ae = 0.01%0.04;

RL 500*1076; % Load resistance.

i=1;

dt = T/100000;

% Start value parameters
Cjord = 100*107-12; % Calculated capacitance between E2 and water.
CpGlobal = 40*epsilon*(4*107-4)/0.01; % Parallel capacitance.

C2_125 = Aw2*epsilon/d125 + Cjord; % CE2

C1_125 = Awl*epsilon/d125; % CE1l

Cpl25 = CpGlobal;

intIs1_125 = Al*sigmal25; % Model current source parallel to E1, integral.
Is1_125 = (dAdtl-dAdt2)*sigmal25; % Model current source parallel to E1.
intIs2_125 = A2*sigmal25;

Is2_125 = (dAdt3-dAdt4)*sigmal2s;

V1_125(i) 0; % potential on E1 side of load.

V2_125(i) 0; % potential on E1 side of load.

dvl_125dt(i 0; % Change rate in potential on E1 side of load.
dv2_125dt(i 0; % Change rate in potential on E2 side of load.

) =
) =

C2_76 = Aw2*epsilon/d76 + Cjord;
C1_76 = Awl*epsilon/d76;

Cp76 = CpGlobal;

intIs1_76 = Al*sigma76;

Isl_76 = (dAdtl-dAdt2)*sigma76;

intIs2_76 = A2*sigma76;

Is2_76 = (dAdt3-dAdt4)*sigma76;

V1_76(i) = @;

V2_76(i) = @;

dvi_76dt(i)
dv2_76dt(i)

9;
9;

C2_50 = Aw2*epsilon/d50 + Cjord;
C1_50 = Awl*epsilon/d50;

Cp50 = CpGlobal;

intIs1_50 = Al*sigma5@;

Isl 50 = (dAdtl-dAdt2)*sigma5e;
intIs2_50 = A2*sigma5o;

Is2 50 = (dAdt3-dAdt4)*sigma50;
vi_50(i) = o;

V2_50(i) = 0;
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dv1_50dt(i)
dv2_5edt(i) =

9;
9;

C2_25 = Aw2*epsilon/d25 + Cjord;
C1_25 = Awl*epsilon/d25;
Cp25 = CpGlobal;

intIs1_25 = Al*sigma25;

Is1 25 =
intIs2_25 =
Is2_25 =
V1_25(i) =
V2_25(i) =
dvi_25dt (i)
dv2_25dt (i)

(dAdt1-dAdt2)*sigma25;
A2*sigma25;
(dAdt3-dAdt4)*sigma25;
0;

0;

0;
0;

%% Loop running DE.

while

)./

i < 100000 % This is the interval the bubble interacts with E1 and E2
i=1+1;
% FEP125
Ct125(i) = (1 + C1_125(i)./C2_125(i)); % Serial
dC1_125dt(i) = (C1_125(i) - C1_125(i-1).*dt); % Change in CE1l.
dC2_125dt(i) = (C2_125(i) - C2_125(i-1).*dt); % Change in CE2.
dCt125dt(i) = (Ct125(i) - Ct125(i-1).*dt); % Change in
V1_125(i) = V1_125(i-1) + dv1_125dt(i-1)*dt ; % Potential

%

V2_125(i) = V2_125(i-1) + dv2_125dt(i-1)*dt ; % Potential

capacitance CE1/CE2 over time.

serial capacitance.
on E1 side of load.
on E2 side of load.

dvl_125dt(i) = ( -Is1_125(i) -V1_125(i-1).*(1/RL+dC1_125dt(i)) + V2_125(i)/RL + Cp1l25*dv2_125dt(i-
1) )./ (C1_125(i)+Cp125);

% Change in potential on E1 side of load.

dv2_125dt(i) = ( -Is2_125(i) -V2_125(i-1).*(1/RL+dC2_125dt(i)) + V1_125(i)/RL + Cpl25*dvl_125dt(i)

(C2_125(i)+Cp125);

% FEP76

Ct76(i) = (1 + C1_76(i)./C2_76(i));

dc1_76dt(i) = (C1_76(i) - C1_76(i-1).*dt);

dc2_76dt(i) = (C2_76(i) - C€2_76(i-1).*dt);

dct76dt(i) = (Ct76(i) - Ct76(i-1).*dt);

V1_76(i) = V1_76(i-1) + dV1_76dt(i-1)*dt ;

V2_76(i) = V2_76(i-1) + dV2_76dt(i-1)*dt ;

dvl_76dt(i) = ( -Is1_76(i) -V1_76(i-1).*(1/RL+dC1_76dt(i)) + V2_76(i)/RL

(C1_76(1)+Cp76);

dv2_76dt(i) = ( -Is2_76(i) -V2_76(i-1).*(1/RL+dC2_76dt(i)) + V1_76(i)/RL

(C2_76(1)+Cp76);

% FEPS50

Ct50(i) = (1 + C1_50(i)./C2_508(i));

dc1_5edt(i) = (C1_50(i) - C1_50(i-1).*dt);

dc2_sedt(i) = (C2_50(i) - C2_50(i-1).*dt);

dctsedt(i) = (Ct50(i) - Ct50(i-1).*dt);

V1_50(i) = V1_50(i-1) + dvl_50dt(i-1)*dt ;

V2_50(i) = V2_50(i-1) + dv2_50dt(i-1)*dt ;

dvl_5edt(i) = ( -Is1 _50(i) -V1_50(i-1).*(1/RL+dC1_50dt(i)) + V2_50(i)/RL

(C1_50(i)+Cp50);

dv2_5edt(i) = ( -Is2_50(i) -V2_50(i-1).*(1/RL+dC2_50dt(i)) + V1_50(i)/RL

(C2_50(i)+Cp50);

% FEP25

Ct25(i) = (1 + C1_25(i)./C2_25(i));

dC1_25dt(i) = (C1_25(i) - C1_25(i-1).*dt);

dC2_25dt(i) = (C2_25(i) - C2_25(i-1).*dt);

dCt25dt(i) = (Ct25(i) - Ct25(i-1).*dt);

V1_25(i) = V1_25(i-1) + dV1_25dt(i-1)*dt ;

V2_25(i) = V2_25(i-1) + dv2_25dt(i-1)*dt ;

dvil_25dt(i) = ( -Is1_25(i) -V1_25(i-1).*(1/RL+dC1_25dt(i)) + V2_25(i)/RL

(C1_25(i)+4Cp25);

dv2_25dt(i) = ( -Is2_25(i) -V2_25(i-1).*(1/RL+dC2_25dt(i)) + V1_25(i)/RL

(C2_25(i)+4Cp25);

end

+ Cp76*dV2_76dt(i-1) )./

+ Cp76*dvi_76dt(i) )./

+ Cp50*dv2_50dt(i-1) )./

+ Cp50*dvi_5edt(i) )./

+ Cp25*dv2_25dt(i-1) )./

+ Cp25*dvi_25dt(i) )./
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while
imbalance in charge.

i=1+1;

Ct125(i) = Ct125(100000);

dc1_125dt(i) = o;
dc2_125dt(i) = o;
dct125dt(i) = o;

V1_125(i) = V1_125(i-1) + dvi_125dt(i-1)*dt ;
V2_125(i) = V2_125(i-1) + dV2_125dt(i-1)*dt ;
dvl_125dt(i) = ( -@ -V1_125(i-1).*(1/RL+dC1_125dt(i)) + V2_125(i)/RL + Cp125*dv2_125dt(i-1) )./
(C1_125(100000)+Cp125);
dv2_125dt(i) = ( -@ -V2_125(i-1).*(1/RL+dC2_125dt(i)) + V1_125(i)/RL + Cpl125*dvi_125dt(i) )./
(C2_125(100000)+Cp125);

Ct76(i) = Ct76(100000);

dc1_7edt(i) = o;
dc2_7e6dt(i) = e;
dct76dt(i) = o;

V1 76(i) = V1_76(i-1) + dVvi_76dt(i-1)*dt ;
V2_76(i) = V2_76(i-1) + dV2_76dt(i-1)*dt ;

dvl_76dt(i) = ( -8 -V1_76(i-1).*(1/RL+dC1_76dt(i)) + V2_76(i)/RL

(C1_76(100000)+Cp76);

dv2_76dt(i) = ( -8 -V2_76(i-1).*(1/RL+dC2_76dt(i)) + V1_76(i)/RL

(C2_76(100000)+Cp76) ;

Ct50(i) = Ct50(100000);

dc1_sedt(i) = o;
dc2_sedt(i) = o;
dctsedt(i) = o;

V1 50(i) = V1_50(i-1) + dvi_50dt(i-1)*dt ;
V2 50(i) = V2_50(i-1) + dv2_50dt(i-1)*dt ;

dvl_50dt(i) = ( -8 -V1_50(i-1).*(1/RL+dC1_50dt(i)) + V2_50(i)/RL

(C1_50(100000)+Cp50) ;

dv2_5edt(i) = ( -@ -V2_58(i-1).*(1/RL+dC2_5@dt(i)) + V1_50(i)/RL

(C2_506(100000)+Cp50) ;

Ct25(i) = Ct25(100000);

dc1_25dt(i) = e;
dc2_25dt(i) = e;
dct2sdt(i) = o;

V1 _25(i) = V1_25(i-1) + dVi_25dt(i-1)*dt ;
V2_25(i) = V2_25(i-1) + dV2_25dt(i-1)*dt ;

dvl_25dt(i) = ( -8 -V1_25(i-1).*(1/RL+dC1_25dt(i)) + V2_25(i)/RL

(C1_25(100000)+Cp25);

dv2_25dt(i) = ( -8 -V2_25(i-1).*(1/RL+dC2_25dt(i)) + V1_25(i)/RL

(C2_25(100000)+Cp25) ;
end

+

+

+

+

+

+

i < 400000 % This is the interval after the bubble has passed. Current still flows because of

Cp76*dv2_76dt(i-1) )./

Cp76*dvl_76dt(i) )./

Cp50*dv2_50dt(i-1) )./

Cp50*dvi_s50dt(i) )./

Cp25*dv2_25dt(i-1) )./

Cp25*dvi_25dt(i) )./

Tabel A3.2 show the simulation prediction from model 2 on charge transferred through outer circuit
per bubble, with capacitive connection between top electrode and water accounted for. Parameters as

stated in table 4.4.

Resistance [GQ] | FEP25 [10°°C] | FEP50[10~°C] | FEP76 [107°C] | FEP125[10°°C]
0 57.7 51.3 47.7 29.9

5 16.8 21.9 23.9 17.6

1 8.1 11.3 13.2 10.3

2 4.3 6.4 7.8 6.3

3 2.9 4.3 5.3 4.4

Table A3.2: M2* prediction on charge transferred per bubble through outer circuit.
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APPENDIX 4, EXPERIMENT

Tabel A4.1 shows the order at which data was collected from different FEP thickness and load

combinations. All experiments were done the same day in an interval of 6 hours.

Nr. Device Load resistance Data collection time
[10° ohm ] [s]

1 FEP 127 0 1000
2 FEP 127 0.5 600
3 FEP 127 1 600
4 FEP 127 2 600
5 FEP 127 3 600
6 FEP 76 0 600
7 FEP 76 0.5 600
8 FEP 76 1 600
9 FEP 76 2 600
10 FEP 76 3 600
11 FEP 50 0 600
12 FEP 50 0.5 600
13 FEP 50 1 600
14 FEP 50 2 600
15 FEP 50 3 600
16 FEP 25 0 600
17 FEP 25 0.5 600
18 FEP 25 1 600
19 FEP 25 2 600
20 FEP 25 3 600
21 FEP 125 2 300
22 FEP 125 0 300
23 FEP 125 0.5 300

Table A4.1: The sequence of experimental runs.

Figure A.4.1 shows two pictures of the same bubble with a small time difference.
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Figure A.4.1: Picture of bubble as it leaves the pipe and its leading edge starts to overlap with the bottom electrode (lower
panel) and the same bubble at a later stage (upper panel). Note that the BMAT depicted here has a gap between the
electrodes of only 1 mm. The depicted BMAT is identical to the ones discussed in the thesis in any other measure. The
relative position of the bottom electrode is equal. The upper electrode is lower than in the discussed devices.
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