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Harvesting energy from rain has been done indirectly for hundreds of years
by building dams or reservoirs. Recently, research has been made into gathering
energy from individual raindrops. One of the discovered methods make use of the
triboelectric effect taking place when rain drops land on a hydrophobic polymer.
Electrical charge is induced in interdigitated electrodes beneath the polymer, and
a voltage is induced between them. This thesis uses a simple model to describe
the electrical behaviour of such a rain cell, and evaluates the energy harvesting
potential it represents. Power measurements for different resistive loads are taken
to determine the effective capacitance of the rain cell. A model for the charging
and discharging of a storage capacitor through a full wave rectifier is developed
and compared with experiment. The power and charge delivered by a raindrop are
derived and a model relating the energy storage to the rain intensity is created and

used to evaluate the limits of the rain cell.
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Chapter 1

Introduction

1.1 Background

1.1.1 Energy harvesting

The advent of smart homes, Internet of Things, and remote operation has brought
with it the need for sensors capable of operating for long periods of time without
energy refills. Battery capacity has increased greatly over the last decades, but in
certain circumstances even a long-lasting battery is insufficient. Energy harvesting
technology fills this need, allowing for the localized gathering of energy and giving
electronic devices self-sufficiency energy-wise.

There are several methods in use for transducing various forms of ambient en-
ergy into usable electrical energy. Perhaps most well known is solar power, which
transforms light energy into electrical energy through the photo-voltaic effect. This
technology spans from the powering of the International Space Station to pocket
calculators to entire cities [1]. Where there exists a temperature differential, it is
possible to utilize the Seebeck effect to create a DC voltage[2]. Some materials have
piezoelectric properties, meaning that they generate electricity when they are sub-
jected to mechanical stress (and vice versa). These materials can be used in vibra-
tion transducers or wherever there is predictable mechanical motion. Recently there
have been developments in human-powered energy harvesting systems, where hu-
man movement provides the energy. Piezoelectric materials are typically used in
these applications[3]]. Radio waves in in the air have some energy, and with an an-
tenna that energy can be exploited. Old crystal radios had no internal power source,
relying only on the power of the RF signals to make sound. However, the need for
tuning and the low energy density means that RF energy harvesting is often only
viable in cases with directed RF signals, not ambient waves[4]. [5]

For low-power energy harvesters, there is often not enough energy available to
continuously drive a load. They can, however, be used intermittently. For instance,

an energy harvesting system can gather energy over the period of a day, and gather
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enough to power a microcontroller and a sensor for a few seconds, enough to make
a measurement and transmit it.

Rain energy is a relatively new field of study. Historically, water energy has been
focused toward big reservoirs and large scale energy production[]. Rainfall over a
substantial area is collected into magazines and water flow from this magazine will
usually turn a turbine and produce electricity. This philosophy is not well-suited
for small, autonomous sensors as it requires too much real-estate. Additionally,
having fewer moving parts means less need for maintenance and repair, which is
beneficial for a sensor that is supposed to function on its own.

There has been some research into gathering power from individual raindrops
by them hitting piezoelectric transducers. However, a new method of harvesting
this energy has been developed, taking advantage of the properties of hydrophobic
materials and the triboelectric effect.

1.1.2 The rain cell

The triboelectric nanogenerator was first conceived by Prof. Zhong Lin Wang’s
group at Georgia Institute of Technology [6]. When two different materials come
into contact, opposite electrical charges will form on their surfaces. Some of this
charge remains when the materials are pulled apart again, creating a voltage dif-
ference between the two surfaces. This basic mechanical to electrical transduction
has been applied to different systems [7]. It was shown that this is possible using
water in the form of liquid waves [8], and finally triboelectrically induced raindrop
energy was demonstrated in a solar/rain hybrid cell by Zheng et al. [9].

This hybrid cell consisted of a hydrophobic polymer called polytetrafluoroethy-
lene (PTFE) on top of a indium tin oxide (ITO) electrode. In this study the droplets
were thought to be charged through contact electrification by air or airborne parti-
cles, and as droplets periodically landed on the polymer and fell off, there would
be an alternating potential difference. In another article, the polymer itself was also
mentioned as a possible source for triboelectric charging [10].

Yang and Halvorsen examined the power generation capability of a rolling con-
ductive droplet on a charged PTFE electret, with two interdigital electrodes under-
neath [11,12].

Helseth and Guo used fluorinated ethylene propylene (FEP) as the hydropho-
bic polymer [13} 14, 15], and also explored the use of interdigital grating electrodes
[16]. It is this iteration, with a FEP polymer charged triboelectrically by impinging
water droplets, and alternating current created by rolling or sliding droplets over
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the electrodes, that is the starting point of this thesis.

The triboelectric rain cell consists of a hydrophobic polymer lying on top of a
conductive electrode. When rain drops fall onto the polymer and slide off, neg-
ative electrical charge is imparted onto the surface through contact electrification.
Eventually, the whole of the hydrophobic surface holds some negative charge, and
positive charge is electrostatically induced in the electrode. As additional droplets
fall onto the polymer, positive charge is induced in them as well, and as they roll
over the electrode, a small alternating current goes through the electrode.

1.1.3 Uses for rain cells

There are many potential uses for rain cell energy. As previously mentioned, the
powering of autonomous sensors is in increasing demand. In areas with more rain
than sun, rain cells could be a viable alternative to solar panels. Within digital
microfluidics, droplet energy has been used to power actuation systems [17]. As
demonstrated by Wang’s group [9], the transparent nature of many hydrophobic
polymers mean that they can be attached to the outside of solar panels without
drastically reducing the capability of the solar panel. This makes it possible for rain
cells and solar panels to work in conjunction, with one taking over when the other

stops working, or both operating at the same time.

1.2 Thesis objectives and outline

The motive for this thesis is to evaluate the energy gathering potential of the pro-
posed triboelectric rain cell, and

Her ber du skrive en god del mer: det ma veere klart og tydelig hva som er malet
med oppgaven. Dette er veldig viktig!

The main objective of this thesis is twofold. First the electrical characteristics
of a model rain cell are investigated as a function of time and resistive load, and
models are developed to allow one understand these data. Second, a scheme to
rectify the current and store the electrical energy is investigated experimentally, and
a new model is developed to understand how the charge builds up in the storage
capacitor as time passes.
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As triboelectric material for the rain droplets, a 25 um thick fluorinated ethylene
propylene (FEP) polymer film is used. Interdigitated aluminium or nickel elec-
trodes of about 100 nm thickness are evaporated onto the back-side of the FEP us-
ing a electron-beam evaporator located at the nanolaboratory at the Department of
Physics and Technology, and external electrical wires were connected to the elec-
trodes using conducting glue or tape.

In this thesis, the current and voltage was monitored as water droplets of fized
size dropped onto the FEP surface. A new analytical model was developed to eval-
uate how the time-dependent electrical signal would look like. Fits of the model
indicated good agreement with the experimental data.

The electrical power was measured as function of resistive load, and a model
developed was to explain this behavior.

A bridge rectifier and a capacitor was used to rectify and store the electrical
signal from the rain cell.

Finally this behaviour was extrapolated to real world scenarios, and tied up to
rain intensity.
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Background and theory

2.1 Hydrophobic materials

Hydrophobic materials have a reduced level of attraction to water, and vice versa.
As the polar molecules of water tend to stick to each other, water will seemingly
be repelled to some degree by the hydrophobic material. Therefore, water lying on
a hydrophobic surface will draw itself into a drop, and if the surface is inclined,
the drop will easily move with a low coefficient of friction and a smaller contact
area. The ability of a material to maintain contact with the liquid lying on top of it
is referred to as wettability. Wettability is the inverse property of hydrophobicity
and is usually quantified by the contact angle where the three phases air, liquid and
solid meet [18]. Large contact angles imply low levels of wettability, which in turn

means high hydrophobicity.

A%
|

FIGURE 2.1: Contact angles for hydrophilic and hydrophobic materials

FEP is a common fluoroplymer with hydrophobic capabilites. The contact angle
between FEP and deionized water is about 109° [13]. Its molecular structure is quite
similar to PTFE, but FEP is melt-processible which makes it possible to process dif-
ferent structures in the surface [14]. FEP in a thin-film form will transmit 96% of
inbound light [19], which makes it suitable for smart windows or working with
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solar panels. Most importantly, FEP has a high density of fluorine atoms, which

allows for increased charge transfer by means of the triboelectric effect [14].

2.2 Rain cell mechanics

It has been demonstrated that when pure water droplets slide or roll over a hy-
drophobic surface, the surface tends to get a negative charge, and the drop tends
to retain a positive charge [20]. Exactly why the water interfaces with air or hy-
drophobic surfaces has this intrinsic negative charge has been the matter of some
discussion.[21] While a universal consensus remains to be achieved, significant ev-
idence suggests that preferential adsorption and/or orientation of OH groups near
the hydrophobic polymer surface is the cause of this negative charge [21]][22][23].

The rain cell consists of a hydrophobic polymer on top of a pair of interdigitated
electrodes at some angle. As a rain droplet falls onto the polymer, the surface is
triboelectrically charged, and an electric double layer forms. As the droplet down
off the polymer, it gains positive charge, while negative charge is left behind on the
polymer surface. When the droplet has fallen off, a net negative charge remains
along its track. More raindrops follow, and as they take different paths on the rain
cell, more of its surface area gains negative charge. At some point, the whole surface
is presumably charged. Positive charge in the electrodes are drawn to the charges
on the surface, and an equilibrium forms. As the whole surface has similar charge
density and the electrodes have the same area, there is no voltage between the elec-
trodes.

As more droplets fall onto the charged surface, positively charged ions within
them are drawn to the negatively charged surface, creating an electrical double
layer. When the droplet rolls over the edge of an electrode, the positive charge
in the droplet disturbs the equilibrium, and positive charge in the electrode is re-
pulsed. As the whole drop passes on top of the electrode a new equilibrium is
formed. At this point, if the electrodes are not connected, there exists a voltage dif-
ference between them. The droplet will keep moving, and roll over the other edge
of the electrode again. The positive charge in the electrode are no longer repelled
by the positive charge in the droplet, and flow back to the original equilibrium. The
droplet then rolls onto the other electrode and the same procedure occurs, but with

the voltage between the electrodes reversed.
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FIGURE 2.2: Stages of contact electrification

An alternating voltage between the electrodes is produced as the droplet rolls
down the surface and electrostatically inducing charge in alternating electrodes.
The magnitude of this voltage depends on the amount of charge the droplet is able
to to induce in the electrode, which in turn depends on how charged the polymer
surface is. This voltage can produce a current, which can be rectified into DC and
subsequently stored.
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FIGURE 2.3: The positive charge in the raindrop induces a current be-
tween the electrodes

A pulse of voltage will also typically be created whenever a droplet lands on the
grid part of the rain cell. The droplet will be deformed by gravity as it lands, and
unless it lands perfectly and covers both electrodes with the same amount of charge,
a voltage is electrostatically induced. The magnitude of this voltage depends on

how the drop lands in respect to the two electrodes.
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FIGURE 2.4: Second mode of voltage induction. A droplet is flattened
unevenly over the electrodes and induces charge unevenly, causing a
current

2.3 Waveform characteristics

As explained in section [2.2| there are two modes of voltage generation, impact and
rolling /sliding. The construction of the rain cell will have some say in the domi-
nance of each mode.

Since the charge distribution in the polymer is considered constant after suffi-
cient wetting, the charge induction in the electrodes is directly dependent on the
intersection of the droplet and electrode surface area [16]. The rate of change in
intersecting surface area is therefore proportional to the current I = dg/dt. For the
sake of simplicity, the charge density of the droplet is assumed to be constant and

uniform, and the droplet is assumed to be circular.

_dg_ A
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d
)\

FIGURE 2.5: Area of intersection

The sector area for a raindrop with radius R (figure 2.5):

y= VR~ (R 22)
The area is found by integrating from 0 to x covering the red-shaded sector in
fig.
A=2 / VR? — (v — R)2dx (2.3)
0

The current is found by using equation This is the current as the droplet
rolls onto the first finger.

dA dA dx dx
It)=o0 el 2\/R2 — (z — R) =

The velocity is given by v(t)=dx/dt, and the position is given by the integral

(2.4)

over the time interval ¢, to ¢, where ¢ is the time as the droplet rolls onto the first

I(t) = 20v(t)\/ R — ( /t t o(t)dt — 3)2 (2.5)

If the velocity of the droplet is approximately constant, this can be simplified.

electrode finger.

1(t) = 200\ B2 — (vt — R)? (2.6)
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x ¥

FIGURE 2.6: Raincell geometry

FIGURE 2.7: Simple model of a droplet on a ramp

G =mg Gravitational force
N = G cos Normal force
Fr=uN Friction
F =Gsiné Force in direction of movement

g=9.81m/s* Standard acceleration due to gravity
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1 Coefficient of friction
Newtons 2nd law gives, using the forces presented in fig.

i
dt?
Upon integrating eq. (2.9), the velocity becomes

= mgsinf — umg cosf (2.7)

v(t) = g(sin® — pcosh)t = &t (2.8)

The current in this case is then:

I(t) = 2a§t\/ R? — (%2 - R) (2.9)

Where ¢ is g(sin 6 — pcosf).

Given the rain cell model of a capacitor being delivered a current, the voltage

can be derived in a similar manner.

_e_,A
A=2 / VR = (e = R)ds (211)
0
v tv(t)\/m — (2(t) — R)2dt (2.12)
¢ Jo

_ / §t\/R2 ——R) dt (2.13)

For an interdigitated rain cell with electrodes having N digits each, the cumula-

tive equation is as follows:

2o ) g £t 2i — 3 — (—1) 2% — 14 (=17 \°
e N (O e DL

The current:

I = ggi<_1)“”§’”5t\/m _ (% _R_ {2@-3; (—1)1] i Fi_li(_l)z} D)2
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As the rain cell produces very little power, the loading properties of the multi-
meter and leakage through the diodes start to play a part. This loss can be modeled

as a high value resistor.

L
v c1 R1
V_
L . ]

FIGURE 2.8: Current source model of rain cell

I=1Ic+ I (2.16)

I(t) = C%it) + % (2.17)
dv(t) V()  I(t)

= et (2.18)

The solution to this differential equation:

V(t) = e 7e /0 t eRIC—C{(“’)dx (2.19)

2.3.1 Power transfer

For a circuit to transfer the maximum amount of power, the Thévenin impedance
of the circuit needs to be matched to the load impedance [24] p380. The max power
transfer occurs when the load impedance is the complex conjugate of the circuits

output impedance.

Zr, = Zy, (2.20)
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Taking this approach with the rain cell is complicated by a couple of factors.
First of all, Thévenin equivalents only hold true for linear circuits, of which there
is no guarantee the rain cell is one. Furthermore, the impedance of the rain cell
will vary as droplets interact with it. Also, the produced waveform is not fully
sinusoidal, which makes impedance calculations a lot more troublesome.

However, treating the signal as if it is sinusoidal is beneficial, in that it allows
us to narrow down the range of impedances that will yield the best power transfer
from the rain cell.

Assuming the rain cell produces a somewhat sinusoidal waveform, the power

transmission with a resistive load is calculated as a voltage divider:

VIR
—— =1V 221
|ZC+RL‘ | R| ( )
VIR |[Vr|®
- =|P 222
|ZC’+RL|2 R | | ( )
VI*R
|Pl=———— (2.23)
X¢+ R
2
1P| = “;i (2.24)
se TR
wC L

The max power transfer when the load is purely resistive is given by the follow-

ing formula [24]:

Ry = \/R3, + (X1 + Xc)? (2.25)
Considering the rain cell model of a source and a capacitor, this is simplified:

1
~ Wl

Using the load resistance for which the maximum power was found in equation
the peak power for different resistive loads is the following:

Rmaaz power — XC’ (226)

VI*R
R? + R}

maxr power

1P| = (2.27)

The voltage in the equation is the voltage of the ideal voltage source in the cir-
cuit, and is difficult to measure with very low power. An estimate can be made by

comparing the voltage as the load resistance increases to a theoretical value.

V;deal R

Vi = (2.28)
\/R’%’La$ power + R%
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2.4 Conventional energy harvesting systems

The shape an energy harvesting system takes depends in large part upon what man-
ner of energy collection mechanism it relies on. Some energy sources, like solar
power, are harvested in a manner that provides direct current. Others, like vibra-
tion energy or rain cells, provide an alternating current. The energy of an alternat-
ing current can not be stored directly in a battery or a capacitor. Systems utilizing
these energy sources therefore need to rectify the AC into DC before storage.

Some systems use the harvested energy instantaneously, for example a bike light
powered by the rotation of the wheels. If the wheels stop turning, the light goes off.
However, if the power source is inconsistent and the system is intended to deliver
power regularly, the energy needs to be stored. Typically this is done with a battery
or a large capacitor.

The voltage and current delivered by the energy harvester is not always at a
practical magnitude. A single photovoltaic cell provides less than a volt, while cer-
tain piezoelectric transducers can provide thousands of them. Electrical devices are
usually powered at a certain voltage, and can malfunction or be destroyed by too
low or too high voltages. There are a few different methods of converting voltages
to other magnitudes without significant power loss. Additionally, the voltage needs

to be regulated in the case of variation in the available power and variable loads.

Available __,| Energy

Voltage Usable
energy harvester

— | Rectification | —| Storage | — .
Regulation energy

FIGURE 2.9: Energy harvesting system

2.4.1 Rectification

Rectifying an AC signal means that a voltage that alternates between negative and
positive values is converted into only positive values. Typically, this is done with
diodes. Diodes are semiconductor devices that allow current to flow easily in one
direction, but not in the other direction. Figure shows the most common diode
configurations for rectifying a signal. Realistic diodes introduce a voltage drop in
the circuit. Often, as in the figure below, this is modeled as a single voltage typically
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around 0.7 V, and the diode will only start conducting if the voltage across it is
greater than this threshold voltage. Shockley’s diode equation is a better if more
complicated model, and figure shows how it models a diodes current-voltage
relationship.

LALNAN

FIGURE 2.10: Single diode and full bridge rectification

Shockley diode equation:

o Vo 4
o Ip=1Ig(emr (2.29)

Current (A)

Ip = Current through diode
Is = Reverse bias saturation current

o Vb = Forward voltage

A ‘ ‘ ‘ ‘ ‘ ‘ . n = Ideality factor

-0.2 0 0.2 0.4 0.6 0.8 1 1.2

Forward voltage (V) Vr = Thermal Voltage

FIGURE 2.11: I-V characteristics
of a diode
Single diode rectification discards the negative parts of the signal and only al-
lows positive values through. Full bridge rectification inverts the negative parts of
the signal so more power is transferred. This is however offset by requiring twice
the voltage drop of a single diode rectifier.
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Mitigating the voltage drop can be done by employing schottky diodes, which
have a lower intrinsic voltage drop, or by using active rectification, in which field

effect transistors are used for the rectification [25].

2.5 Storage

The simplest way to harvest rain cell energy is to rectify the the alternating current

with a diode bridge, and storing it directly in a capacitor.

®
V+ +
C i
| Fl_ — C
—_— VA
V- )\ =

GNDV

FIGURE 2.12: Bridge rectifier with storage capacitor

In this configuration, the only controllable variable is the capacitance of the stor-
age capacitor C,. In the manner described in [26], the voltage over the storage ca-
pacitor can be regarded as constant over a cycle, as it will change at a much slower
rate than the incident voltage waveform.

Current will only flow into the storage capacitor if the voltage output from the
rain cell is larger than the voltage over the storage capacitor. Modeling the volt-
age drops over the diodes as constant, the following condition needs to be true for
current to flow: |V, + 2V, < V.

Vi is the diode forward voltage, V,, is the voltage over the rain cell, and V,, is the
voltage over the storage capacitor. It is assumed that for some time Ty, this is true
and the current is flowing, and for some T; the capacitor voltage is too high, and the
only current is leakage current flowing backwards through the diodes. T; + T, =T
is the total time for the charge from one droplet to be introduced to the circuit.

The average current in the circuit during T is

T To
{iout) = % /0 i(t)dt — % (o +% /T | i(t)dt> - % (2.30)
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During period 72, Vi, is equal to V> +2V;, and @), is the charge transferred to the
storage capacitor. During 7}, some charge ();, goes into C,,, while some Q1 = %jeqx1
leaks through the diodes. The current into ), can be integrated to find the charge

lost in the capacitor.

T1 2Vd+Vout
Qu = / Nt = C, / AV, = 2C,(2Vp + Vo) (2.31)
(2Vg+Vout)
Q1= Q1o+ Q1 =4Vp 4+ 2Vous + tiearT (2.32)

<Z > _ Q - Ql _ Q - 2Cp<2VD + %ut) - ileakT
out T T

We assume the storage capacitor will increase its voltage in accordance with the

(2.33)

average current supplied to it every cycle.

d -2 2 out) — .ea T
(i) = %ot - @220 4 Vo) =~ ot 239

Solving for voltage:

t
Vaalt) = Vi (1 = exp (——)) (235)
TC
Q ZleakT’
= — 9V —
Yo 2C, Vo 20,
C
= T—
20,

If a finite load is connected in parallel with the storage capacitor, that loss must
be taken into consideration.

: Vout T’
dV. . Q - QCp(QVD + V;Jut) - Zleak:T - R é
(iout) = C dc];u = T foad (2.36)

In this case the solution takes the same form, but the constants are somewhat

different.
¢
Voull) = Vo (1 ~exp (——))
TC

QRioad — 4CpR10adVD — teak Rivadl’

-‘/E):




Chapter 2. Background and theory

19

CRloadT

CTTy 2Cp Ripad

It can be seen that as R;,.q approaches infinity, the expression for 7¢ nears the

expression in equation [2.35]

Additionally, if Cp << C, the expression for 7¢ is approximately equal to R;,q.C.

If the diode leakage is modeled as a regular resistance:

where

Ry (Q —4CpVp)
b=

T+ 2CpRu
ORtotT

T = —

T+ 2Cp Ry

Rtot _ RdiodeRload

Rdiode + Rload

The discharge of the circuit follows the pattern of an RC circuit.

VOLTMETER

Rd Rd Cc

| Rd Rd

R_V

GNDV

FIGURE 2.13: Diode leakage modeled as high value resistors

V;)ut d‘/out
=C
Rtot dt

t
%ut(t) - %ut(o) exp <_R tC)
to

(2.37)

(2.38)
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Chapter 3

Experimental setup

3.1 Power measurement

As triboelectric material for the rain droplets, a 25 um thick fluorinated ethylene
propylene (FEP) polymer film is used. Interdigitated nickel electrodes of 80 nm
thickness are evaporated onto the back-side of the FEP using an electron-beam
evaporator located at the nanolaboratory at the Department of Physics and Tech-
nology,

External electrical wires were connected to the electrodes using conducting glue
or tape. Each electrode had nine fingers that interdigitated with the other electrode.
In respect to figure D was 2.5 mm, and d was 2.0 mm. The drop radius was
estimated to be about 2.8 mm.

The rain cell was mounted underneath a nozzle which continuously dropped
droplets onto it from a height of 36 cm. For a period of 1 minute, droplets were al-
lowed to fall onto the raincell at a rate of 2.5 droplets per second. The droplets were
about 0.093 mL apiece, and slid down into a glass beaker. A pump continuously
pumped the water from the beaker up to the nozzle so as to ensure a continuous
dripping.

The electrodes were connected to a test resistor, and the voltage and current
were measured simultaneously using a picoammeter and voltage probes. As the
droplets deposited negative charge on the polymer, the reservoir in the beaker
would get positively charged over time, functioning somewhat like a Kelvin wa-
ter dropper. This increased the current generated by the rain cell, but as this phe-
nomenon does not occur when ordinary rain falls on a rain cell, both the beaker and

the nozzle were grounded to remove any additional charge.
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FIGURE 3.1: Experimental setup

Rain cell
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FIGURE 3.2: Power measurement
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3.1.1 Equipment

o Keithley 6485 Picoammeter: The current reading was converted to a voltage

signal on the analog output, which in turn was read with the Vernier probe.

— Current reading uncertainty for range 2 pA: +(0.15% + 100 pA)
— Analog output uncertainty: 3 % £ 2 mV.

e Vernier Differential Voltage Probe
— Resolution: 3.1 mV

e Vernier LabQuest Mini

e Resistors of different values

— Tolerance: +1%

The measurement was repeated for different test loads. Seeing as every droplet
left an unique waveform, the power was calculated using an average of the highest
peaks achieved per droplet. The whole experiment was run again on two different
days to see eventual day to day variations.

The 50 Hz power line noise was reduced with a zero phase digital IIR bandstop

filter (figure [3.4).

Voltage filtering

| Unfiltered
Filtered
1t
05 ’
s ' ﬁ I
5 0 PAAASRAAAA | ||| ! ‘L [ | M pracronaas
= I \f
3 | !
=
05T N
ER:
15T

176 17.65 17.7 17.75 178 1785 179 1795 18 18.05
Time (s)

FIGURE 3.4: Measured waveform before and after filtering
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Power peaks (filtered)
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FIGURE 3.3: Each droplet provides a power peak (indicated with red),
here with an effective load of 4 megaohms.

3.2 Full wave rectifier

The same rain cell was used in this experiment. The droplets were dripping onto
the rain cell from a height of 36 cm. The rain cell was angled at 45 degrees. Droplets
were dropped onto the rain cell at a rate of 2.5 droplets every second. The current
waveform generated by the rain cell was rectified through the diode bridge, and
the storage capacitor was charged. The voltage over the storage capacitor was mea-
sured over time. When the voltage had leveled off, the pump was turned off and
the capacitor was allowed to discharge without adding any additional load.
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RAIN CELL VOLTMETER

T +
V+
C _]_
| P c RV
@ T \/\

VA | -

GND

FIGURE 3.5: Voltmeter measuring the voltage over the storage capaci-
tor

3.21 Equipment

e Vernier Differential Voltage Probe
— Resolution: 3.1 mV
e Vernier LabQuest Mini
e 10 puF' electrolytic capacitor
e ON Semiconductor 1N3595 diodes [27]

— Reverse current for 125 V: max 1 nA

— Forward voltage: < 0.68 V



25

Chapter 4

Results

Uncertainties for the measurements in this chapter were calculated in the manner
described in appendix

41 Waveform

Figure[4.1|depicts the electrical waveform produced by two droplets. They are char-
acterized by an initial rapid oscillation with a higher amplitude which comes from
the droplet impacting the rain cell surface and flattening out over the electrodes.
Then the signal transitions to a slower oscillation of lower amplitude as the droplet

slides down the rest of the rain cell.
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Voltage and Current waveforms
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FIGURE 4.1: Sample voltage and power measurements for two

droplets
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By lowering the nozzle all the way down to the rain cell, the impact oscilla-

tions were minimized and the waveform of the droplet sliding down the polymer

were emphasized. Here the voltage signal of an open circuit voltage is compared to

equation [2.14]
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Experimental waveform ll i
Theoretical waveform [
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FIGURE 4.2: Experimental and theoretical waveform superimposed

The parameters used for fitting were the coefficient of charge transfer or charge
density o, and the constant £ = v(t)/t.

€& =g(sinf — pcosh) 4.1)

A ¢ of 0.91 was used in the equation. An angle between 5 and 10 degrees give
a coefficient of friction between 0.8 and 0.06 which is not entirely unreasonable.
citation The charge density was set to 0.00006. Good? Bad?

The experimental signal fits nicely with the theoretical waveform for parts of it,
however in the beginning the theoretical waveform lags behind the experimental
one. There are a few possible explanations for this. The droplets were pumped onto
the rain cell with a pump, and so there was a force in addition to gravity acting on
the force at the very beginning of the run. Additionally, with the polymer simply
glued onto a piece of plastic, there are inherent differences in the surface topology

with small creases and raised areas which can introduce unpredicted results.

4.2 Maximum power

Voltage and current were measured over time as droplets fell onto the rain cell.
Power was calculated as the product of voltage and current. Each droplet had a
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power peak as the droplet first struck the polymer. These peaks were chosen as
basis for the power measurement for a couple of reasons.

Firstly, it is assumed that the capacitance of the rain cell doesn’t remain constant
throughout the process. The droplet changes shape as it hits the rain cell, and it
changes its location relative to the electrodes. An unchanging capacitance is how-
ever preferable as it allows for simpler modeling. With some loss of precision, an
"effective capacitance" can be found and utilized in modeling and analysis. With
the goal being to extract as much power as possible from the rain cell, it is natural
to measure the capacitance where the most energy is generated.

Blt) = /0 Pyt 42)

As evident from figure almost all the generated energy is produced in the
initial high power impact, while the energy produced as the droplet rolls down the
rest of the rain cell is much lower.

Accumulated energy for different parts of the waveform
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FIGURE 4.3: A sample droplet waveform, load resistance is 4Mw.
Secondly, in the sixty seconds the droplets were dropping onto the rain cell,

droplets were actually on the rain cell for less than half that time. The breaks be-
tween droplets took up most of the time. Therefore, averaging the power produced



Chapter 4. Results 29

would have given a result dependent on the droplet duty cycle which was arbitrar-

ily set in the pump.

The average peak voltage and current measurements were calculated as follows:

Peaks were detected from the absolute value of the voltage waveform. The mean
of these peak values was recorded below in table 4.1 and 4.2 for each of the load

resistances. They are also displayed in graph form in figures and

TABLE 4.1: Average peak voltage measurements

Peak voltage (V)
Load resistance Caleulated
(M) resistance | First series | Second series | Third series
(M)
1.1 099 4+£0.01 |1.34+0.02| 1.2640.02 1.31 £ 0.02
2.5 2.00+0.04 | 232 4+0.03 | 210+0.03 | 2.16 +0.02
4.3 3.01+0.09 | 3164+0.04 | 292+0.04 | 2.734+0.03
6.6 4.0+0.2 3.714+0.03 | 347 £0.04 3.10 + 0.03
9.91 50+0.2 416 +0.04 | 3.78+0.05 | 3.36+0.03
14.894 6.0+ 0.4 440+ 0.04 | 4.04 £0.05 3.54 + 0.04
23.612 7.0+0.5 457 +£0.03 | 4.39 4+0.06 3.64 + 0.03
39.76 8.0+0.6 463 +0.03| 349+0.06 | 3.70+0.03
90.082 9.0+0.8 475+0.04 | 329+0.05 | 3.63+0.03
Inf 10+1 490+0.03 | 241+0.05 | 3.28+0.03




Chapter 4. Results

30

TABLE 4.2: Average peak current measurements

Peak current(uA)
Load resistance Caleulated
(MQ) resistance | Firstseries | Second series | Third series
(M)
1.1 0.99 +0.01 | 1.07 £0.01 1.05 + 0.02 1.16 + 0.01
2.5 2.00+0.04 | 0.90 4+ 0.01 0.96 + 0.01 1.01 +£0.01
4.3 3.01 £0.09 | 0.77 £0.01 0.96 +0.01 0.90 £+ 0.01
6.6 40+0.2 0.64 +0.01 0.93 + 0.02 0.82 +0.01
9.91 5.0£0.2 0.537 +0.005 | 0.87 +0.02 0.77 £ 0.01
14.894 6.0+ 04 0.453 +£0.004 | 0.80 + 0.01 0.74 + 0.01
23.612 7.0+0.5 0.381 £0.003 | 0.80+0.02 | 0.69 +0.01
39.76 8.0+ 0.6 0.329 +£0.003 | 0.67 +0.01 0.66 + 0.01
90.082 9.0+ 0.8 0.296 +£0.004 | 0.62 + 0.01 0.62 + 0.01
Inf 10 £1 0.287 +0.005 | 0.47 +0.01 0.56 + 0.01
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FIGURE 4.4: Voltage and current peaks measured for different resistive
loads
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It is evident that something happens with the voltage in the second series. The
voltage rises in an expected manner for higher resistances until it reaches seven
megaohms. From there the voltage readings take a sharp turn downwards. this
behaviour is not consistent with expectations. Assuming the resistances are correct,
another variable must have changed. In the voltage depends on the quantity
o, which is a proportionality factor that encompasses the charge density in the poly-
mer. The charge density of the polymer sinking could explain the voltage drop. In
the paper by Yatsuzuka et al. [20], it is reported that the charge amounts of both the
polymer and the droplet decrease as the conductivity of the water increases. While
the water in the experiment was initially purified, it was subjected to impurities in
the atmosphere throughout the duration of the experiment. The same water was
recycled into a open container from which the droplets were pumped up again.
As the experiment was conducted by increasing the load resistance for each subse-
quent run, it would make sense for the voltage to drop towards the high side of the
resistance axis. Little consideration was taken towards keeping the time between
runs constant, so the drop could very well be abrupt.

Another possibility is that moisture found its way behind the rain cell and be-
tween the electrodes. The experiment naturally included some water splashing,
and while there was some rudimentary shielding to protect the edges of the rain
cell, it was not waterproof. Water seeping into the rain cell could provide an alter-
nate electric path which would lower the effective load resistance and thus also the

voltage measured.

The power was calculated by multiplying all the voltage measurements with
the current measurements and detecting the peaks. As the load is resistive, current
peaks and voltage peaks occur at the same time, and so do also the power peaks.



Chapter 4. Results

33

TABLE 4.3: Average peak power measurements

Peak power (uWV)
Load resistance Caleulated
resistance | First series | Second series | Third series
(MQ) (MQ)
1.1 099 £0.01 | 1.434+0.07 | 1.35+0.09 1.53 +0.07
2.5 2004+£0.04 | 21401 21+0.1 2.22 +0.09
4.3 3.01+009 | 25+0.1 29+0.2 25+0.1
6.6 40+0.2 2.40 £+ 0.08 3.24+0.2 2.51 +0.09
991 5.0+ 0.2 2.24 + 0.08 3.24+0.2 2.48 4+ 0.09
14.894 6.0+ 0.4 1.96 + 0.07 31+0.2 25+0.2
23.612 7.0+0.5 1.65 £ 0.05 344+0.2 22 +0.1
39.76 8.0+0.6 1.37 £ 0.04 22+0.2 2.16 = 0.08
90.082 9.0+0.8 1.19 + 0.04 1.94+0.1 1.94 + 0.07
Inf 10£1 1.10 £ 0.04 1.1+£0.1 1.59 £ 0.06
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FIGURE 4.5: power generation for different resistive loads, first for the
peak power production for each droplet, and then the average power
for the whole period (not only the peaks). This second plot includes the

time between droplets, and may therefore be somewhat misleading.
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In both figures it is evident that

TABLE 4.4: Three day mean

Load resistance Calculated
) Peak power (uWV)
(M) resistance (M (?)
1.1 0.99 £+ 0.01 14 +0.1
2.5 2.00 &£ 0.04 22401
4.3 3.01 + 0.09 26+03
6.6 40+0.2 274+0.7
991 50+0.2 27 +0.8
14.894 6.0+ 04 25+09
23.612 70+05 241
39.76 8.0+ 0.6 1.9+0.7
90.082 9.0+0.8 1.7 £ 0.6
Inf 10+1 1.3+04
. Power generation
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FIGURE 4.6: Power generation for different resistive loads

The true voltage is estimated using equation Using a Ryaz power Of 4 MS2
and adjusting the voltage, an ideal voltage of 4.8 V was found to fit well with the
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curve. For higher resistances the voltage dropped, which is evidence of some of the

higher resistance measurements not being in line with the rest.

Estimating max voltage
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FIGURE 4.7: Estimating the true voltage value

Using this voltage in equation
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FIGURE 4.8: Comparing theoretical and experimental values for peak
power

The highest power transfer measured was 2.7 microwatts, and it was achieved
with a resistive load of about 3 - 5 megaohms. At this load, the average energy per
droplet is about 0.014 microjoules. This is more than the 1.5 nanojoules that was
achieved by Yang, Halvorsen and Dong [11] when rolling mercury drops on similar
FEP-covered interdigitated electrodes, however, the comparison is not entirely fair
as the mercury drops were merely rolling back and forth on a rotating cell, while
these water droplets are dropped from a height.

Wijewardhana et al. [28] had a comparable device (WMAT) that achieved sim-
ilar results as we have achieved here. Using a fresh PTFE surface, the energy they
recorded was around 10 nanojoules per droplet for a wetted polymer. However,
using a PTFE surface rubbed with cotton, they achieved a much higher charge den-
sity, and consequently the energy per droplet was about 6 times that of the steady
state untreated PTFE. This effect did not last over time however, and the rubbed

surface dropped down to the level of the untouched surface within two days.

Having learned the resistance for which the power output is greatest, equation
should tell us the effective capacitance Cp of the rain cell model.

C= !

WRmaz power



Chapter 4. Results

38

A problem arises since the droplet signal does not have a singular frequency. As
observed in figure the signal slows down as the droplet flattens out. For the
sake of simplicity, this can be regarded as a single decreasing frequency, and the
average frequency over the high power part of the waveform can be used in further

calculations.

Voltage peak frequency

5k

14.14 14.15

14.16

1417 14.18

Time (s)

14.19

14.2

FIGURE 4.9: The initial impact generates the greatest amount of volt-
age. This part of the waveform has some different frequency compo-

In this case:

nents

Y 271'# cycles 5 3

time

= “T14.1786 — 14.1620

= 1135.5

(4.3)

Sampling several different droplets shows that the angular frequency typically
is in the range of 1000 - 2000. With a R4z power Of 4 M), this gives a capacitance

range of 0.25 to 0.125 nanofarad.

4.3 Charging bridge rectifier

# Derive charge transfer
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The discharge curve was fit using equation and the parameters V,,;(0) and
Ryoi. The best fit was achieved for a load resistance of 21 megaohms. With a storage
capacitance of 10u.F, this gives a 7¢ of 210.

With the rated leakage of the diodes being less than 1 nA, this leakage is two orders
of magnitude smaller than the current through the voltmeter, hence it is difficult to
distinguish it from the graph.

Equation2.35|was fit to the charging curve with the parameters V; and 7¢. Since
the value for Cp is five orders of magnitude lower than that of C, the time constant
for the charging curve is R;,,C, which is the same as for the discharge curve. With
a Vj of 0.81V, this fit well with the charging curve.

Storage capacitor charging curve
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FIGURE 4.10: Bridge rectifier circuit charging a 10 F' capacitor
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Storage capacitor discharge curve
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FIGURE 4.11: A 10 o F capacitor being discharged

Solving for Q, equation gives the following;:

~ WT +2CpRitVo + 4Cp RiotV

Q R (4.4)
Vo=081V
Cp=02nF
Ry =21 M2
Vb =068V
T=04s

The value of Cp is an estimate from section T is the period from which one
droplet drops until the next one. This gives a total charge of 16 nC per droplet.
In comparison, the charge on the storage capacitor in its steady state was V;, - C' =
8.1uC'. As each droplet only spent 0.155 seconds on the rain cell, this amounts to an
average current of 0.11A as the droplet is active.
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Chapter 5

Discussion

5.1 Energy harvesting potential

The average power a rain cell can provide then depends on the rain intensity. Rain
intensity is typically measured in mm/hr, so for a rain cell with effective area A,

E rople
Py = ¢ plt-Acosgb-RI (5.1)
‘/droplet

Edropier = Energy of a single droplet
Viroplet = Volume of a single droplet
R; = Rain intensity
¢ = Angle of the rain cell

This simple model does not account for different droplet sizes, velocities, impact
location, or the effects of multiple droplets. it is merely intended to give an estimate
of the available power.

Considering the rain cell and droplets used in the previous experiment:

14-107°]

m - 4082 mm2 + COS 450 .

Pavg:

1 hr ] hr
"Ry=12-107""—. 2
3600 0 ams T 62

This equals 3.0-107%- R; watts per square meter. It is safe to assume that the char-
acteristics of a rain cell will not remain the same regardless of scale, however, there
should be a somewhat equal distribution of simultaneously impinging droplets
having destructive or constructive effects on each others waveforms. Capacitance
is dependent on area, so the capacitance of the rain cell will most likely change,

unless several small rain cells are combined into one big one.
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5.1.1 Rain intensity

In order to evaluate the potential of the rain cell as an energy gatherer, it is necessary
to consider rainfall statistics in the area of operation. Each droplet deposits a certain
amount of energy, and this energy combined with the rate of rainfall and the size of
the rain cell gives the continuous energy yield available from rain. However, there
are intricacies that make this calculation somewhat more complex.

The following data is taken from eklima.met.no[29]. They display the number
of millimetres of precipitation per minute during the year of 2016 at Sandsli ob-
servation station. This was the only dataset in the Bergen area covering a whole
year without missing time periods. The data was recorded with a pluviometer,
which recorded the minute whenever a new tenth of a millimetre of rain had fallen
through it. This method caused certain gaps where the rain intensity was lower
than the resolution of 0.1 mm/minute. These gaps were filled in with PCHIP (piece-
wise cubic hermite interpolating polynomial) interpolation. Figure |5.1| shows the

cumulative rainfall for the entire year.

2000 T
1800 [~ P
1600 [~ v, -
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= ". —
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1000 [~ 4
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Total rainfall height [mm
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Time 2016

FIGURE 5.1: The total rainfall during the year of 2016
The rain intensity is the time derivative of this function. It is displayed in figure

The resolution of the data leads to artifacts in the data for multiples of 60 * 0.1

mm /minute.
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FIGURE 5.2: Rain intensity during the year of 2016

For 2016, the average rain intensity for a single day was 0.44 mm/hr. Looking
only at the days with rain, the average was 0.78 mm/hr. Using equation 5.2| for a
small rain cell, this amounts to 0.053 nW and 0.094 nW, respectively. Per square
meter it amounts to 13 nW and 23 nW.

5.2 Leakage

5.2.1 Diode leakage

Ideally, once the energy was stored, it would remain there until it was needed. Un-
fortunately, real diodes and capacitors have characteristics that make this difficult.
While diodes will block most of the current going the wrong way, there will still
be a small leakage current finding its way through. This is evident from the diode
equation (Eq. 2.29). In circuits with relatively high voltages and currents, a sub-
microampere leakage current will usually be of little consequence. In a rain cell
system however, the loss is much closer to the levels of current produced, and so it
needs to be accounted for in the design.

Figure [5.3|shows the current through three different commercial diodes for dif-
terent DC voltages.
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108 Diode reverse current characteristics
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FIGURE 5.3: I-V characteristics for reverse biased diodes

For reverse voltages over a volt, the I-V relationship can be approximated as a

linear function, which makes calculations easier.

# Model of reverse biased current

5.3 Bridge rectifier

# Discuss the theoretical limits that the leakage imparts on the circuit.

As discussed in section the steady state voltage of the storage capacitor, and
consequently its contained energy, is limited by the amount of charge produced
by the rain cell, the internal capacitance of the rain cell, the voltage drop over the
diodes, the load, and the leakage through the diodes. When conducting the bridge
rectifier experiment, this steady state voltage was 0.81 V. Using the values obtained
in that experiment, the voltage for a circuit without load can be estimated. Equation
shows that for an ideal circuit without leakage or voltage drops, the steady state
voltage would be:

. Q  16nC
- 20p 2-02nF

Two voltage drops of 0.68 V each bring this down to 38.64 V. The leakage is a

Vo =40V

little more complicated, as it depends on the droplet duty cycle. As an example, we
can assume that the time between droplets is twice that of the droplets time on the
rain cell. The final voltage would then be

tteak ]’ InF-2-0.155s

=38.64V — = 37.87

Vo =38.64V —
0 20p 2.0p
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Evidently, the effects of such a low leakage are small at this duty cycle. At lower
rain intensities, it has a greater bearing on the energy storage, and naturally if the
rain stops the leakage will eventually drain the storage capacitor.

Using rain statistics in a similar manner as in section the duty cycle is de-
pendent on the rain intensity.

Tacti'ue Ndroplets RIA COos ¢

dec = T = Tdroplet = Tdroplet
total t

(5.3)

‘/droplet

dc = Duty cycle
Naropiets = Number of droplets
t = Time
Taropiet = Time the droplet spends on the rain cell
Viroplet = Volume of a single droplet
R; = Rain intensity
A = Rain cell area

¢ = Angle of the rain cell

Tdro let Tdro let
de = =4ropet = T = —&roret 5.4
¢ T dc (54

Inserting the expression for duty cycle in equation 2.35}

Q ileaderoplet
Vo= —% — 2V, — Lleak” droplet 5.5
T 2c, TP 20pde 5.5

_ i _ 9V — ileak‘/d'roplet
20, b 2CpRAcos ¢

Using the typical rain intensities from section 0.44 mm/hr average and

Vo (5.6)

0.78 mm/hr average for rainy days, the following values for the steady state voltage
is achieved:

16 nC' 1nA 9.28 - 1078 m?
=——F—2-068V — =-840V 5.7
2:02nF 2-0.2 nF 0.004082 m? cos (45) Ry 67)

Vo

Obviously, the voltage will not really reach such low limits. It is a consequence
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of the leakage being treated as a constant current. In reality, the current would stop
as the voltage approached zero. Nevertheless, this means the average rainfall is
not sufficient to sustain a voltage with leakage of this magnitude over time. The
voltage may build up over shorter periods with heavy rain, but unless it is used, it
will leak away. To sustain a 5 V voltage a rain intensity of 11.5 mm/hr is needed,
which is quite a lot, even for Bergen. This can be mitigated by using a larger rain
cell. Increasing the area of the rain cell would increase the deposited charge, and
increase the number of droplets that fell onto the rain cell. Even keeping the de-
posited charge the same, an area of 0.107 m? is sufficient to keep all voltage from
seeping away, giving a steady state voltage of 5V.

The time constant 7¢ is a measure of how long it takes for the storage capacitor
to fully charge. The capacitor will charge to within 1 % of its final value within 5
7¢ [30]. The value of this time constant is described by equation Substituting
equation[5.4]into it, we get

oo — Laropter € € Varopter
¢ de Cp C,RrAcos¢

A larger storage capacitance means slower charging, while higher rain intensity

(5.8)

and a larger rain cell speeds it up. A larger internal capacitance also lowers the
time constant, but at the price of a lower steady state voltage. The storage capacitor
is required to have a certain amount of capacitance determined by the usage it is
intended for. For instance, running a Microchip ATtiny1634 microcontroller for one
second requires 0.36 mJ of energy [31]. For a given Vj, the energy stored in the

capacitor at full voltage is

1
U= 3CV (5.9)

Assuming a voltage regulator that can convert voltages without limitations and
without loss, and an upper 1, bound of 5V, the storage capacitor would need to be
at least 2.9 - 107 F. With voltage regulators typically only a range of voltages are
convertable, and there will be some loss in the conversion process. This means that
the storage capacitance in practice would need to be somewhat higher.

Using equation the time required for such a capacitor to reach a sufficient
voltage can be estimated. Using the increased area required to achieve a 5 V steady
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state, the time constant is as follows:

~29-107°F 9.22-1078 m?
©0.2-1079 F1.22-10~" m/s - 0.107 m2 - cos 45°

e = 1450000 s = 405 hr  (5.10)

After just under 17 days of average rain intensity, the capacitor would have
reached 63.2% of 1 [30]. To get within 1% would take five times that.
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Chapter 6

Conclusion

6.1 Conclusion

The goal of this thesis was to evaluate the potential of rain cells as an energy source,
and to explore the mechanism of gathering this energy for use. The first step was
to derive the waveform produced by the interdigitated electrode rain cell. As this
waveform was very close to sinusoidal, concepts such as impedance and frequency

could be applied.

A model of the rain cell consisting of a current source and a capacitor in parallel
was utilized, and it was determined that the rain cell would produce the maximum
amount of power when its internal impedance was matched with its load. This pro-
vided an experimental method of determining the effective impedance of the rain

cells internal capacitor.

Then a model was developed that described the charging and discharging of a
storage capacitor connected to the rain cell through a rectifying bridge. This model
shows the amount of voltage and indirectly energy that it is possible to collect from
a rain cell under certain parameters, and it shows how quickly this process hap-
pens. Experimentally it could be used to determine the amount of charge produced
by each drop hitting the rain cell.

Three experiments were conducted. The waveform model was compared to the
actual signal, and was found to fit well. The rain cell power transfer was measured
over different resistive loads, and the effective capacitance of the active rain cell
was discovered to be about 0.2 nF. A full wave rectifier was connected to the rain
cell and rectified the current into a storage capacitor. This charging curve fit well

with theory, and the charge induced by a single drop was discovered.
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From the values discovered during the experiment it was to some extent pos-
sible to extrapolate the limits of the rain cell in a real world scenario. A formula
was developed that related rain intensity to the energy production of the rain cell.
It was shown that small rain cells of the sort used in the experiment were insuffi-
cient when it came to produce and maintain a stored voltage. The diode leakage
was too large to overcome without significant sustained downpours. However, in-
creasing the area of the rain cell improved the energy production considerably, and
even with the yearly average rain intensity, the maintenance of a usable voltage be-
came possible. The time the rain cell used to charge up the storage capacitor was
also related to the rain intensity, although whether or not the times achieved are ac-
ceptable or not depends on the intended use. Charging for 85 days just to power a
microcontroller for a second may be sufficient in some scenarioes, but if more speed

is needed, increasing the rain cell surface area is the best bet.
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Appendix A

Estimating measurement uncertainty

A.1 Power measurement

For a single power reading, the power was calculated as the product of the picoam-
meter and voltage probe values.

The picoammeters standard uncertainty was composed of the measurement ac-
curacy described in the datasheet, the uncertainty of the analog output, and the
resolution of the vernier probe. The measurement uncertainty and the analog out-
put uncertainty are both normally distributed with a 95% confidence interval. The

resolution of the Vernier probe gives a rectangular uncertainty distribution.

u(I) = \/u%neas + ugo + /U/%GS (A'l)

2 2 NG

The voltage was measured with another Vernier voltage probe.

0.0015- I +0.0001 uA\?> /0.03-1+0.002 uA\?  /0.0037 nA\?>
(L LR (00T (BN

0.0037 V
V(3)

An individual power calculation P = VI has the following combined uncer-

UW(V) = Upes = (A.3)

tainty:

u(P) = \/V2u2(I) + I2u2(V) (A.4)

The uncertainty of the power peak mean for a single load resistance was calcu-
lated as the combination of the instrument uncertainty and the standard deviation

of the repeated peak measurements.

U(Pmean) == \/UQ(lest) + N (A5)
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o) =\ () P+ gy S PE (a9

=1

<

The measurement was repeated over three days to evaluate day-to-day varia-

tions.

1 2 N 1 -
U(Pmean(3days)) = <N> Z u2<Pmeom,i) + m Z(Pmean,j - P)2 (A7)
=1

J=1

To achieve a 95% confidence interval, the resulting standard uncertainty was
multiplied with a cover factor of 2. As the three day mean only had three measure-
ments, a Student’s T distribution was used to determine its standard uncertainty.

There was also some uncertainty present in the load resistors. As the voltage
probe had an internal resistance comparable to the loads in use, it acted as a sepa-
rate load wired in parallel. Load resistors were therefore chosen so that the resultant
resistor networks amounted roughly to integer values of megaohmes.

RloadRprobe
Riyp = ————— A8
tot Rload + Rprobe ( )
The uncertainty of N resistors with the same relative uncertainty wu,, = “(ij) in
series is calculated as follows: N
Ri = > R; (A9)
=1
N oR N2 N
2(Rypt) = L) wE(Ry) = 2(R; A.10
() =3 (Gt ) ) = Do) (A10)
N N
W (Riot) = Dy B =l Y B} (A1)
=1 i=1
uR\? 2 2 sz\il R?
W (Ri) = () DB = up = (A.12)
=1 (Zi:l Ri)
N 2
v R
izt 5 < 1= u(Rix) < u(R) (A.13)

The uncertainty of resistors in series is less than the uncertainty of a single resis-

tor of the equivalent resistance and the same relative uncertainty.
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Similarly, for parallel resistors:

1 1 1 Ri Ry

e R, = Al4
Ry Ry Ry tot Ry + Rs ( )
2 a-Rtot 2 2 a-Rtot ? 2
u”(Reor) = oR, ) " (1) oR, ) " (R2) (A.15)
R2 2 R? 2
u?(Rior) = (m) u(Ry)? + (m) u(Ry)” (A.16)
R2 2 Ju(Ry)? R? > u(Ry)?
2 2 2 1 1 2 2
= — A.17
4 B <<R1 +Rz)2> MRt ((m +Rz)2> g (A17)
R:R;  \° u(Ry)? R2Ry  \” u(Ry)?
QRO:( 2 ) . ( =2 ) 2 A.18
o) =\ mame) ' T\mrme) B (A.18)
RyR \? RiR \?
u?(Rior) = <R1 n RQ) Upe + <R1 n Rg) Uy (A.19)
R?R?
o 2 2 1442 A2
u*(Riot) = R urel_(Rl + R,)? (A.20)
R? + R2
2(Riot) = W (R) o —— 2 A21
U (Rt t) Uu (R) (Rl _|_ R2)2 ( )
R? + R2
m <]l= u(Rtot) < U(R) (AZZ)

As this is true for two resistors in parallel, it must necessarily be true for sev-
eral resistors as well. In the same way, any resistor network of parallel and series
resistors with the same relative uncertainty will have lower uncertainty than an
equivalent resistor with the same relative uncertainty. For the sake of simplicity,
the load resistor networks have therefore been treated as single resistors in this
analysis. This choice also counters any correlation that could be present between
the separate resistor uncertainties.

The uncertainty of the internal resistance of the voltage probe was not described,
so it was estimated to be 10% of its value. The uncertainty for the resultant load of

the resistor and the internal resistance of the probe is:

R2 b 2 R2 2
2(R ot) = probe ) Riu, 2 + ( load ) Ryrone 2 (A3
! ( t t) <(Rl0ad + RPT’056>2 U( l d) (Rload + Rprobe>2 U( prob ) ( )
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