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Development of a Thermoelectric Harvesting Unit to Retrofit a Vortex Tube for

Remote Monitoring Applications

by Mariana RAMOS

The rapid development of the Internet of Things (IoT) has led to a high demand for
self-powered, sustainable devices, as a means to replace batteries and reduce the need
for wired connectors. For this reason, the phenomenon of converting ambient energy
into electrical energy, known as energy harvesting, has been extensively investigated as
an alternative to typical energy sources. Thermoelectric generators (TEGs) have received
special attention for their ability to convert otherwise wasted thermal energy into useful
electric energy, making them a clean and sustainable energy source.

This work’s goal is to develop an energy harvesting unit (EHU) that can be retrofitted
on a vortex tube to take advantage of the high temperatures it generates, and be integrated
in a gas distribution network to power a processing unit (PU) for in-situ monitoring.

In the first part of this work, the EHU consists of the assembly of commercial TEGs
on a geometry that can be placed around the vortex tube and are topped by metallic
heatsinks. For that, the shape and material of the geometry were optimized as well as the
heatsink’s dimensions through numerical simulations. Three different prototypes were
made and tested on the vortex tube. The highest outputs were produced by a 3D printed
geometry made of polylactic acid with 10x10 mm? TEGs, which generates a maximum
output power of 37.3mW (460 mV of voltage and 80.5mA of electric current) for a TEG
temperature gradient of 16.9 °C.

In the second part, flexible screen-printed radial TEGs that can be placed around the
tube were optimized. Numerical simulations were performed to optimize their design,

and since the device’s thickness is difficult to control through screen-printing, the impact
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of printing 1 to 4layers was studied, as well as the influence of two different thermal
treatments. It was concluded that each layer increases the thickness by about 50 um and
slightly increases the surface roughness. The morphological, crystalline and transport
properties of the thermoelectric ink are not affected by the number of printed layers or by
the thermal treatments. Its Sebeeck coefficient and electric conductivity average -97 uV /K
and 100S/m, respectively, which corresponds to a power factor of 0.93 uW/(K?m). Ther-
mogravimetric analysis shows that the ink can endure temperatures up to 500 °C and
therefore wouldn’t deteriorate for the intended application. Preliminary tests of the me-
chanical stability indicate that the thickness increases the ink’s brittleness and worsens its
flexibility.

Additionally, the radial TEGs with 10 thermoelectric stripes connected in series were
printed, also with 1 to 4 layers of the thermoelectric ink and underwent the two thermal
treatments. It was verified that under the same measurement conditions, the devices’
temperature gradient was roughly the same, and therefore so was their output voltage.
However, because their internal resistance decreases with the ink’s thickness, the num-
ber of printed layers increases the output power. A proof of concept device made of 20
radial TEGs was printed with 1layer and tested on the vortex tube. A maximum output
of 100.15nW was measured, which allows us to predict that if a device was produced
with the maximum number of TEGs that can fit on the tube, outputs of 1.10 uW could be
generated, and this value could be further increased by printing more layers of the ther-
moelectric ink. Although this approach generates less energy than the first, these devices
are less bulky and easier to manufacture and employ.

Finally, a self-power sensor IoT system was built, using the first prototypes developed
to power a PU capable of feeding a sensor, reading its signal and sending it wirelessly. It
was confirmed that the devices generate enough energy to power the PU and allow it to
continuously feed a graphene sensor with a voltage of 3.5V, correctly read the sensor’s

voltage drop and send the read data at minimum rate of 1.5s7 ..
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Desenvolvimento de uma Unidade de Colheita de Energia Termoelétrica para

Instalacdao num Tubo Vértex para Aplicacoes de Monitorizacao Remota

por Mariana RAMOS

O répido desenvolvimento da Internet das Coisas (IoT) levou a uma alta procura por
dispositivos autoalimentados e sustentdveis, como forma de substituir as baterias e re-
duzir a necessidade de conectores com fio. Por esta razdo, o fenémeno de conversio
de energia ambiente em energia elétrica, conhecido como colheita de energia, tem sido
investigado extensivamente como alternativa as tipicas fontes de energia. Geradores ter-
moelétricos (TEGs) tém recebido atengdo pela sua capacidade em converter calor de outra
forma desperdicado em energia elétrica ttil, tornando-os uma fonte de energia limpa e
sustentavel.

O objetivo deste trabalho é desenvolver uma unidade de colheita de energia (EHU)
que possa ser instalada num tubo voértex para tirar vantagem das altas temperaturas que
este gera, e ser integrada numa rede de distribui¢do de gés para alimentar uma unidade
de processamento (PU) para monitoriza¢do no local.

Na primeira parte deste trabalho, a EHU consiste na montagem de TEGs comerciais
em cima de uma geometria que pode ser colocada ao redor do tubo vértex e sdo enci-
mados por dissipadores de calor metalicos. Para isso, a forma e material da geometria
foram otimizados, assim como as dimensdes dos dissipadores de calor, por simulagdes
numéricas. Por fim, trés protétipos distintos foram produzidos e testados no tubo vortex.
Os melhores resultados foram produzidos por uma geometria impressa em 3D feita de
acido polilatico com TEGs de 10x10mm?, que gera uma poténcia méxima de 37.3 mW
(460 mV de tensdo e 80.5 mA de corrente) para um gradiente de temperatura dos TEGs de

16.9°C.
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Na segunda parte, TEGs flexiveis e radiais foram fabricados e otimizados usando
screen-printing para serem colocados a volta do tubo. Simulagdes numéricas foram efe-
tuadas para otimizar o seu design, e uma vez que a espessura dos dispositivos é dificil de
controlar por screen-printig, o impacto de imprimir 1 a 4 camadas foi estudado, bem como
a influéncia de dois tratamentos térmicos diferentes. Foi concluido que cada camada au-
menta a espessura por cerca de 50 um e aumenta ligeiramente a rugosidade da superficie.
As propriedades morfolégicas, cristalinas e de transporte da tinta termoelétrica ndo sado
afetadas pelo nimero de camadas impressas ou pelo tratamento térmico. O seu coefi-
ciente de Sebeeck e condutividade elétrica sio em média -97 uV/K e 100S/m, respeti-
vamente, o que corresponde a um fator de poténcia de 0.93 uW/(K*m). Analises ter-
mogravimétricas mostram que a tinta consegue aguentar temperaturas até 500 °C e por
isso ndo seria degradada na aplicagdo pretendida. Testes preliminares das propriedades
mecdnicas indicam que o aumento da espessura aumenta a fragilidade da tinta e piora a
sua flexibilidade.

Adicionalmente, TEGs radiais com 10 listras termoelétricas conectadas em série fo-
ram imprimidos, também com 1 a 4camadas da tinta termoelétrica e sofreram os dois
tratamentos térmicos. Foi verificado que nas mesmas condi¢des de medicdo, o gradi-
ente de temperatura dos dispositivos era aproximadamente o mesmo, e por isso a sua
tensdo também. Contudo, como a sua resisténcia interna diminui com a espessura da
tinta, o nimero de camadas impressas aumenta a poténcia gerada. Um dispositivo de
prova de conceito feito de 20 TEGs radiais foi imprimido com 1 camada e testado no tubo
vortex. Uma poténcia méxima de 100.15nW foi medida, o que nos permite prever que
se um dispositivo fosse produzido com o nimero méximo de TEGs que cabem no tubo,
poténcias de 1.10 uW poderiam ser geradas. Este valor poderia ser ainda aumentado pela
impressdo de mais camadas da tinta termoelétrica. Apesar desta abordagem gerar menos
energia que a primeira, estes dispositivos sdo menos volumosos e mais facies de produzir
a aplicar.

Finalmente, um sistema I[oT de sensor de auto-alimentagdo foi desenvolvido, utili-
zando os primeiros protétipos produzidos para alimentar uma PU capaz de alimentar
um sensor, ler o seu sinal e envid-lo sem fios. Foi confirmado que os dispositivos geram
energia suficiente para alimentar a PU e permitir que esta alimente continuamente um
sensor de grafeno com uma tensdo de 3.5V, ler corretamente a queda de tensdo no sensor

e enviar os dados coletados a uma taxa minima de 1.5s7 1.
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Chapter 1

Introduction

1.1 Motivation

The Internet of Things (IoT) consists of a system of “smart devices” that are inter-
related and can connect and exchange data with each other over communications net-
works, without the requirement for human-to-human or human-to-computer interaction
[1]. This is only feasible with the availability of robust wireless internet technologies such
as 5G and future 6G networks [2, 3]. IoT has the potential to make our lives easier by tak-
ing everyday devices (like a coffee machine, a watch or even a pet feeder) and allowing us
to remotely control them, access data and know how they are operating [4]. IoT is a cru-
cial component of smart cities, making it possible to collect and analyze data from various
sources such as sensors, devices, and citizen inputs, which allows a better monitorization
and management of energy consumption, traffic flow and public safety, improving the
residents” quality of life [5, 6]. Furthermore, IoT has significant implications for Industry
4.0, also known as the Fourth Industrial Revolution, which leverages advanced digital
technologies, automation, and connectivity to transform manufacturing and industrial
processes [7]. The IoT facilitates a connectivity that can increase efficiency, productivity,
and flexibility in manufacturing operations [8].

For that, the devices need processors, sensors and communication hardware to send,
receive and act on the data they collect, which require a power source [9]. The most used
power sources are wired connectors, which limit mobility, and batteries, which are costly,
need frequent recharging or replacement and have a finite lifetime [10]. With the rapid
development of IoT, the number of IoT devices has increased significantly in recent years

[see Figure 1.1(a)], with an estimated 50.1 billion devices in use by 2020 [11]. This led



DEVELOPMENT OF A THERMOELECTRIC HARVESTING UNIT TO RETROFIT A VORTEX
2 TUBE FOR REMOTE MONITORING APPLICATIONS

to a high demand for low-cost, self-powered devices, which require the development of
innovative energy-efficient technologies [12]. In recent years, the phenomena of conver-
sion of ambient energy into electrical energy, also known as energy harvesting [13] [Fig-
ure 1.1(b)], gained high relevance, such as piezoelectricity (electric polarization induced
by the application of mechanical stress, leading to positive and negative charge centers
appearing on the opposite surface of the materials [14]), triboelectricity (two highly in-
sulating materials become electrically charged when they come into contact and are then
separated [15]), magnetic induction (electrical voltage induced by a time-varying mag-
netic field, in which the electric voltage level depends on the magnetic permeability of
the surrounding material [16]) and thermoelectricity (conversion of thermal energy from

a temperature gradient into electrical energy [17]).
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FIGURE 1.1: (a) Number of IoT devices and their percentage market penetration over the
years [11]. (b) Types of energy harvesting. Adapted from Ref. [18].

Thermal energy presents the highest losses because it is the hardest to conserve [11].
M. Papapetrou et al. [19] estimate that the European Union has a total waste heat potential
of 300 TWh/year, with around 66% of it being temperatures below 200 °C and 25% being
between 200 and 500 °C. In China, waste heat corresponds to 42% of the total primary
energy inputs, where most comes from the electricity generation and the industry sectors
(see Figure 1.2) and 66% of waste heat corresponds to temperatures below 100 °C [20].

In light of this, thermoelectric generators (TEGs) gain relevance due to their ability
of directly converting waste heat into useful electrical energy, being among the cleanest

sustainable energy sources [17].
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FIGURE 1.2: China’s waste heat in different sectors and at different temperatures in 2018
[20].

1.2 Thermoelectric Effect

The thermoelectric effect is divided into three effects: the Seebeck, Peltier and Thom-
son effects.

The Seebeck effect was the first to be discovered and is the conversion of a material’s
thermal gradient into an electric voltage, as shown in Figure 1.3(a). This phenomenon
is due to the thermal gradient creating an energy gradient in the conduction band, that
is, the charge carriers closer to the hot side are more energetic and therefore tend to dif-
fuse to the cold side, leading to an uneven distribution of charge and creating a potential
difference [21]. This effect is characterized by the Seebeck coefficient, S, defined as [22]:

AV
5= lim, 37 0D
where AV is the resulting electric potential difference and AT the temperature gradient
between the two ends of the material. Note that n-type materials have a majority of elec-
trons as charge carriers, having negative S in accordance with Equation 1.1, while p-type
materials have a majority of holes, having positive S [21]. This signal corresponds to the
relative directions of the temperature gradient and the electromotive force generated [23].

As opposed to the Seebeck effect, the Peltier effect is the generation of a temperature

gradient from an electric current, as illustrated in Figure 1.3(b). The Peltier coefficient is

given by 7 = 4/1, where 4 is the heating/cooling rate and I the electric current flowing
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through the material. Lastly, the Thomson effect acknowledges the relation between the
Seebeck and Peltier effects (1 = S.T) and combines them, reversibly heating or cooling

when an electric current and a temperature gradient are present [22].

a
) Heat Source Active Cooling

I |

Heat Rejection
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[
—\ VN "
Power Generation Mode Refrigeration Mode

FIGURE 1.3: Schematic illustration of (a) the Seebeck effect for power generation and (b)
the Peltier effect for active cooling [21].

These three thermoelectric properties enable the development of TEGs, devices capa-
ble of cooling or heating from an electric current or generating electrical power from a

temperature gradient.

1.2.1 Thermoelectric Figure-of-Merit

The performances of different thermoelectric materials can be compared using the
dimensionless figure-of-merit, ZT, which relates the material’s Seebeck coefficient (S), its
electrical conductivity (¢), its absolute temperature (T) and its thermal conductivity (k)

[24]:
S20T

ZT = .

. (1.2)

From Equation 1.2, a high-quality thermoelectric material must have high S, as well
as high ¢ and low k. However, these three transport parameters are interrelated and
depend on material features like the band structure, carrier concentration, among others
[17]. Nowadays, inorganic thermoelectric materials like bismuth telluride (BiTe3), lead
telluride (PbTe) and stannic selenide (SnSe) present ZT values above unity [24].

The product of the square of the Seebeck coefficient with the electrical conductivity is

known as the power factor (PF) and it can also be used to compare the performance of
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thermoelectric materials, disregarding k [17]:
PF = S%0. (1.3)

The ratio of the power a TEG generates to the heat it absorbs is known as its power
conversion efficiency (77) and is given by [25]:

AT JT+ZT-1
T V1+ZT+T./T),

where Tj, ans T, are the temperatures on the hot and cold sides, respectively and AT the

(1.4)

temperature gradient.
For large ZT values, 7 tends to AT—}T, that corresponds to the Carnot efficiency, which

limits the maximum efficiency of a TEG [26].

1.3 Applications

In recent years, TEGs have received a lot of attention and many articles have been pub-
lished with various applications of thermoelectricity for the recovery of waste heat. Since
TEGs are relatively easy to install in extreme environments and allow wireless power
transfer (WPT), this technology is already being used for the generation of energy and
low-power supply in a wide range of sectors [27].

One example of the application of TEGs for waste heat recovery is the assembly of
commercial TEGs around a composting system tube developed by R. S. Rodrigues et al.
[28], where heatsinks were used to maximize the thermal gradient, as represented in Fig-
ure 1.4. In that study, a temperature gradient of 20 °C was achieved, which allowed the
generation of a maximum power density of 175mW /m? for a load resistance of 500 )
and the system was used to power a humidity and temperature sensor with 225 uW/h
for 12 min [28].

A similar strategy was employed by H. Khalil et al. [29] to recover waste heat on a
vertical chimney using TEGs topped with heatsinks and they confirmed that the use of
heatsinks greatly improves the thermal gradient, and therefore the outputs.

A different application was carried out by P. Alegria et al. [30] where geothermal en-
ergy from shallow hot dry rock fields is taken advantage of to generate thermoelectricity.
In this case, commercial TEGs are placed between a thermosiphon that is inserted into

a shallow hot dry rock field, and hestasinks connected to four heat pipes, as shown in
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FIGURE 1.4: Schematic diagram of the heat recovery system installed at the composting
conduct. Adapted from Ref. [28].

Figure 1.5(a). Using 10 TEGs, they were able to generate 16.78 W for a TEG temperature
gradient of 94.7 °C.

K. T. Park et al. [31] developed a flexible thermoelectric bracelet that consists of thirty
pairs of n- and p-doped carbon nanotube ink which was printed on a circular flexible
cable [see Figure 1.5(b)]. By wearing the bracelet, a gradient of 4 °C was created by the
skin and the surrounding ambient and an output voltage of 91 mV was measured for a
bracelet internal resistance of 1006 ().

In the automotive industry, since the exhaust gas system and the radiator waste 65%
to 70% of the internal combustion engine energy input in the form of heat, the use of TEGs
could lead to a gain in efficiency and a reduction in fuel consumption, as discussed by N.

V. Burnete et al. [32].
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FIGURE 1.5: (a) Geothermal TEG to install at shallow hot dry rock fields. Adapted from
Ref. [30]. (b) Bracelet-type TEG which can harvest waste heat on any curved surface [31].
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The appeal of TEG's applications lies not only in being among the cleanest sustain-
able energy sources, but also because they are solid-state operation devices that do not
generate toxic waste, have wide scalability, and the absence of moving parts or chemical
reactions ensure a long-life span of reliable, maintenance-free operation [17].

In recent years, materials at the nanoscale have been explored as a way of reducing the
thermal conductivity by including a lot of grain boundaries and other dispersion centers,
which diffuse photons but do not scatter electrons [21]. In this way, thermal conductivity
can be reduced without reducing electrical conductivity, therefore increasing the mate-
rial’s figure-of-merit and improving the device’s output.

With the constant scientific advances, it is to be expected that thermoelectric devices
will continue to improve, leading to the emergence of more applications, with devices

capable to satisfy the energetic demand caused by the increasing number of IoT devices.

1.4 Objectives

This academic internship was carried out at inanoEnergy and is integrated in the AT-
TRACT R&D&I PiPe4.0 and the MSCA-RISE SENSOFT projects of high level of Technol-
ogy Readiness Level (TRL5-7). The internship aim is to develop an energy harvesting unit
(EHU) to power a processing unit (PU) for in-situ monitoring in a particular place in a fuel
gas distribution network.

A gas distribution network must deliver a constant pressure to the users, indepen-
dently of the network feed pressure and the delivery flow rate, which is achieved by a
pressure reducer unit. The pressure reducer unit causes a difference in pressure between
its two sides, which can be used to cause a part of the gas to flow through a vortex tube,
which is a mechanical device with no moving parts that separates a high-pressure inlet
gas stream into two streams of lower pressure, one hot and the other cold [33].

When the compressed gas enters the vortex tube, it passes through a nozzle in the
vortex generation chamber, like the one in Figure 1.6(a), that sets the gas into a vortex
motion and makes it enter tangentially into the hot end tube [34]. The high-speed stream
heats up as it spins along the periphery of the hot end tube, and when it reaches the
control valve a part of the gas exits the tube (the control valve can be adjusted to control
the percentage of gas that exits). The percentage of gas that doesn’t exit the tube is called
cold fraction (CF) and is forced to slow down and counter-flow through the center of the

high-speed hot stream, as illustrated in Figure 1.6(b). As it spins back through the hot
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tube, this second vortex gives up energy to the first vortex in the form of heat, exiting the
other end of the tube [35, 36]. The energy separation is very complex and various theories

have been formulated to try to explain it [33, 36].

a) b)
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FIGURE 1.6: (a) Vortex generator. (b) Schematic diagram of vortex tube [35].

By integrating the vortex tube into the distribution network, thermoelectricity can be
used to take advantage of the temperature gradient created between the hot end tube and
the surrounding environment, and generate energy to power the PU for in-situ monitor-
ing.

Considering the advances made in the field of thermoelectrics over the recent years,
this work seeks to create a EHU that can be retrofitted on the hot end tube of the vortex
tube and thus focuses on two approaches: the first using commercial TEGs and the second
using flexible screen-printed TEGs.

In the first approach, commercial TEGs of different dimensions were assembled on
two different geometries and the impact of heatsinks on the thermal gradient, and conse-
quently the device’s output, was studied towards a fast market entry.

In the second approach, a more exploratory task was carried out by using radial 2D
printed TEGs with different thicknesses and thermal treatments. Their transport and mor-
phological properties, as well as their flexibility, were analysed and compared.

Additionally, tests were made where the prototypes powered a processing unit made
by inanoEnergy that reads gas sensor information and sends data throughout a wireless
communication protocol, as represented in Figure 1.7.

User

-
T

N
=

Energy

Processing

Harvesting Unit

Unit

TR  Gas Sensor

FIGURE 1.7: Schematic diagram of the energy harvesting system.



Chapter 2

Development of Functional Energy
Harvesting Unit Using Commercial

TEGs

This chapter focused on developing an EHU made of commercial TEGs that can be
retrofitted on the surface of the hot end tube of the vortex tube.

For that purpose, this chapter begins with a study of the thermal outputs of the hot
tube in order to evaluate the temperature distribution along the tube, as well as its stabil-
ity, and determine if it is suitable to be used for this application.

In the second section of this chapter, COMSOL simulations were used to optimize the
design of the EHU. Two geometries were considered and the influence of their width on
the TEG’s temperature gradient was studied, as were the dimensions of heatsinks.

Three prototypes were made and their outputs were measured as a function of the
TEG’s thermal gradient and as a function of a load resistance, in order to determine the
maximum power and internal resistance of each prototype and determine which performs

the best.

2.1 Thermal Outputs of Vortex Tube

In this work, the vortex tube Model 208 from the company Vortec was used [37]. This
vortex tube requires a minimum air flow of 11 SCFM, however, when testing it wasn’t

possible to achieve such a high flow, so the maximum temperatures generated by the
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tube weren’t as high as the datasheet predicted. Since the hot air temperature is higher
for a higher cold fraction (CF), all tests were performed using CF = 85 %.

Given that the EHU is to be retrofitted on the hot end tube, it is necessary to study
the temperature distribution along the tube’s surface and its stability. For that purpose,
the surface temperature of the hot tube was measured at different positions, for a inlet
pressure of 4bar, and the results are presented in Figure 2.1(a). As expected, the temper-
ature is lowest near the inlet and increases toward the hot air outlet, where it reaches the
maximum temperature of 72.2 °C. The average temperature of the surface of the tube is
56.4°C. The temperature was also measured continuously to study the thermal stability.
The results of the measurement made near the outlet of the tube are shown in Figure 2.1(b)
and it is seen that the temperature stabilizes after about 2 minutes and remains relatively

stable. This also applies for the entire length of the hot end tube.
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FIGURE 2.1: (a) Surface temperature along the hot tube, and (b) thermal stability of the
surface of the vortex tube, for a inlet gas pressure of 4 bar and CF = 85 %.

It outcomes that under these conditions, the vortex tube generates high temperatures
on the surface of the hot end tube that are constant over time, making it a desirable device

to implement the EHU.

2.2 Numerical Simulations

To optimize the design required for the EHU and determine the behavior of the tem-
perature gradient created, heat transfer simulations were performed on COMSOL Multi-
physics 5.5.

Two geometries were studied, both consisting of two halves of a material that can be

installed on the surface of the hot end tube of the vortex tube. The TEGs and heatsinks are
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assembled on top of that geometry. The first geometry is made of polylactic acid (PLA)
and has open gaps between the surfaces of the hot tube and the TEGs, which are filled
with thermal grease to improve thermal conductivity. The second geometry is made of
solid aluminium (Al) and, due to its high thermal conductivity, has no gaps.

The two geometries were introduced at the COMSOL platform as shown in Figure 2.2,
and the influence of the wall thickness of the geometry was studied, as well as the use of

heatsinks and their height and width, and the temperature gradient time dependency.

a) b)
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FIGURE 2.2: Schematic illustration of the front view of (a) the PLA and (b) the Al geome-
tries.

The simulations were performed using COMSOL module Heat Transfer in Solids and
considered heat flux between all materials and surface-to-ambience radiation losses. The
hot tube’s surface was set to a constant temperature of 60 °C, the TEGs” dimensions were
set to 10x10x4.2 mm?, and the thermoelectric material chosen was pure BiyTes from the
COMSOL library. The heatsinks are made of Al, also from COMSOL library, and their fins
have a width of 1.7mm. In order to improve thermal conductivity, thermal grease was
added to the surfaces of the TEGs as a boundary material.

The results of the simulations are presented in Figure 2.3.

In regards to the heatsink’s dimensions, the simulations for its height and width were
performed individually, and the wall thickness of the geometry was fixed at 25 mm for
both geometries. Its height ranged from 0 to 50 mm while its width was fixed at 11 mm,
and its width ranged from 0 to 30 mm while the height was fixed at 15 mm. The graphs
from Figure 2.3(a),(b) show that the heatsinks significantly improve the thermal gradient
and that the gradient increases with heatsink dimensions. However, when choosing the
heatsink dimensions, its weight, available fitting space and cost of manufacture should be
taken into account.

The wall thickness of the material that is in contact with the hot tube ranged between

15 and 50 mm, for both geometries. The heatsink’s height and width were constant at
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FIGURE 2.3: Simulation results for the influence of (a) the heatsink’s height and (b) width,
and (c) the thickness of the base material on the TEG’s temperature gradient; and (d) the
temperature gradient time dependency for both geometries, with and without heatsinks.

15 mm and 11 mm, respectively. Figure 2.3(c) shows that the wall thickness has very little
impact on the Al geometry, but significantly reduces the TEG’s thermal gradient on the
PLA geometry as it increases. These results are due to Al’s high thermal conductivity
and PLA’s poor thermal conductivity. The results imply that for thinner walls, the perfor-
mance of both geometries is similar and, since PLA is cheaper and easier to manufacture,
the PLA geometry would be the most appropriate. However, if thicker walls are required
for integrity purposes, the Al geometry is the best choice.

Finally, the stability of the TEG’s temperature gradient was studied by performing
time dependent simulations for a time range of 5minutes. These simulations were per-
formed with and without the heatsinks. The wall thickness of the base material was fixed
at 25mm and, when used, the heatsink’s height and width were constant at 15 mm and
11 mm, respectively. From Figure 2.3(d) it is concluded that, for these conditions, the
two geometries present similar behaviors, both with and without heatsinks. When no
heatsinks are used, the thermal gradient stabilizes quickly, but its value is low. In contrast,
when heatsinks are used, the thermal gradient takes a few more minutes to stabilize, but

the gradient is much higher, as seen in Figure 2.4. However, it is important to notice that
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these simulations assume that the surface temperature of the hot tube is already stable
when the measurements begin, which will not be the case in real life and, therefore, the

TEG’s temperature gradient might take a little longer to stabilize.
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FIGURE 2.4: Simulation results for the temperature distribution on (a) the PLA and (b)
the Al geometries with heatsinks after stabilizing.

2.3 Experimental Apparatus

Considering the results from the previous section, the PLA geometry should have a
wall thickness as small as possible but the Al geometry can be as big as necessary. There-
fore, given the dimensions of the hot tube (& = 12.72 mm), TEGs of 10 x10x 4.2 mm? were
used on the PLA geometry. However, since Al has high thermal conductivity, its dimen-
sions can be increased to also fit 20x20x3.5mm? TEGs, which are expected to perform
better.

Hence, considering the area required to assemble the TEGs and secure the prototypes
on the vortex tube, the PLA geometry has a wall thickness of 15 mm and can accommo-
date six 10x10mm? TEGs on each side, for a total of twenty-four TEGs. As for the Al
geometry, for a wall thickness of 30 mm, it can fit eight 10x 10 mm? TEGs on each side, for
a total of thirty-two TEGs. Alternatively, for a wall thickness of 40 mm, it can accommo-
date three 20x20 mm? TEGs on each side, making a total of twelve TEGs.

Figure 2.5 shows one half of the assembled prototypes, without heatsinks. On the Al
geometries, there is thermal grease between the TEGs and the Al and, in all prototypes,
the TEGs are fixed with silicone.

According to the results of Section 2.2, the heatsinks should be as big as possible to

obtain maximum thermal gradients. However, considering the available space and the
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FIGURE 2.5: Assembled prototypes without heatsinks: (a) 10x10 mm? TEGs on PLA
geometry; (b) 10x 10 mm? TEGs on AL geometry; and (c) 20 x20 mm? on Al geometry.

heatsinks that the company already had, the heatsinks used had 15 mm of height, fins
1.7 mm wide, and width of 15 mm for the PLA geometry and 30 mm for the Al geometries.

To secure the heatsinks on top of the TEGs, PLA clamps like the one in Figure 2.6(a)
were designed. The clamps are screwed together in pairs and each pair of clamps se-
cures two heatsinks. The clamps have fins that fit into the heatsink to prevent it from
moving from side to side. To improve thermal conductivity, thermal grease was added
between the TEG’s surface and the heatsinks. Figure 2.6(b),(c) shows the prototype made

of 20x20 mm? TEGs on the Al geometry assembled on the vortex tube with heatsinks.

a)

FIGURE 2.6: Photographs of (a) the PLA clamps designed to secure the heatsinks on the
prototypes and (b) front and (c) side views of assembled prototype on the vortex tube.

The electric potential and current of the EHUs were measured as a function of the
TEG’s temperature gradient, which is altered by varying the pressure of the inlet gas in
the vortex tube. Additionally, the performance of the devices was studied under various
load resistances and their maximum output power was determined.

For all measurements the commercial TEGs were connected in series, in order to
achieve the highest voltage. The data was acquired continuously using a microproces-
sor connected to LabView to measure electric voltage and current, and a PicoLog from Pico

Technology to measure the temperature.
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2.4 Experimental Results

Since the surface of the hot tube takes a couple of minutes to warm up after the gas
flow starts, as seen in Section 2.1, it is important to determine how long it takes for the
TEG’s temperature gradient to stabilize. For that purpose, the temperature gradient was
measured continuously for the three prototypes with heatsinks under the same condi-
tions.

Figure 2.7 shows that, as the surface of the tube warms up, the hot surface of the TEGs
also heats up, which leads to an increase of the TEG’s temperature gradient until it reaches
a maximum. As the the hot tube’s surface stabilizes and the heatsinks heat up, the ther-
mal gradient starts decreasing, until eventually it stabilizes. For the PLA geometry, the
temperature gradient stabilizes around 21.3 °C after about 8 minutes. For the Al geom-
etry, the temperature gradient stabilizes around 11.4°C with the 10x10 mm? TEGs and
around 4.1 °C with the 20x20 mm?2 TEGs, and in both cases it takes about 11 minutes for
the temperature to stabilize. The PLA geometry not only stabilizes faster but also reaches
the highest thermal gradient. However, since the number of TEGs and their dimensions
vary between prototypes, it is not possible to predict which prototype is better without

measuring their outputs.

—— 10x10 mm? TEGs on PLA Geom
—— 10x10 mm? TEGs on Al Geom
—— 20x20 mm? TEGs on Al Geom

w
o
1

N
o
L

TEG's Temperature Gradient (°C)
)

—

T T T T T
00:00  03:00 06:00 09:00 12:00  15:00
Time (mm:ss)

o
1

FIGURE 2.7: TEG's temperature gradient time dependency for the three prototypes with
heatsinks, for an inlet gas pressure of 4 bar.

Hence, the output voltage was measured continuously in open circuit. The results
presented in Figure 2.8(a) show that, for each prototype, the voltage curve has the same
tendency as the TEG’s temperature curve from Figure 2.7, as would be expected. In these
conditions, the PLA geometry stabilizes at 1.01 V and the Al geometries stabilize at 0.76 V
and 0.59 V with the 10x 10 mm? TEGs and the 20x20 mm? TEGs, respectively.
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The electric current was also measured continuously in open circuit and from Figure
2.8(b) we see that, similarly to what happens with the voltage, the current curves follow
the same tendency as the TEG’s temperature gradient. For the PLA geometry, the cur-
rent stabilizes around 149.6 mA and the Al geometries made with 10x 10 mm? TEGs and
20x20 mm? TEGs stabilize at 84.8 mA and 70.4 mA, respectively.

These results seem to indicate that the PLA geometry with 10x 10 mm? TEGs performs

the best, while the Al geometry with 20x20 mm? TEGs performs the worst.
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FIGURE 2.8: Output (a) voltage and (b) current time dependency measured in open cir-
cuit, for an inlet gas pressure of 4 bar.

These measurements were repeated for different temperature gradients by varying
the vortex tube’s inlet gas pressure, and the results are presented in Figure 2.9. Note
that the temperature range is not the same for the three prototypes because, for the same

measurement conditions, the TEG’s temperature gradient is different for each prototype.
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FIGURE 2.9: Output (a) voltage and (b) current measured in open circuit as a function of
the TEG's temperature gradient.

The experimental results demonstrate that, for the same TEG temperature gradient,

the prototype made of the Al geometry with the 20x20 mm? TEGs performs significantly



2. DEVELOPMENT OF FUNCTIONAL ENERGY HARVESTING UNIT USING COMMERCIAL
TEGs 17

better than the other two prototypes, as would be expected since the 20x20 mm? TEGs
ought to perform better than the 10x 10 mm? TEGs.

To compare the performance of each TEG, the previous results were divided by the
number of TEGs in each prototype (Figure 2.10). As anticipated, the output results for
each TEG in the PLA and Al geometries with 10x 10 mm? TEGs are similar. On the other
hand, for the same thermal gradient, the output of each 20x20 mm? TEG on the Al geome-
try is more than five times superior than the other two prototypes. Therefore, we conclude

that the 20 x20 mm? TEGs perform more than five times better than the 10x10 mm? TEGs.
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FIGURE 2.10: Normalized output (a) voltage and (b) current measured in open circuit as
a function of the TEG’s temperature gradient.

Despite the Al geometry with 20x20 mm? TEGs performing the best for the same ther-
mal gradient, it is important to keep in mind that, for the same measurement conditions,
the thermal gradient and therefore the output of each prototype isn’t the same (as seen
in Figure 2.8). Considering the applications of the prototypes, we are more interested in
comparing the performance of the three prototypes under the same measurement condi-
tions, in which case the best results are obtained with the prototype made of 10x 10 mm?
TEGs on the PLA geometry.

Lastly, to determine the maximum power and internal resistance of each prototype,
their output was measured with different load resistances, for different temperature gra-
dients. In Figure 2.11, the experimental results of the output voltage and current of the
PLA geometry with 10x10 mm? TEGs, as well as its output power calculated as P = V1,
are shown as a function of the load resistance. As expected, as the load resistance in-
creases, the electric voltage increases and the current decreases. The maximum power
is achieved when the load resistance equals the internal resistance of the device. At

AT = 13.0°C, the maximum power is 22.1 mW and its internal resistance 5.76 ).
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FIGURE 2.11: Output voltage, current and power as a function of the load resistance for
the PLA geometry prototype at a TEG’s temperature gradient of 13.0 °C.

These measurements were repeated at different temperature gradients and the results
can be found in Appendix A, where the same tendencies were observed. The typical
voltage-current curves and the power output as a function of the output voltage are

shown in Figure 2.12. The maximum output power of this prototype ranges from 7.0 mW

at 6.9 °C to 37.0mW at 16.9 °C.
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FIGURE 2.12: Current-voltage curves (solid squares) and power output (open squares) at
different TEG temperature gradients for the PLA geometry prototype.

These measurements were repeated for the other two prototypes and the results can
also be found in Appendix A where similar behaviors were observed. The results for the
maximum power as a function of the TEG’s temperature gradient are presented in Figure
2.13(a) and the device’s internal resistance as a function of the TEG’s effective temperature
(estimated as the average between the temperatures of the hot and cold sides of the TEGs)
are shown in Figure 2.13(b). Once again, the temperature range is not the same for the
three prototypes because, for the same measurement conditions, the TEG’s temperature

gradient and effective temperature are different for each prototype.
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FIGURE 2.13: (a) Maximum power output as a function of the TEG’s temperature gradi-
ent. (b) Internal resistance as a function of the TEG’s effective temperature.

As would be expected, the output power increases with the thermal gradient. For
the same temperature gradient, the Al geometry with 20x20 mm? TEGs has the highest
power, however, as explained before, because the thermal gradient isn’t the same for the
prototypes under the same measurement conditions, this does not imply that this proto-
type is the best.

As for the measured internal resistance, it is expected that it increases with tempera-
ture, however, for the 10x 10 mm? TEGs on the Al geometry, its internal resistance slightly
decreases as the effective temperature increases. This results may be due to the incorrect
positioning of the thermocouples during the measurements and therefore, the predicted
effective temperature of the TEGs may be wrong.

Table 2.1 summarizes the outputs of each prototype when their power is at its max-
imum, for an inlet gas pressure of approximately 5bar, and it shows that, under these

conditions, the 10x 10 mm?2 TEGs on the PLA geometry generate the highest power.

TABLE 2.1: Maximum output generated by each prototype for a inlet gas pressure of

5bar
Prototype AT (°C) | V (mV) | I (mA) | P (mW)
10x 10 mm? TEGs on PLA Geom 16.9 460 80.5 37.0
10x 10 mm? TEGs on Al Geom 11.2 360 62.2 224
20x20 mm? TEGs on Al Geom 5.0 260 45.0 11.7

From these experimental results, it is concluded that, even though the prototype with
20x20 mm? TEGs on Al geometry shows the best performance for a fixed thermal gradi-

ent, the prototype with 10x10 mm?2 TEGs on PLA geometry has a much higher thermal
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gradient than the other two prototypes when the measurement conditions are fixed and
therefore has the best performance.

It should be noted that these results were obtained for an inlet gas pressure between 2
and 5bar, but in a gas distribution system the inlet pressure would be higher, and conse-
quently so would be the surface temperature of the tube, which would lead to even higher

outputs.



Chapter 3

Innovative Flexible Radial TEGs

This chapter takes a different approach to the EHU and focuses on exploring a flexible,
screen-printed radial TEGs that can be retrofitted around the vortex tube’s hot end tube.

In the first section, COMSOL simulations were performed to study the effect of the
thermoelectric stripes dimensions on their temperature gradient and on the TEGs power
output.

Then, a general overview of the methods adopted in this work to produce the ther-
moelectric thin films and TEGs is presented, followed by the characterization of the thin
films, which is broken down into physicochemical and morphological analysis, transport
properties and mechanical stability.

Lastly, the produced TEGs were tested on the vortex tube and their internal resistance
and output power were measured. As a proof of concept, a prototype with 20 TEGs

connected in series was printed and tested.

3.1 Numerical Simulations

Because the thermal gradient is created between the surface of the hot tube and the
environment, the flexible TEGs are designed in a radial shape to go around the tube and
are composed of ten thermoelectric stripes connected by electric contacts, as shown in
Figure 3.1.

The power generated by the device depends not only on the thermal gradient but
also on its electrical conductivity, both of which are affected by the thermoelectric stripes
dimensions. Therefore, COMSOL simulations were performed to optimize the length,

width and thickness of the stripes.
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FIGURE 3.1: Schematic illustration of the designed radial TEG composed of thermometric
stripes (black) and electric contacts (grey).

The simulations were performed using COMSOL modules Heat Transfer in Solids, Elec-
tric Currents and Electrical Circuit, and Thermoelectric Effect from Multiphysics. The hot side
of the stripes was set to a constant temperature of 60 °C and the materials used were Bi, Tez
for the thermoelectric stripes and silver for the electric contacts, both from the COMSOL
library.

The length, width and thickness of the thermoelectric stripes were varied individu-

ally, and the results of the stripes” temperature gradient and the TEG’s output power are
presented in Figure 3.2.
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FIGURE 3.2: Simulation results for the influence of (a) the length, (b) width and (c) thick-
ness of the thermoelectric stripe on its temperature gradient and on the device’s output.
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Regarding the stripe’s length, it ranged from 2.5 to 10 mm while the width and thick-
ness were fixed at 2 mm and 150 um, respectively. Initially, as the length increases, so does
the thermal gradient and, consequently, the output voltage. However, since the electric
resistance of the stripe will also increase with the length, the output power increases until
it reaches a maximum, after which the resistance becomes too high and the output power
starts dropping, as we see in Figure 3.2(a). The maximum output power reached was
13.4nW at a length of 4 mm.

When it comes to the stripe’s width, it ranged from 0.5 to 3 mm while the length and
thickness were constant at 4 mm and 150 um, respectively. From Figure 3.2(b) it is seen
that as the width increases, heat dissipates more easily, and therefore the thermal gradi-
ent decreases, but the resistance of each stripe also decreases. Thus, the output power
increases with the width until it reaches a point after which the temperature gradient is
too small and the power starts slowly decreasing. The maximum output power achieved
was 10.4nW for a width of 2mm.

Finally, the stripe’s thickness ranged from 50 to 250 um, while the length and width
were fixed at 4 mm and 2 mm, respectively. Figure 3.2(c) shows that, similarly to what
happens with the width, as the thickness increases, heat dissipates better and the ther-
mal gradient decreases. However, the resistance also decreases, and therefore the output
power increases with the thickness until reaching a maximum, after which it starts slowly
decreasing. This maximum was reached at 150 um at a value of 10.4nW.

Based on these results, the ideal dimensions for the stripes are 4x2x0.150 mm?>. The
length and width of screen-printed stripes are easy to adjust by changing the printing
design. However, their thickness depends on the viscosity of the ink and can only be in-
creased by printing multiple layers, making it difficult to control. In this work, devices
were printed with multiple thermoelectric layers to vary the thickness of the thermoelec-
tric stripes and evaluate how much the output of the device actually depends on its thick-
ness. Additionally, since the simulated output power was similar for lengths of 3 mm and

4mm, the printed devices will have a stripe length of 3 mm.

3.2 Fabrication of the Printed Films and Devices

To characterize the thermoelectric ink produced and study the influence of its thick-

ness and thermal treatment, films were printed with only the thermoelectric ink.
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All films and TEGs were screen-printed on Kapton polyimide substrates, using the

methodology described in this section.

3.2.1 Substrate Preparation

To improve the adhesion between the inks and the Kapton polyimide substrate, the
substrates receive a chemical treatment that is based on the work of S.-J. Park et al. [38],
and consists of immersing the substrates in potassium hydroxide (KOH) and hydrochloric
acid (HCI) solutions.

Firstly, the substrates are immersed with a magnetic stirrer for 1 hour in a 10 wt% KOH
aqueous solution that results from the combination of ultra-pure water with 85 % solid
KOH. This first part of the treatment breaks the C-N bond on the substrate’s surface and
introduces a hidroxyl group that is soon replaced by potassium, improving the adhesion
and roughness of the surface.

Next, the substrates are washed for 2 to 3 minutes in running water to remove the
excess KOH and are then submerged in a 10 wt% HCl aqueous solution for 5minutes
with a magnetic stirrer. This solution neutralizes the surface by reintroducing hydrogen
in place of potassium, increasing the chemical interactions between the substrate and the
ink to be printed on top of it.

Finally, the substrates are once again washed with water and dried.

3.2.2 Preparation of the Thermoelectric Ink

The thermoelectric ink used in this work is made of n-type Bi,Tez powder with a grain
size of around 50 pum.

To make the ink, the powder must be mixed with an organic binder, like a polymer,
which promotes flexibility and has low thermal conductivity. However, these materials
also have low electrical conductivity and the contact resistance between organic and in-
organic materials is high [39]. A. L. Pires et al. [40] found that doping polyvinyl alcohol
(PVA) with orthophosphoric acid (H3POy) increases its electrical conductivity.

For that, 6.89 g of PVA (Mw 89,000-98,000, 99 %) were added to 6.89 g of H3POy4 (85 %)
dissolved in 60ml of ultra-pure water, achieving a mass ratio of 1:1. After mixing, the
solution is left for at least 6 hours in a silicon bath at 85°C with continuous magnetic
stirring. It is crucial that the bath’s temperature never exceeds 90 °C as the polymer starts

to degrade above that temperature.
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For screen-printing, a small percentage of polymer will make the ink more viscous,
leading to lower print quality. However, higher polymer concentrations lower the ink’s
electrical conductivity. Therefore, the ink used in this work was made of 35wt% of

PVA /H3POy4 and 65 wt% of Bi, Tes.

3.2.3 Screen-Printing

Screen-printing is a contact printing technique that uses a screen made of a fine mesh
of silk or synthetic fibers to transfer a design to any planar substrate [41].

The design is printed on the mesh by applying a photosensitive emulsion to the mesh,
placing the photolith (a transparent sheet with the design) on top of the emulsion and
exposing it to UV light to cure it. In this way, the emulsion underneath the designs will not
be cured and can be removed with water, allowing ink to pass only through the intended
design [41]. Figure 3.3(a) shows the screen-printing machine available at the Institute of

Physics for Advanced Materials, Nanotechnology and Photonics (IFIMUP) facilities with

a screen with multiple designs in place.
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FIGURE 3.3: (a) Manual screen-printing machine at IFIMUP facilities. (b) Schematic pre-
sentation of the screen-printing technique [42].

The size of the openings of the mesh should be bigger than the material grains present
on the ink, but it must be taken into account that the bigger the mesh, the lower the print
definition.

To print, first the substrate is placed under the screen, aligned with the design. Then,
ink is spread on the screen, on top of the design to be printed, without applying pressure
to ensure a homogeneous print. Next, the ink is transferred to the substrate by pass-

ing the squeegee at a 45° angle in a continuous movement while applying pressure, as
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represented in Figure 3.3(b). In this work, the squeegee was always passed twice while
applying pressure, once from top to bottom and once from bottom to top, to ensure a good
transfer.

Since the thermoelectric ink tends to dry quickly, the mesh was cleaned with water

and paper between prints to prevent clogging.

3.2.4 Printed Films

To study the influence of the thickness of the stripes and thermal treatment on its
properties, 20 x 10 mm? films were printed.

The thermoelectric ink was produced as described in Section 3.2.2 and screen-printed
on chemically treated Kapton using the mesh PET 1500 27/120W, with a mesh-opening
of 249 um. By repeating the screen-printing process, films were printed with 1 to 4 layers
in order to vary their thickness. To dry the ink, different curing temperatures were tested,
as shown in Figure 3.4. For the first set of samples, here called “Set 1”, each layer dried at
room temperature before the next layer was printed and, after all layers had been printed,
the films were heated at 80 °C for 10 minutes, followed by 193 °C for 3 minutes. For the
second set, “Set 2”, each layer was dried at 80 °C for 10 minutes and, after all layers had
been printed, the films were heated to 193 °C for 3 minutes.

Layering

Ink Production —
Setl 80°C for 10 min

| L e |
w P 193 °C for 3 min
— —
Drying at 80 °C ot -
2 o for 10 min =—r—p- | 193 °C for 3 min

Set2

Layering

FIGURE 3.4: Film’s production process.

From here on, the samples will be called XL-SY, where X is the number of printed lay-
ers and Y the set (except for the sample with only 1 layer, for which the thermal treatment

is equal for both sets and therefore is simply called 1L).
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3.2.5 Printed TEGs

The printed radial TEGs are made of electric contacts and thermoelectric stripes, as
explained in Section 3.1.

To produce the devices, the electric contacts are screen-printed first, followed by the
thermoelectric stripes, as seen in Figure 3.5. In this way, the thermoelectric stripes do not
undergo the thermal treatment required to dry the electric contacts.

First, the electric contacts are screen-printed on the chemically treated kapton sub-
strate using a commercial silver conductive ink from VFP. The screen-printing process
is the same as previously described and the mesh used was the PET 1500 90/48W with
a mesh-opening of 55 um, since the silver ink has low viscosity and a smaller mesh has
higher resolution. After printing, the ink is dried at 150 °C for 10 minutes.

Afterwards, to ensure that the interface between the silver contacts and the thermo-
electric stripes is stable over time, an intermediate layer of carbon conductive ink from
ELANTAS is screen-printed on top of the silver contacts. For that, the device was aligned
with the contacts pattern on the same mesh used to print the silver contacts, and the
screen-printing process was repeated. Next, the device is heated at 120 °C for 10 minutes,
to dry the carbon ink.

Lastly, the device was aligned with the thermoelectric stripes pattern on the mesh PET
1500 27/120W, and the stripes were screen-printed. Similar to the previous section, the
thermoelectric stripes were printed with 1 to 4 layers and two sets of thermal treatments

were carried out.

Screen-Printing Silver Alignment and Screen-Printing Alignment and Screen-Printing
Electrical Contacts Carbon Electrical Contacts Thermoelectric Stripes

Drying at 150 °C
for 10 min

Drying at 120 °C
for 10 min

FIGURE 3.5: TEG’s production process.

For these devices to be retrofitted around the vortex tube their center was cut using

the circular blade shown in Figure 3.6 that was specifically made for this purpose.
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FIGURE 3.6: Cutting of the center of the TEG.

3.3 Characterization of the Films

To determine the effect of the number of layers and heat treatment on the films proper-
ties, they were characterized, starting with a physicochemical and morphological charac-

terization, moving on to transport properties and ending with their mechanical stability.

3.3.1 Physicochemical Characterization

A thermogravimetric (TGA) and differential thermogravimetric (DTG) analysis were
performed at the Institute of Nanoscience and Materials of Aragon (INMA) facilities using
the ImagenSATTGA Q5000 equipment from TA instruments. The analysis was performed
between the ambient temperature and 1000 °C, with a step of 10 °C/min. Because of tech-
nical issues with the equipment, it wasn’t possible to make this analysis for samples 4L-S1

and 4L-S2, but similar results to the ones seen in Figure 3.7 are expected for all films.
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FIGURE 3.7: (a) TGA and (b) DTG analysis of the films.

Figure 3.7 shows that only above 500 °C significant variations on the weight occur,
which is related with the thermal diffusion of the Bi and Te with some evaporation of
Te due to their lower vapour pressure [40]. Nevertheless, from a practical point of view,
Figure 3.7 shows that below 500 °C there aren’t significant weight losses, meaning that

the films aren’t degraded at those temperatures. Since the vortex tube is not capable of
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reaching such high temperatures, it is concluded that the ink’s stability would not be

compromised for the intended application.

3.3.2 Morphological Characterization

The first thing expected to vary with the number of screen-printed layers is the thick-
ness of the film. Therefore, the film’s average thickness was measured with a Digimatic
Indicator from Mitutoyo present at IFIMUP facilities. Figure 3.8 confirms that the thickness
of the film is directly proportional to the number of printed layers, with each layer adding

about 50 um to the film’s thickness, and that it is unaffected by the thermal treatment.

200 ~

-
[$2)
o

1
am

Thickness (um)
g

i . Set1|
501 = Set2
T T T T

1 2 3 4
N° of Layers

FIGURE 3.8: Thickness of the thermoelectric films.

To evaluate the film’s surface uniformity, the Sensofar PLy 2300 confocal microscope
available at INMA facilities was used to measure the surface roughness. Figure 3.9 shows
the images of the film’s surface taken with this device. Note that the vertical scale of
the images does not refer to the thickness of the films but to the surface variation. The
images show that, even though all films have generally uniform surfaces, their roughness
increases with the number of layers. Additionally, some films have large pores at the
surface, which are caused by the formation of air bubbles during the printing process.

To better understand how much the surface uniformity is affected by the number of
layers and the heat treatment, the average variation of the surface’s height (Az) was mea-
sured and the results are presented in Figure 3.10. As expected, Az increases with the
number of layers but does not seem to be affected by the heat treatment, ranging from
20.6 to 68.4 um for the first set and 20.6 to 71.8 um for the second set. Even though these
values seem significant when compared to the films’ thickness, considering that the Bi, Tes

powder has a grain size around 50 um, these Az values are justifiable.
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FIGURE 3.9: Films’ surface images taken with a confocal microscope at INMA facilities.
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FIGURE 3.10: Surface height variation of each film.
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Moving on to the scanning electron microscopy (SEM) analysis, the images from Fig-
ure 3.11 were taken using the field emission scanning electron microscope model INSPECT-
F50 available at INMA facilities. These images were collected in surface emission mode
with a magnification of 1000 x. On all films, it is observed that the Bi,Tes particles are
embedded in the polymer, which acts as a binder, indicating that the inorganic and or-
ganic materials mix well together, forming a homogeneous film. Moreover, the images
confirm that the Biy Te; particles have an average grain size of 50 um. On all images, small
pores are visible on the surface of the films that are likely caused by the evaporation of
the polymer. Regardless, the films are overall uniform, with low porosity and no visible

cracks.

2 Layers 3 Layers 4 Layers

FIGURE 3.11: SEM images of the films’ top surface, using 1000 x amplification.

Additionally, all films present the formation of microscopic crystals on their surfaces
attached to the inorganic particles, as shown in Figure 3.12, which may be caused by

H3POy crystallization [43].

FIGURE 3.12: SEM images of the (a) 2L-51 and (b) 2L-S2 films’ surfaces using a magnifi-
cation of 20000 x.
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Finally, to study the crystallinity of the films, the X-ray spectra were performed by
the Bruker SMART-APEX diffractometer at INMA facilities, using Cu Ky radiation at a
wavelength of 1.54059 A and measuring 20 between 10 ° and 90 °. Figure 3.13 shows sev-
eral peaks corresponding to Bi;Tes, which indicates that the films are polycrystalline. The
main reflections are obtained for 20 and respective Miller indices at 17.60° (0 0 6), 27.88 °
(015),38.07° (1 010),41.46° (11 0) and 44.80° (0 0 15), which point to a rhombohedral
R3m space-group structure. Since the BiyTes reflections predominate on the diffraction
pattern and there aren’t differences between the patterns of the different films, it is con-
cluded that the polymer does not affect the crystallinity of the printed films, nor does the

number of layers or thermal treatments.
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FIGURE 3.13: X-ray diffraction pattern of the thermoelectric films, with identification of
the Miller indices of the main peaks belonging to the crystalline phase of Bi;Tes.

3.3.3 Transport Properties

To study the thermoelectric properties of each film, ¢, S and PF were measured.
To serve as a point of reference, a pellet was made of the Bi;Tez powder used to pro-
duce the thermoelectric ink and its transport properties were also measured. The results

are presented in Table 3.1.

TABLE 3.1: Thermoelectric properties of the pellet made of BiTez powder

0 (S/m) | S (uV/K) | PF (uW/(K*m))
2152.08 | -100.54 21.75
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Figure 3.14 presents the results obtained for each film, and it shows that the three ther-
moelectric properties measured are approximately constant for all the films, implying that
the number of layers and the different thermal treatments do not alter the thermoelectric
ink’s properties.

Regarding the electrical conductivity, the films present values between 99S5/m and
101S/m, which is much lower than the electrical conductivity of the thermoelectric pow-
der and is caused by the addition of the polymer, that has low electrical conductivity.

The films” Seebeck coefficient is negative, as would be expected since an n-type ther-
mometric powder was used, and it ranges from -99 to -95 uV /K. The obtained values are
close to the Seebeck coefficient of the pellet because when two materials are mixed, S de-
pends on the relationship between their electrical conductivities and the dominant value
of S corresponds to that of the material with the best electrical conductivity [44], which in
this case is the Bi,Te; powder.

Since o and S are constant for all films, so is the PF. It ranges from 0.88 to 0.98 uW /(K*m),

being lower than the Bi,Tes pellet’s since the electrical conductivity of the films is lower

than the powder’s.
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FIGURE 3.14: Electrical conductivity, Seebeck coefficient and power factor of the different
films.

3.3.4 Preliminary Study of Mechanical Stability

Although the thermoelectric films are flexible, it is important to study how their prop-
erties change when mechanically deformed. For that purpose, the AGS-X 10 kN tensile
tester from Shimadzu, available at University Rovira i Virgili (URV) facilities, was used
to apply a vertical force and exert tension on the samples while their resistance was con-

tinually measured. Due to technical issues, it was only possible to perform this test for
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the films 1L, 3L-S1 and 4L-S2. The vertical displacement (Stroke) applied ranged from 0
to 0.5 mm for the samples 1L and 3L-S1, which corresponds to a radius of curvature of
7.10mm, and from 0 to 0.2 mm for the 4L-52 sample, for a radius of curvature of 7.22 mm.
The Stroke was applied at a velocity of 50 pm/s and 25 cycles were measured for each
film.

The results from the initial measurement cycles are presented in Figure 3.15.

For the film 1L, its resistance increases when tension is applied due to the separation
of the inorganic particles of the ink, and decreases as it returns to its initial position be-
cause the particles re-establish contact. However, the film’s resistance at its initial position
increases with each cycle, which is probably due to the formation of microcracks.

For the other two films, as the deformation is applied, their resistance increases until
a certain point, after which it decreases until the maximum deformation is reached. As
the films return to their initial position, the resistance increases again before starting to
decrease. This is due to the rigidity of these samples, which makes it harder for them
to deform. Thus, as the Stroke is applied, the films initially deform and their resistance

increases, but their rigidity prevents them from bending any further and the application of
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FIGURE 3.15: Relative resistance variation during the first deformation cycles of the films
(a) 1L, (b) 3L-S1 and (c) 4L-S2.
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the Stroke compresses the samples, causing their resistance to decrease. If a higher Stroke
were applied, the films would probably crack and no longer be electrically conductive.
Figure 3.16 shows the evolution of the films’ resistance at their initial position (Stroke
= O0mm) with each cycle. For the three films, the resistance increases with each cycle,
but the curves seem to be stabilizing, which suggests that the films acquire some flexibil-
ity. The resistance of the sample 1L varies more than the sample 3L-51, even though the
applied Stroke was the same for the two samples, because the rigidity of sample 3L-S1
prevents the formation of micro-cracks and therefore its resistance varies less. The vari-
ation of the resistance of the samples 3L-S1 and 4L-S2 is very similar despite the applied
deformation being lower for the latter, which further implies the loss of flexibility with

increasing layers.
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FIGURE 3.16: Evolution of the film’s minimum resistance variation.

Although no conclusions can be drawn about the effect of the thermal treatments on
the sample’s flexibility, these results show that the increase in the films’ thickness lowers

their flexibility and that after 3 layers the films are too rigid and barely flexible.

3.4 Benchmark Tests

In addition to the characterization presented in the last section, radial TEGs were pro-
duced as described in Section 3.2.5 to evaluate their performance on the vortex tube.

First and foremost, it is important to measure the device’s thickness because it is an
indicator of the maximum number of TEGs that could be stacked on the vortex tube. A
Digimatic Indicator from Mitutoyo was used to measure the thickness of the device where

the thermometric ink is in contact with the electric contacts and, in that way, the thickness
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of the Kapton substrate, electric contacts and thermoelectric ink were all measured collec-
tively. Figure 3.17 shows that the device’s thickness increases with the number of layers,
as expected, and there isn’t a significant difference between the two sets. Theoretically,
the maximum number of devices that can be retrofitted on the vortex tube is 560 for the
TEGs with 1layer and around 250 for 4 layers, assuming that the device’s thickness is the

limiting factor.
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FIGURE 3.17: TEG’s maximum thickness.

To evaluate the TEGs performance, they were retrofitted on the surface of the hot end
tube of the vortex tube, as shown in Figure 3.18(a). The surface temperature of the hot
tube was approximately 60 °C throughout all measurements. The TEG’s electric voltage
was measured in open circuit and, for all devices, voltages around 6 mV were measured
for temperature gradients of approximately 6 °C. The TEG’s output power was obtained

from [45]:

VZ
B 4Rint ’

where V is the open circuit voltage and R;,; is the device’s internal resistance, measured

P (3.1

with a multimeter.

The results are graphically presented in Figure 3.18(b). As expected, the internal resis-
tance decreases with the increase of the thermoelectric stripes’ thickness and the devices
belonging to the second set have a slightly higher resistance than those from the first set.
Consequently, the devices from Set 1 have a higher output power than those from Set 2,
and the best performance is achieved with the devices with four layers of thermoelectric

ink. The maximum power measured was 134nW for the TEG 4L-S1.
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FIGURE 3.18: (a) Setup for measuring the electric voltage of radial TEGs retrofitted on
the vortex tube. (b) Internal resistance (solid squares) and power outputs (open squares)
of the different TEGs.

These results are not in agreement with the COMSOL simulations from Section 3.1,
which predicted that the output power would first increase rapidly with the thermoelec-
tric stripes’ thickness and then slowly decrease. This happens because those simulations
also predicted that the temperature gradient would decrease with the thickness but, in
reality, it was observed that the number of layers did not significantly influence the tem-
perature gradient. This is due to the simulations considering pure Bi,Te; and pure silver
for the thermoelectric stripes and electric contacts, respectively, and not considering the
influence of the Kapton substrate.

These results indicate that the optimal device should have four screen-printed layers
of thermoelectric ink. However, it is important to consider that the device’s flexibility
worsens with increasing layers, making it less durable and less desirable for the intended

application.

3.5 Proof of Concept

To test the feasibility of stacking multiple TEGs on the hot surface of the vortex tube, a
prototype was designed with 20 radial TEGs connected in series, as shown in Figure 3.19.
Taking advantage of the flexibility of these devices, the prototype is designed in such a
way that the electric connectors can be bent so that the TEGs can be stacked one in front
of the other. The manufacturing procedure for this device was the same as described in
Section 3.2.5, except that the thermoelectric powder used to formulate the ink was from a

different brand and had a higher Seebeck coefficient. Only 1 layer of the thermoelectric ink
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was printed to ensure the device’s mechanical stability, but more layers could be added

to improve its output.

FIGURE 3.19: Screen-printed prototype consisting of 20 radial TEGs connected in series.

After printing and cutting the prototype, it was placed around the vortex tube as
shown in Figure 3.20(a). Once again, the internal resistance and open circuit voltage were
measured to determine the output power. Right after being produced, the device’s inter-
nal resistance was 12.97 k(). However, the measurements were made over a month after
its manufacture and its resistance increased to 104.5 k(), which is mostly due to the pro-
totype being cut manually and continually bent during the process. For an average tube
surface temperature of 60 °C, an open circuit voltage of 204.6 mV was measured, which
translates to an output power of 100.15nW.

If the device is arranged in a more compact configuration, as can be seen in Figure
3.20(b), what limits the maximum number of TEGs that can be placed on the tube is not
their thickness but the space taken up by the connectors between TEGs. When arranged
like this, the prototype occupies a minimum of 6 mm of the tube’s length, meaning that 11

more prototypes like this one can fit on the tube, and an output power of 1.10 pW could

FIGURE 3.20: Prototype retrofitted on the vortex tube occupying (a) the entire length and
(b) the minimum length of the tube.
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be generated. Besides, if more layers of the thermoelectric ink were printed, this output
could be further increased. According to the results from the previous section, the output

would double just by adding one more layer to the stripes.






Chapter 4

Test of the Developed Prototypes

The goal of this work is to power a PU for in-situ monitoring, hence, the developed
prototypes need to produce enough energy to feed sensors and send data wirelessly.

The screen-printed radial devices produced in Chapter 3 have the potential to generate
output powers in the order of uW, which is not enough to feed a PU. The prototypes
from Chapter 2 however, generate enough energy for this application. In particular, the
prototypes made of 10x10 mm? TEGs on Al and PLA geometries perform the best and
therefore were used to power a PU developed by inanoEnergy [Figure 4.1(a)].

The PU is capable of boosting the voltage generated by the thermoelectric prototype
to 5V, feed a sensor with an average voltage of 3.5V, read the sensor’s signal and send the
data through a wireless communication protocol.

Before testing with a gas sensor, the PU’s input was connected to its output, as seen
in Figure 4.1(b), allowing it to read the electric signal to be fed to the sensor and check
that it is working properly. Additionally, the charge of the PU’s capacitors and its output
were also measured with a oscilloscope. These tests were made using the PLA prototype
to power the PU, and the TEG’s temperature gradient was varied by changing the inlet

gas pressure, in order to check the PU’s response to different outputs from the EHU.

Power B

FIGURE 4.1: (a) PU developed by inanoEnergy. (b) Setup used to power the PU.
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The graphs from Figure 4.2 show that the capacitors are charged to 5V and, after
reaching that value, the capacitors discharge, leading to a peak of 3.5V at the PU’s output,
which is followed by the reading at the PU’s input and the transmission of that data.
For TEG’s temperature gradients of 13 °C and 20 °C, the signals period is of 650 ms and
420 ms, respectively. This difference is due to the EHU’s output power increasing with
the gradient and, therefore, charging the capacitor faster. Note that the capacitors do not
discharge immediately after saturating because the PU has a minimum timeout of 140 ms

to ensure that the threshold has truly been reached and the signal is stable.
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FIGURE 4.2: PU’s capacitor charge and its output for a TEG temperature gradient of (a)
13°C and (b) 25°C.

Figure 4.3 shows the PU’s output signal read by the PU’s input and sent via the wire-
less protocol. Since the signal is only read when the output peak occurs, it is constant
around 3.5V and contains some noise that can be easily removed through signal pro-
cessing. This confirms that the PU’s output is constant over time, even if temperature
fluctuations occur, and that it is capable of correctly measuring an electric voltage.
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4.0

Voltage (V)
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FIGURE 4.3: Electric voltage measured by the PU when its output and input are con-
nected.
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Finally, the PU was tested with a graphene sensor, whose resistance is sensitive to
changes in the surrounding atmosphere. To measure the sensor’s resistance (Rsensor), @
voltage division circuit was used, as shown in Figure 4.4, so that the PU’s output (V},) is
feeding the sensor connected in series with a resistance (R), and the PU’s input reads the

voltage drop caused by the sensor (V;,¢). The sensor’s resistance can then be measured
by:

R x Vout

Reensor = o 4.1
sensor ‘/in . Vout ( )

a) Sensor b} 1 <+—— Graphene Sensor
R=55K0 Resistance
= AN
|
ol
V,=35V

FIGURE 4.4: (a) Schematic representation and (b) actual setup of the electric circuit used
to measure the sensor’s voltage drop.

Before connecting it to the circuit, the sensor’s resistance was measured at ambient
conditions using a multimeter and a value of 6 k() was measured. This is consistent with
the results shown in Figure 4.5(a), which were obtained using the PU supplied by the
PLA prototype for a TEG temperature gradient of 20 °C. The figure shows that an average
resistance of 6.21 k() is continuously measured and that at 4 minutes of measurement, by
blowing on the sensor, the humidity in its surrounding atmosphere is increased, which
causes its resistance, and consequently the measured voltage, to decrease.

The measurements were repeated using the Al prototype for a TEG temperature gradi-
ent of 18 °C, and the results are presented in Figure 4.5(b). An average voltage of 6.16 k()
was measured at ambient conditions and once again, by blowing on the sensor at about
4 minutes into the measurement, a decrease in the sensor’s voltage and resistance can be

observed.
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FIGURE 4.5: Sensor’s output voltage and calculated resistance, measured with the PU
connected to (a) the PLA and (b) the Al prototypes.

These results prove not only that the PU is capable of accurately reading sensor in-

formation and wirelessly sending it continuously, but also that the tested prototypes can

produce enough energy to continuously power the PU. Therefore, either of the geome-

tries can be used for the desired application, with the PLA geometry being the cheapest

solution and the Al geometry the most robust.



Chapter 5

Conclusions and Future Work

5.1 General Conclusions

In this work, two approaches were employed towards the main goal of developing a
thermoelectric EHU to be retrofitted on a vortex tube and power a PU for in-situ monitor-
ing in a gas distribution network.

A study of the vortex tube’s thermal outputs confirms that this device is capable of
generating and maintaining high temperatures on its hot end tube’s surface, sustaining
an average surface temperature of 56.4 °C for an inlet gas pressure of 4bar, making it a
powerful tool for the desired application.

In the first approach, the EHU consists of commercial TEGs assembled on top of a
geometry to be placed around the tube and uses Al heatsinks to enhance the thermal
gradient. Based on COMSOL simulations, three prototypes were made. It was verified
that the prototype made of 20x20 mm? TEGs on the Al geometry has the highest power
versus temperature gradient ratio. However, the temperature gradient created by each
prototype is not the same under fixed measurement conditions. Table 5.1 presents the
maximum outputs generated by each prototype under the same measurement conditions
and shows that the prototype made of 10x 10 mm? TEGs on the PLA geometry produces
the highest output power.

In the second approach, flexible radial TEGs made of ten thermoelectric stripes con-
nected in series were screen-printed to go around the tube. Numerical simulations pre-
dicted that the ideal dimensions of the stripes were 4 x2x0.150 mm?, but since the stripes’
thickness is difficult to control by screen-printing, multiple layers of the thermoelectric ink

were printed and suffered different thermal treatments to study the effect on its thickness
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TABLE 5.1: Maximum output generated by each prototype under the same measurement
conditions

Prototype AT (°C) | V (mV) | I (mA) | P (mW)
10x10 mm? TEGs on PLA Geom 16.9 460 80.5 37.0
10x10 mm? TEGs on Al Geom 11.2 360 62.2 224
20x20 mm? TEGs on Al Geom 5.0 260 45.0 11.7

and the material’s properties. It was concluded that each layer increases the thickness by
about 50 pm and that, even though the films are overall uniform and have low porosity,
the surface roughness increases. The films’ thermoelectric properties are approximately
the same regardless of the number of layers or thermal treatment and their average values
are presented in Table 5.2. The ink’s S is almost the same as the thermoelectric powder
used, however, o and consequently PF are reduced by the addiction of the polymer, which
has low ¢. Additionally, TGA analysis shows that the films can endure temperatures up
to 500 °C, ensuring that the devices wouldn’t degrade when used for the intended appli-
cation. A preliminary study of their mechanical stability indicates that their brittleness

increases with their thickness and at 3 layers the films are too rigid and barely flexible.

TABLE 5.2: Average thermoelectric properties of the films

S (1V/K) | 0 (S/m) | PF (pW/(K’m))
97 100 0.93

The developed TEG’s output power was measured and it was verified that it improves
with increasing number of printed layers due to its internal resistance decreasing. The
highest output obtained was of 134nW from the 4L-S1 device, for a tube surface tem-
perature of 60 °C. Additionally, as proof of concept, 20 TEGs connected in series were
screen-printed with one thermoelectric layer and, for the same tube surface temperature,
an electric voltage of 204.6 mV, or 100.15nW of power, was measured. Since the tube can
fit 220 TEGs connected in series, potentially 1.10 uW could be generated, and this value
could be increased if more thermoelectric layers were printed. Although this approach
produces less energy than the first, these devices have the advantage of being lightweight,
less bulky and easier to employ and, besides, are easy to manufacture and easily scalable.

Finally, because the first approach produced the best results, the prototypes made
of 10x10mm? TEGs on PLA and Al geometries were used to power a PU developed by
inanoEnergy. It was verified that the power produced by the EHUs enables the PU to feed
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a graphene sensor with 3.5V, correctly read the sensor’s signal and send the collected data

wirelessly at a minimum rate of 1.5 s~ 1

5.2 Technological Impact

The work done during this internship is integrated into the ATTRACT R&D&I PiPe4.0
and the MSCA-RISE SENSOFT projects. The aim was to develop a self-powered gas sen-
sor IoT unit for in-situ monitoring and quality assessment. The project objectives were
successfully achieved and the outcome is a cutting-edge device that has reached a Tech-
nology Readiness Level (TRL) of 5, namely by having been validated, demonstrating its
functionality and performance.

The unit’s self-powering capabilities eliminate the dependence on external power sources
and batteries, and the device’s minimal maintenance requirements ensure its long life
span. Furthermore, the system can also adapt to a wide variety of gas mixtures with a
wide range of compositions, and it has applications in a variety of industrial processes
where continuous gas monitoring is necessary.

Commercializing this technology could provide numerous benefits, such as cost sav-
ings, improved data collection and analysis, and enhanced monitoring capabilities. Given
its enormous potential for widespread implementation in real-world applications, ina-

noEnergy is currently assessing its commercial viability.

5.3 Future Work

As a complement to this work, additional steps could be taken to improve the devel-
oped EHUs of the two approaches.

Regarding the first approach, since the developed devices are already capable of pow-
ering a PU, a crucial step to evaluate their reliability and durability would be to test them
under extreme tube surface temperatures and different atmospheric conditions to eval-
uate the effect on their output and its stability and verify their durability. Additionally,
since in a real-life application the PU would need to feed and read multiple sensors, a
more versatile PU should be developed and tested with these prototypes to check if they

produce enough power to respond to the demands of a gas distribution network. Lastly,
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if all of these tests are successful, the devices could then be integrated into a gas distribu-
tion system and tested continuously for various months to evaluate their performance for
the intended application.

As to the second approach, although the printed devices produce low outputs, their
voltage could be increased by enhancing the thermal gradient. One strategy to accomplish
that is to print radial metallic heatsinks on the opposite surface of the Kapton substrate to
cool down the outer part of the thermoelectric stripes and improve their temperature gra-
dient. Furthermore, a device should be printed with the maximum number of TEGs that
can fit on the tube to confirm the predictions made from this work and test the device’s

feasibility and durability.



Appendix A

Outputs of Commercial TEG EHUs as

a Function of Resistance

This Appendix contains the experimental results of the output voltage, current and

power as a function of the load resistance, measured for the three prototypes made of

commercial TEGs, at different temperature gradients, as well as the respective current-

voltage and power-voltage curves.
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FIGURE A.1: Output voltage, current and power as a function of the load resistance at

a TEG’s temperature gradient of (a) 6.9°C, (b) 13.0°C and (c) 16.9°C, and (d) output

current (solid squares) and power (open squares) as a function of the voltage, of the PLA
geometry with 10x10 mm? TEGs.
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Appendix B

FTIR Analysis of the Thermoelectric

Films

Additional to the characterization presented on Chapter 3, the thermoelectric film’s
Fourier transform infrared (FTIR) spectra was measured using the Bruker Vertex 70 FTIR
spectrometer available at INMA facilities. The spectrometer was used in transmission
mode at wavelengths in the range of 4000 to 600 cm ! and a resolution of 4cm~!. Since
there isn’t much information about the Bi;Tes FTIR spectrum in literature, a film made
only of the PVA /H3POy polymer was printed and cured at 80 °C for 10 minutes and 193 °C
for 3 min, to compare its spectra with the films’. Figure B.1 shows that most of the absorp-
tion peaks present in the films’ spectra correspond to absorption from the polymer, which

is mainly caused by O-H, C-H and C=0 stretching and water absorption [46].
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FIGURE B.1: FTIR spectrum of the thermoelectric films.
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