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Energy Harvesting for Wireless and Less-Wired Sensors in Gas Turbines
ELOF KOHLER

Department of Microtechnology and Nanoscience

Chalmers University of Technology

Abstract

Four types of energy harvesters aimed for gas turbine applications were developed during this
thesis. The unique gas turbine environment shaped the design- and material choices. A semi-
conductor thermoelectric harvester was built for a location in the gas turbine with active cool-
ing at 600°C, with 800°C wall temperature. The thesis covers the material synthesis, design,
assembly and proof-of-concept tests of this harvester at 800°C. A metal thermoelectric har-
vester was also built, but instead for locations without active cooling. The harvester design is
long metal strips, capable of reaching active cooling far away. This harvester was successfully
used to power wireless sensors and reached 290 uW power output after power management
electronics. Two different types of piezoelectric harvesters were developed, both consisting of
coupled off-the-shelf cantilevers. The development included simulations, analytic models and
assembly/measurements on harvesters. The first design was a 2-degree-of-freedom folded cou-
pled harvester which after optimizations achieved a minimum of 2.75 V in the frequency range
92—162 Hz with peak power output of 1.80 mW. The second design was a 4-degree-of-freedom
self-tuning harvester, showing increased 3 dB-bandwidth from 8 Hz to 12 Hz with the use of a
sliding weight.

Keywords: Energy harvester, harsh environment, thermoelectric, piezoelectric, thermoelectric
harvester, piezoelectric harvester, coupled harvester, self-tuning
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CHAPTER

Introduction

The development of low power electronics and more efficient wireless communication has led
to an increase in the use of wireless sensors, both with new sensor applications but also by
replacing existing wired sensors with wireless solutions. One of the key reasons for replacing
a wired sensor with a wireless sensor is to reduce the amount of wires used, reducing both the
cost of the wires and the time needed to install a sensor.

However, wireless sensors require a power source to function. A battery is often preferred with
the combination of high energy content, low self-discharge and low cost. If for some reason
the environment is not suitable for batteries (e.g. if the temperature is too high, if the sensor
is inaccessible under long periods of time or the peak power is too high) the battery should be
replaced or combined with other power source solutions. Also, even if the wireless sensor can
be battery powered for many years it can be beneficial to combine it with an energy harvester
to increase the life time further. To have, for example, a car or a truck to go into service only to
change sensor batteries is impractical.

There are different levels of wireless sensing, ranging from sensors powered externally but with
wireless communication [|1]] to neat solutions where power supply, sensor and transmitter are
all combined in one package, e.g. the wireless stop bell push system for buses. Sometimes the
reality is somewhere in between, and a more suitable name would then be less-wired sensors [2]].

An example of possible parts involved in a wireless sensor system can be seen in Fig.
where a thermoelectric energy harvester is connected to a power management circuit. The power
management circuit stores the energy inside a supercapacitor until the stored energy exceeds the
requirement to start the transceiver and transmitting the sensor data.

In sensor environments where e.g. the temperature is too high for the electronics the sensors
cannot be a neat wireless sensor package, instead the electronics must be on a safe distance
from the sensor. It could however still be beneficial to have the energy harvester close to the
sensor because of the larger energy content available in the environment.

1.1 Background and motivation

The thesis work is heavily connected to the industry and the appended papers are all a result
of collaborations with various universities, gas turbine manufacturers and aerospace companies
[2,3]]. The unique gas turbine environment and the high demands associated with the aerospace
industry has shaped the outcome of this thesis. Various gas turbines located in test facilities in
Europe has contributed to the vibrational- and temperature data used in this project and has also
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Energy harvester Power management =gl =

-

Transceiver

Energy storage

Figure 1.1: An energy harvester converts waste energy to electricity and supplies a
power management circuit. The power management circuit stores energy temporar-
ily and delivers power to the transceiver.

been subject to harvester measurements for powering wireless sensors.

The gas turbines in these test facilities can have thousands of sensors, with many of them requir-
ing difficult wire placements. In these harsh environments the complexities of wireless sensors
increase as well. However, one of the key reasons for replacing a wired sensor with a wireless
or less-wired sensor is to reduce the amount of wires used, reducing both the cost of wires and
the time needed to install/debug the sensor. Reduced weight can also be an additional reason for
wireless sensors, e.g. in aircraft gas turbines.

Developing energy harvesters for gas turbines is a combination of energy conversion and surviv-
ability in harsh environments. It requires aerospace grade materials and cables and sometimes
that electronics are placed far away from the harvester. This approach gives a different pre-
requisite of the harvester designs than if the harvesters are investigated without considering a
specific application. Another consequence of this approach is the aim and presentation of the
harvester results, with more focus on connectivity with a wireless sensor system than the more
conventional power output/efficiency of the energy harvesters.

1.2 Wireless approach

Needless to say, a gas turbine has large amounts of waste energy that can be harvested (e.g.
vibrations, thermal, moving parts, pressure, sound, air flow) but this also means that the elec-
tronics and the harvester needs to withstand this harsh environment. Replacing the wired sensors
are all but straightforward and the harsh environment requires unique solutions to electronics
and power sources for every wireless sensor. Thus, although the main topic of this thesis is
energy harvesting, it is inescapable to discuss the complete wireless sensor system, because the
design of the harvesters, electronics and energy storage need to be matched with the rest of the
system.

With the goal to power a wireless sensor with energy harvesting, the power requirements from
sensor and transmitter are important for the design. Hence, the power losses from cables, power

2



1.2. Wireless approach

electronics and the self-discharge of the energy storage need to be accounted for.

1.2.1 Power source

One of the most common power sources are batteries. Batteries are easily available, inexpen-
sive and simple to replace in easily accessed locations. However, most sensor locations in a
gas turbine are not suitable for batteries, either because of high temperatures or inaccessible
locations. Energy harvesters can handle higher temperatures than batteries and if coupled with
energy storage such as supercapacitors they can function far longer than batteries [4].

Heat

Thermal energy is abundant in gas turbines with around 20% of the compressed air used for
cooling purposes [5]]. There are many methods of converting thermal energy into electrical
energy, either by utilizing the temperature change (pyroelectric harvesters) [6] or the thermal
gradient [[7].

Most methods utilize the thermal gradient for conversion, with higher possible conversion effi-
ciency with increasing thermal gradient [[8]. Large scale mechanical conversion methods such as
Rankine heat engines (steam turbines) or Brayton heat engines (gas turbines) can convert up to
40-50% of the heat energy [9]. Combined cycle power plants can reach above 60% by combin-
ing two or more methods to maximize conversion efficiency [10]. These methods are however
not suitable as small-scale energy harvester solutions, with decreasing efficiency with decreas-
ing size, eventually less efficient than thermoelectric power conversion (at approximately 10-
100 W) [11].

Because thermoelectric harvesters utilize thermal gradients, they will suffer from low power
output during start up, while pyroelectric harvesters would have large power output during start
up and low power output at cruise speed. If power is needed during start up it is possible to
combine the harvester with some energy storage [4] or combining it with a pyroelectric energy
harvester.

Vibrations

It is also possible to harvest energy from sound [[12] or vibrations in a gas turbine. There are
several different types of energy harvester technologies to consider when building a vibrational
harvester e.g. electrostatic, electromagnetic, magnetostrictive, triboelectric, piezoelectric and
more [13-18]. The optimal location for a vibrational harvester in a gas turbine is where the
temperature is too high for batteries, but not as high as for the thermal harvester.

Capacitive harvesters do not work well in high temperatures as high temperatures can reduce
the electret stability [[19]]. Magnetostrictive energy harvesters have been shown to work at tem-
peratures of at least 225°C but with some loss in power output at higher temperatures [20].
Work on high temperature piezoelectric energy harvesters has resulted in harvesters capable of
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250-300°C, although these harvesters suffers from reduced power output at temperatures above
200°C [21,22].

However, vibrational energy harvesters need to fulfil some basic conditions before coupled
with a self-powering miniaturized system; namely reaching minimum voltage-/power output
required for the self-powering system and to manage this within the natural frequency of the
environment. This requires a good match between the harvester’s natural frequency and the
environment. In an environment with fluctuating natural frequency this increases the demands
for a harvester design with broad bandwidth. Figure illustrates the harvester amplification
(blue area) together with the acceleration profile of the environment.

:\M%

Frequency (Hz) Frequency (Hz) Frequency (Hz)

Acceleration (m/s?)
Acceleration (m/s?)
Acceleration (m/s?)

Figure 1.2: Acceleration as a function of frequency for the environment (black line)
with blue shape representing the amplification from a cantilever.

There are several methods available for modifying bandwidth, power output and resonance fre-
quency in vibrational cantilevers. One way to enhance the power output is to change a rectan-
gular cantilever to a narrowing geometric shape (trapezoidal shape [23]]), since the part closest
to the attached end of a rectangular cantilever receives most of the stress distribution and there-
fore corresponds to the main part of the power output [24]]. A tip mass can be attached on the
cantilever in order to adjust and lower the eigenfrequency to match different ambient vibrations.
The applied mass also increases the bandwidth slightly, although with the possible undesirable
consequence of sacrificing power output [25]. A broad bandwidth harvester can be achieved
by combining several cantilevers with different eigenfrequencies in an array, see Fig.[1.3] This
method requires that the single cantilevers are tuned to give a frequency overlap with the other
cantilevers while still maintaining enough power output in the desired frequency region, either
by modifying the eigenfrequencies by tip masses or properties (e.g. length or width) of the
cantilevers.

Non-linear harvesters are a promising approach to broaden the bandwidth, with unique struc-
tural designs on cantilever level [26], strong electric fields to introduce non-linearity [27] or
structural design on system level with hardening structures [28]] or impact-driven harvester de-
signs [29]. The tuning of these systems to a specific environment differs in complexity, e.g.
cantilever arrays can easily be tuned to any environment, however, with increasing bandwidth
requirement these harvesters also need more electronics and increased volume [30]. Non-linear

4
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Acceleration (m/s?)

v"‘n’H’Al

Ffequency (Hz) : @ P ® @ \

Figure 1.3: Four cantilevers with different eigenfrequencies in array.

designs with large hysteresis can be forced to jump to the more energetic of the two available
stable modes with fast burst perturbation [31].

Another solution to achieve broader bandwidth is to add a second cantilever on the tip of the
primary cantilever, called a 2DOF (two-degree-of-freedom) harvester, see Fig. [I.4] These har-
vesters tend to have more even stress distribution and they enhance the power output, compared
with the combined output from two single cantilevers [24]. When tuning this type of harvester to
the required resonance frequencies it can be mounted with two tip masses, one for the primary
harvester and one for the secondary harvester [32H35].

Acceleration (m/s?)

Frequency (Hz)

Figure 1.4: Coupled harvester with top cantilever attached at the tip of the bottom
cantilever.

The first mass is applied between the primary and secondary cantilever and the second mass is
applied at the tip of the secondary cantilever. This solution is more space efficient compared to
an array of single cantilevers. The solution yields a broad bandwidth harvester with the power
output separated into two peaks. Systems with two beams coupled in the same plane have pre-

viously been thoroughly investigated [33},36H40].

Another concept that enables a broader bandwidth for an energy harvester is to use a self-tuning
resonator. Self-tuning is when the resonance frequency of the harvester changes to better match
the resonance frequency of the environment. Several ways of resonance tuning can be achieved
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during operation of the harvester, both with electronics [41,/42] or mechanical solutions [43|].

Self-tuning with electronics can quickly adjust the resonance frequency to increase the power
output. In environments with rapid fluctuations in the resonance frequency this method can
increase the power output substantially [41]]. However, the electronic self-tuning requires power
and should only be used if the gain is larger than the power requirement of the self-tuning
electronics.

Mechanical self-tuning is achieved by altering the length [44], stiffness [45] or mass [46] of
the cantilever to change the resonance frequency. Boudaoud et al. demonstrated a free to slide
mass on a vibrating metal string, actuated by an oscillating magnetic field, which can self-adjust
the system to certain input frequencies [47]. The free sliding mass adds one degree of freedom
to the system. A different approach uses a bead inside a hollow cylindrical cantilever [48]. A
more recent study from Miller et al. also achieved a self-tuning harvester behavior through a
fixed-fixed beam and a sliding mass configuration [46,/49].

This thesis is limited to thermal- and vibrational methods only, specifically thermoelectric har-
vesters and piezoelectric harvesters. Worth noting, vibrations and noise are unwanted effects in
a gas turbine and has been actively fought in the aerospace industry, with reduced average noise
levels in turbofan engines by 10 dB over 30 years [50].

1.2.2 Power management

Power management have several purposes, e.g. to store energy, to convert the voltage to a suit-
able level and to wait until enough voltage- or power output is achieved before releasing the
energy to the wireless sensor electronics to avoid stalling of the wireless electronics.

The DC-DC step up voltage boost in the power management circuit for e.g. thermoelectric
harvesters can be substantial, requiring DC-DC boost from a few millivolts to several volts.
DC-DC conversion solutions from 10-100 mV [51-54] to 3.3 V suffers from low efficiency
(less than 50%).

Piezoelectric harvesters typically have higher voltage output than thermoelectric harvesters but
instead the power management circuit has to convert AC current into DC [55]]. Like the power
management circuits for thermoelectric harvesters, the power management system needs to wait
until enough energy is stored before attempting to power the wireless sensor node. Additional
features in more advanced power management circuits for piezoelectric harvesters is maximum
power point tracking (MPPT) [56] and this can improve the conversion efficiency substantially.

1.2.3 Energy storage

The start-up sequence in the wireless sensor electronics requires the most energy, reaching
several mJ (8-200 mJ) and mW (10 mW or more) depending on electronics [S57,58]]. In most
cases the energy harvester cannot reach these power levels, thus requiring energy storage.

Supercapacitors can provide higher power outputs than batteries and be charged/discharged
with very little degradation but suffers from higher self-discharge and lower energy content



1.3. Thermoelectric harvesters

than batteries [59]. Using a supercapacitor alone is not recommended because of the high self-
discharge and low energy density, but a supercapacitor coupled to an energy harvester can be a
powerful combination [4]].

The combination of an energy harvester and a supercapacitor is extra powerful in harsh en-
vironments where e.g. heat, vibrations or high pressure are plentiful. A supercapacitor can be
designed to handle vibrations and high pressures and can even get an energy density boost from
operating at high temperatures [60]].

1.3 Thermoelectric harvesters

Most off-the-shelf available thermoelectric generators have a maximum operating temperature
below 325°C [61] with a few generators operating at higher temperatures up to 800°C [62].
At temperatures above 800°C there are no off-the-shelf generators available and to keep high
efficiency several thermoelectric materials in segments are needed, making the generators much
more complex [63]]. These are mainly used in RTGs (radioisotope thermoelectric generators) in
NASAs space missions or remote lighthouses [64,|65]].

Off-the-shelf thermoelectric harvesters are stiff and flat to maximize the thermal input and out-
put. In some situations, it is more appropriate with flexible harvesters, e.g. in wearable harvester
designs [66] or to achieve good thermal contact with non-flat surfaces [67]]. Harvesters with long
flexible thermoelectric couples can also be used to increase the separation of the cold side and
hot side [68.,|69], either to decrease the thermal conductance or to reach a heat source/active
cooling. The drawback of these long harvesters is the high resistance of the harvester that can
reach hundreds of Ohms.

In the middle and rear part of a gas turbine the temperature can reach far above 800°C and
cooling air is pumped through the walls and turbine blades to decrease the surface temperature.
A thermoelectric energy harvester inside a gas turbine can be placed in one of these cooling
channels. In the middle of a gas turbine the sensor cables are the longest and most difficult to
place. Replacing these with wireless sensors or less wired sensors is highly desirable.

The harvester in the cooling channel (paper I and paper II) is not designed to be purely effi-
cient, instead it is designed to take advantage of the excessive heat to give a good power/mass
ratio (W/kg). The size was decided to be 12 mm x 12 mm x3 mm and the materials were chosen
to be BagGa4Gesg and La-doped Yb;4MnSby;. These materials have their peak efficiency in
this temperature span and can operate at up to 800°C.

Locations on the gas turbine without direct active cooling is also interesting for wireless sensing.
Unfortunately, thermoelectric harvesters are not suitable for areas with low thermal gradients. A
solution to increase the length of a thermoelectric harvester to reach active cooling is proposed
in (paper III), with all-metal thermoelectric couples and good load resistance matching with
the power management electronics, see Fig.[1.5]
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Hot side Cold side

% Thermoelectric harvester

Figure 1.5: Schematic of long metal thermoelectric energy harvester stretched be-
tween left side (hot) and right side (cold).

1.4 Piezoelectric harvesters

The gas turbine application calls for a lightweight, broadband energy harvester. With the capa-
bility of operation in elevated temperatures, a piezoelectric energy harvester seems like the best
choice. Another advantage of building a piezoelectric energy harvester is that most parts needed
for the design are available off-the-shelf.

Two piezoelectric harvester types were used, a 2DOF coupled harvester and a self-tuning 4DOF
harvester, both designs with focus on broad bandwidth.

1.5 Scope and outline of thesis

Four energy harvesters with varying designs have been developed, two vibrational energy har-
vesters based on the classified vibrational data acquired from Rolls-Royce PLC®, one thermal
energy harvester designed for the cooling channels in the middle to rear of the gas turbine and
one metal thermoelectric energy harvester aiming to be simple to design and install.

Paper I and paper II covers the analytical modeling, synthesis, assembly and measurements
on the thermoelectric energy harvester designed for the cooling channels in a test gas turbine.

As aresult of the harvester presented in paper I and paper II and the challenges of powering a
wireless sensor on a gas turbine a second type of thermoelectric design is presented in paper 111,
an all-metal thermoelectric harvester with long reach. The paper covers analytical calculations,
assembly, load resistance measurements and powering of two different types of wireless sensor
systems.

For the piezoelectric energy harvesters, the design and assembly of coupled harvesters is the
main contribution, with most of the parts bought off-the-shelf. In paper IV the simulation
and experimental validation of a coupled piezoelectric energy harvester is demonstrated and
in paper V the concept is investigated further with optimizations, cantilever designs and load
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resistance measurements. In paper VI a simplified finite element analysis of a 4DOF coupled
harvester with self-tuning capabilities is presented with experimental verification of the analy-
sis.

The temperature inside a gas turbine reaches above the capabilities of power electronics and
wireless sensor systems available. Hence, harvesters located in high temperatures cannot be
completely wireless. Construction of a completely wireless sensor is therefore out of scope
for this thesis. Also, the harvester in paper I has no power measurements, and needs proper
solutions to reduce contact resistance first. Due to lack of time and facilities this is deemed out
of scope.

The thesis covers the theoretical parts of the harvesters in Chapter 2, followed by the methodol-
ogy of simulations, measurement setup and measurements in Chapter 3. Results are presented
in Chapter 4 with the last chapter devoted to discussion and conclusions.
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CHAPTER

Energy harvesting in gas turbines

Energy harvesting for wireless sensing is application-specific and it is unreasonable to assume
that all energy conversion methods in general can be used for wireless sensors. Likewise, are
energy harvesting in gas turbines not equal to energy harvesting in general.

The most notable difference is a strict safety requirement, with limitations on what materials,
electronics and designs that are allowed. Also, the environment inside a gas turbine is harsh; the
number of sensors can reach thousands in one test gas turbine and with many of the locations
needing non-intrusive harvesters as well.

2.1 Thermoelectric harvesters

Even though the Seebeck effect was discovered already in 1820 [70] the use of thermoelectric
energy conversion has been limited to very few applications due to the low efficiency. However,
with IoT (internet of things), increased use of wireless sensors and more efficient thermoelectric
materials it has been placed in the spotlight again. These new thermoelectric materials can reach
efficiencies around 13-15% at 1000°C with theoretical efficiencies up to 25% [71]. Because
thermoelectric generators are solid state, they can be made very small and keep most of the
efficiency [72]. The solid state also gives the harvester high durability and longevity, with more
than 30 years of power generation possible [64,65,73]].

A thermoelectric harvester inside a gas turbine need to survive the vibrations. This can be chal-
lenging for high temperature harvesters because of the sometimes brittle nature of the materials.
However, if the harvester accidentally comes loose and goes into the turbine blades it should
shatter on impact with the turbine walls/blades. If the material is too durable and deforms it
could damage the turbine blades (with possible catastrophic failure as a result).

Thermoelectric harvesters require a temperature gradient to generate power, in gas turbines
there are several options where to place the harvesters. Active cooling is abundant and includes
oil cooling, low temperature exhausts and high-pressure air cooling.

Seebeck effect

The Seebeck effect is one of the three thermoelectric effects and explains the heat-to-energy
conversion. The Seebeck effect is observed when two dissimilar materials are connected and ex-
posed to a thermal gradient. The result is an electrical potential proportional to the temperature
difference which is both temperature- and material dependent, called the Seebeck coefficient

11
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(V K1) [74]. There are n-type and p-type thermoelectric materials, with a negative Seebeck
coefficient from excess of n-type charge carriers and a positive Seebeck coefficient from excess
of p-type charge carriers [75].

Figure of merit and power factor

Common procedure when developing thermoelectric materials and/or thermoelectric harvesters
is to present their “figure of merit”. The dimensionless figure of merit for a material is defined

as zT = GSKZ T where S is the Seebeck coefficient, o the electrical conductivity, x the thermal
conductivity and T the temperature. The zT-value is proportional to the efficiency of the material
with a theoretical maximum value, the Carnot cycle efficiency [76], at zT' = c. Unfortunately,
the figure of merit is difficult to increase and improving one attribute usually have negative
effect on the others [75]], furthermore the zT-value is temperature dependent and has an optimal
temperature range where the zT is highest, see Fig.[2.1]and [2.2] For a thermoelectric generator

containing several thermoelectric materials the figure of merit is denoted by ZT.

For large scale power production, a high ZT-value is crucial in order to compete with other con-
version methods [11]]. This is however not always the case in energy harvesting. With sufficient
cooling available and with a thermal energy source far greater than the thermoelectric harvester
can transfer, the efficiency of the harvester becomes less important [77]].

The power factor, defined as 6.S?T, is therefore sometimes a better quality-measure of thermo-
electric materials and thermoelectric harvesters. Especially in gas turbines, where heat energy
and active cooling can be bountiful.

1.8
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& ’
= 0,4
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Figure 2.1: zT-value for some common n-type materials between 0-1000°C [75,/78]].

2.1.1 Harvester designs

A thermoelectric harvester needs one hot side and one cold side to utilize the Seebeck effect.
The shape of the harvester therefore depends on the environment. However, the basic design
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Figure 2.2: zT-value for some common p-type materials between 0-1000°C .

features remain the same. Connecting n-type and p-type materials in parallel thermally and in
series electrically induces an electrical current when exposed to a thermal gradient, see Fig.[2.3]
This combined “couple” produces a potential in the range of tens to hundreds of uV K-!.

Current
—

Figure 2.3: Two thermoelectric materials in parallel thermally and in series electri-
cally, current going from left to right and heat from top to bottom.

A thermoelectric generator usually consists of several thermocouples in series to increase the
voltage of the device, where each couple consists of one n-type and one p-type leg, see Fig.
[2.4] In this type of design, the legs are connected by electrodes placed on electrically insulating
and thermally conductive materials. High thermal conductivity in the base plates is important
to ensure that enough heat is transferred to and from the thermoelectric legs to maintain a high
thermal gradient. Furthermore, the materials should have high zT-value or power factor in the
desired temperature range and preferably also have similar thermal expansion coefficient [80].
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:

Figure 2.4: Cross section of a thermoelectric device consisting of seven couples
between two insulating plates, with the two different materials having different size.
A second type of electrode is welded to the electrodes inside the device.

However, when building harvesters that operate at high temperatures (above 600°C) the number
of available materials is substantially reduced.

The electrodes can be fitted to the thermoelectric legs in several ways. At low temperature and
with insensitive materials it can be soldered or welded. This is not always the best approach,
at higher temperatures or with sensitive materials, diffusion bonding can be a better method.
In solutions when the electrodes are not bonded physically with the thermoelectric materials,
the electrodes and the thermoelectric material need to be pressed together [81]]. To reduce stress
and ensure connection throughout the device the legs should be even and have the same height
at operating temperature. One solution is to use a spring for each leg to even out the force
this way [82]]. However, using springs is complicated and can affect the thermal conductance
through the device and lower the possible maximum thermal gradient substantially.

Voltage, power and efficiency

Because the voltage is generated from the n-type and p-type Seebeck coefficients (V K1) it is
possible to predict the output voltage (open circuit) precisely, if the Seebeck coefficients from
both materials are known in the entire temperature span. This is the basis of thermocouple tem-
perature sensors [83]]. For a harvester with multiple couples the voltage output can be simplified
as in Eq. 2.1 below.

V= nSangd,-ff (21)

where n is the number of couples, S, the average Seebeck coefficient in the temperature range
and Ty, ¢ the temperature difference between the hot- and cold side of the thermoelectric mate-
rial.

A simplified calculation of the power output (explained in paper II) from a thermoelectric
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harvester (under load) can be seen in Eq. 2.2 below.
P = (nSaveTyiss)*pt/R(1+ (1+8))? (2.2)

where R is the resistance of the power-generating portion, u the load resistance ratio R; /R and
0 the contact resistance ratio R./R.

The efficiency (1) of a thermal harvester is simply the portion of the thermal energy that is
converted into electric energy, see Eq.[2.3|below.

n=0u/P (2.3)

where Qp is the heat input and P the power output from Eq.

Harsh environment

Any environment with high temperatures will cause oxidation on exposed surfaces. The ox-
idation speed increases with increased temperatures. In a gas turbine, at temperatures above
600°C the materials are dominated by a second type of degradation, hot corrosion. Hot corro-
sion (molten sulfates) comes from alkali metal contaminants (sodium and potassium) reacting
with the sulfur in the fuel [84]]. Protecting the energy harvester from degradation in a gas turbine
is a major challenge.

The thermoelectric harvester in paper I will be placed in locations with these harsh conditions
and contains sensitive materials e.g. Ybj4MnSby. This material is sensitive to moisture and air
and the surface will oxidize even at low levels of oxygen at room temperature. Moreover, the
material also reacts with many other materials. Ybj4MnSby; is however known to be stable in
contact with alumina, graphite and molybdenum [85.|86]. Using Mo or graphite as an electrode
material or as protective layer between the electrode material and Yb;4MnSby; is therefore
possible.

Diffusion can happen where the thermoelectric material meets the electrode or the encapsulating
material. Some materials have higher tendency to diffuse than others, so by properly choosing
the materials this problem can be reduced. As an example, Sb tends to diffuse into other met-
als/alloys and form antimonide compounds [87]. In this work Sb is used in the p-type material
and the choice of electrode material is therefore crucial. Diffusion can also occur inside the
thermoelectric material where single atoms diffuse from their locations. This type of degrada-
tion indicates that the temperature is too high for the specific material and a lower temperature
or change of material is necessary.

The material that surrounds the thermoelectric legs should have low thermal conductivity, but
also keep the sublimation in check. Progress in sublimation repression has been made with
alumina paste and is therefore used in this work [85,/88,89]. When Yb and Sb starts to sublimate,
the Sb flows through the alumina and the material starts to degrade, but the Yb is stopped by the
alumina and creates a thin layer of Yb that the Sb cannot pass through. This method that can
reduce the sublimation with a factor of 1000.
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2.2 Piezoelectric harvesters

Piezoelectric harvesters can handle temperatures up to 300°C if built properly [21] and are thus
a possible power source in several locations not suitable for batteries. Commercial piezoelectric
cantilevers are more limited with its maximum temperature (150°C) [90], but the principles of
the harvesters will work for custom made high temperature piezoelectric harvesters as well.

The cantilevers with piezoelectric material should shatter on impact if released into the gas
turbine but metal couplings could damage the blades and should be avoided if possible.

2.2.1 Piezoelectric materials

The piezoelectric effect arises in some materials when exposed to tension and compression and
the phenomenon was first published in 1880 [91]. The source of this piezoelectric effect comes
from the crystal structure and how the atoms move under pressure to create a dipole moment.

There are many different types of crystal structure that give rise to polarization under pressure
[92]]. One of the most commonly used is the perovskite structure e.g. lead zirconate titanate,
PbZI‘O'STio_503 (PZT).

PZT is also ferroelectric which means that below a certain temperature (Curie temperature)
the material has a spontaneous polarization. Above the Curie temperature the material loses its
piezoelectric properties [93]]. The spontaneous polarization happens in groups of unit cells and
is called Weiss domains [94]. The Weiss domains have random polarization vectors and the
average polarization in the material is zero if cooled down without any external electric fields.

When fabricating a piezoelectric material for energy harvesters the Weiss domains are forced
in the same direction by applying an electric field when the temperature is slightly below the
Curie temperature. This treatment is called poling and will slightly deform the material to be
anisotropic and give it a permanent polarization.

2.2.2 Amplification and bandwidth

The basic concept of vibrational harvesters is to match the self-resonance frequency of the
harvester with the vibrations in the environment to amplify the response in the harvester. This
amplification can be made very efficient and reach a factor 200 or more, under the condition that
the mass of the environment is far greater than the mass of the harvester [95]. The amplification
can be expressed with a quality factor (Q) seen in Eq. 2.4 below.

Q= 2rb (2.4)

AE
Where E is the stored energy and AE the energy lost each cycle. If the damping is low, the same
quality factor can also be expressed as in Eq.

O‘)I‘ES

Q%Aw

(2.5)
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where @, 1s the resonance frequency (Hz) and A®w the bandwidth (Hz) [96]. A high quality
factor means low losses and high amplification (which of course is a good thing) but it also
gives a narrow bandwidth.

Without revealing any classified gas turbine vibrational data, it can be stated that a wider band-
width is needed than a single cantilever can achieve.

2.2.3 Harvester designs

A piezoelectric accelerometer is built to absorb all vibrations equally [97]. This requires that
the accelerometer never reaches its resonance frequency because of the amplification created
by self-resonance. For a piezoelectric energy harvester, the ambition is to have as much ampli-
fication as possible. Inspecting the vibration spectrum of the environment gives information on
how to design the harvester to have the resonance frequency matched with the most energetic
vibrations in the environment.

The basic design of a piezoelectric energy harvester is a cantilever with a thin layer of piezo-
electric material on one or both sides of the cantilever. For a single degree of freedom (SDOF)
system the undamped natural frequency is expressed as follows in Eq.[2.6]

[k
Wy =1/ — (2.6)
m

Where @y is the undamped natural frequency, k the effective stiffness of the system and m the
effective mass. With the added damping of the system the resonance frequency is expressed as

in Eq.[2.7] below.
Wypes = €Wy - I 252 (27)

If the resonance frequency of the environment is fluctuating or changing in some way, a single
cantilever could get off resonance with low power output as a result. Increasing the bandwidth of
the piezoelectric harvester to cover the resonance frequency span of the environment is therefore
important.

Coupled energy harvester

With two single cantilevers it is possible to cover two different frequencies, either by two differ-
ent types of cantilevers, lengths or by introducing a tip mass, see Fig.[2.5] Two single cantilevers
can therefore give double power output at one resonance frequency or approximately double
bandwidth depending on the tuning of the cantilevers.

Connecting one cantilever to the end of another cantilever will give a different scenario, see Fig.
This design will naturally have two different resonance frequencies for the two cantilevers
with a complicated relationship between them.
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Figure 2.5: Three single cantilevers with different eigenfrequencies. Longer length
and introduced tip-mass lowers the eigenfrequency.

Self-tuning energy harvester

It is possible to increase the bandwidth of a harvester with self-tuning abilities. This work
connects a dual clamped beam between two single cantilevers in a similar fashion as the coupled
harvester, see Fig.[2.6] This setup will give two resonance frequencies, one for each cantilever.

Figure 2.6: Self-tuning harvester with two cantilevers and one beam connecting
them. A sliding mass is attached to the beam. The two fixed points are marked in
blue.

With a simplified finite element analysis of the system it is possible to derive computationally
efficient codes or even closed form solutions that enable comprehensive investigations of vari-
ation in geometrical and material parameters. This simplified model can be seen in paper VI
The system is studied using Euler-Bernoulli theory for isotropic beams with additional point
masses [98]]. In paper VI, the electromechanical coupling effects for the piezoelectric can-
tilevers are neglected as they are of minor importance for the overall structural eigenfrequency
response. Moreover, the laminated structures of these beams are modelled as homogeneous
beams using effective material properties. As for the sliding mass, it is assumed to be fixed at
various positions along the middle beam. This assumption simplifies the analyses considerably
while having little effect on the system’s eigenfrequency.
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CHAPTER

Simulations and fabrication of energy harvesters

The thermoelectric and piezoelectric harvesters were designed and assembled with the aim of
gas turbine applications, more specifically stationary gas turbines in test facilities. The extra
amount of sensors in these gas turbines increased the need for wireless sensing.

3.1 Semiconductor harvester

The middle part of the gas turbine was one of the most challenging locations to replace wired
sensors with less-wired sensors. In the test gas turbine at Rolls-Royce PLC®, the wall tempera-
tures reached 800-900°C in the areas with active cooling, with cooling air temperatures reaching
500-600°C, giving a potential thermal gradient of 200°C or more. The cooling channel location
also introduced size constraints on the harvester at approximately 1-2 cm? and a few mm in
height with the heat sink included. The aim was a power output of 1 mW for this harvester.

Design boundaries

The design choice was a standard thermoelectric design with two semiconductor thermoelectric
materials connected in series electrically and in parallel thermally, squeezed between two base
plates.

3.1.1 Analytical optimization

Because of that the conversion efficiency of thermoelectric materials are temperature dependent
and the environment had the unusual temperature span (600-800°C) an analytical model was
made to assess what materials were most suitable, see paper II. The analytical calculations
also helped with design optimization and to predict characteristics of the harvester.

For this particular gas turbine application [2] the aim for weight and size of the device was
approximately 0.5-1 grams and 1-2 cm?. Due to the size constraint, all the materials inside the
harvester were included in the calculations to get an approximation of thickness, weight and
an indication of where problems could arise during assembly. It was important to include the
temperature dependent material properties (e.g. electrical resistivity and thermal conductivity)
in the calculations. An example was the alumina used as base plate material that have a thermal
conductivity of about 7 W m'K™! at 800°C and 37 W m™'K"! at room temperature [99]. SiC
has a thermal conductivity of 48 W m™'K-! at 800°C as comparison.
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The calculations made it possible to get some first estimations of the heat transfer and power
output of the device. Because of the complexity and the number of variables the calculations
were an iterative process. Variables included number of couples in square devices (n=1, 3, 7,
11, 17, 23, 31...), height of thermoelectric legs, area of legs, thermal gradient of environment,
thermal conductance of base plates, area ratio between n-type and p-type material, thickness
of electrodes, electrode resistance, load resistance, parasitic heat conductance between couples
and different thermoelectric materials, base plate materials, sealant materials and electrode ma-
terials. These variables were then tuned to optimize the specific power output (W/kg), with high
temperature cables [[100] to the power management included. The electrical and thermal contact
resistance ratios were set to 0.1 and 0.2 of the total harvester resistances, as this was appropri-
ate values in commercial harvesters [[101]. By including all these parameters, it was possible
to get some predictions on the power output and the important design parameters. An example
can be seen in Fig. where the number of couples are reduced from 17 to 1. The increased
percentage losses from cables, load resistance and DC-DC conversion (80% efficiency vs 30%
efficiency) reduced the power output from 450 mW to 1 mW (with 2.5 Q load resistance).
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Figure 3.1: The power output and voltage of a 17-couple harvester (top figure) and
I-couple harvester (bottom figure) as a function of the load resistance after losses
in cables and DC-DC converter.

The height of the legs had the highest effect on the power output and reducing the leg height
resulted in higher power output and lower efficiency, see Fig. [3.2l However, to keep the heat
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Figure 3.2: Top picture: Power output and heat transfer as a function of leg height
for BagGasGesp and Ybj4MnSby;. Bottom picture: Power output and heat transfer
as a function of leg height for SiGe.

sink at a reasonable size the maximum heat input had to be limited according to Eq. [3.1][102]
below.

I -1y
)

A junction temperature (77) at 600°C, a cooling air temperature (74) around 500°C and a ther-
mal resistance of 4°C W-! equals a power dissipation (Pp) of 25 W. The estimated thermal re-
sistance of 4°C W-! could be achieved with a heat sink size of 12 mm x 12 mm x 3 mm [103]]
without constricting air flow to much in the cooling channels, see Fig. [3.3] Please note that in
this case, without any detailed measurement data available about size of channel, pressure and
airflow velocity inside the cooling channels the thermal resistance of 4°C W-! could be a rough
estimation.

Pp (3.1

One challenge when building a 12 mm x 12 mm thermoelectric harvester was the number of
couples that can fit inside. Increasing the number of legs increased the voltage, which was im-
portant, but it also made the device assembly more complex. And with insulating material or
diffusion suppressing material between the legs or electrodes the total volume of thermoelec-
tric material decreased with more couples. In this regard the choice of materials was of big
importance as will be explained in the following section.
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Figure 3.3: Thermoelectric harvester including heat sink and metal holder.

Material choices

To choose the materials in this project the analytical model was used in conjunction with
assembly-crucial properties, such as thermal expansion, diffusion- or sublimation suppression.
Increasing temperature will affect materials in various ways, like oxidation, sublimation and
diffusion. Thermoelectric materials in temperatures as high as 800°C can degrade quickly if not
properly cared for. Oxidation can be reduced by proper encapsulation of the device and the indi-
vidual legs. Finding a suitable encapsulation is however difficult due to possible degradation of
the encapsulating material itself and the fact that the encapsulating material will have a parasitic
effect on the harvester, since the material will transfer heat energy through the device.

From calculations the thermoelectric materials BagGa;6Geso [[78104] and La-doped Yb;4MnSb
gave the best results in the temperature range (600-800°C). The materials figure of merit
can be seen in the comparison of different thermoelectric materials, see Fig. 2.1|and 2.2]

Using a synthesis procedure covered in paper I the n-type material was synthesized with a
highly crystalline material as a result. The melting point of BagGa;¢Geso (approximately 966-
974°C) sets the absolute upper temperature limit of the device. The figure of merit for this
material is high and at 700°C values above 1.2 has been reported with Seebeck coefficient of
220 uV K1, electrical resistivity at 17 uQm and thermal conductivity at 1.25 W m™'K"! .
The thermal expansion is quite high at 14.2 um K-! .

In paper I the synthesis of the p-type material gave less abundant results with some Sn residue
left on the crystalline material. The figure of merit for the La-doped Yb;4MnSb1; has been re-
ported as high as 1.2 with a Seebeck coefficient of 200 VK™, electrical resistivity 7.5-107>
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Qm and thermal conductivity at 0.6 W m'K™! [79]. The thermal expansion is higher than
BagGa;sGesg at 16-17.9 um K-! [106,(107].

Yb14MnSb;; sublimates and Mo-electrodes oxidizes at high temperatures. Consequently, the
harvester was fabricated in an oxygen free environment (argon filled glove box) and later also
sealed with ceramic glue to not let oxygen or moisture through. Furthermore, alumina paste
(Thermeez 7020) [[108]] was placed around the thermoelectric materials to reduce sublimation
[85]]. The thermal conductivity of Thermeez 7020 is 0.159 W m!K !
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Figure 3.4: Power output and heat transfer through the SiGe generator with increas-
ing thermal conductivity in the base plates.

The thermoelectric harvester design had two electrically insulating base plates, see Fig.
At 800°C the best choice would be SiC with 48 W m™'K™! and high durability, compared to a
more brittle alumina with a thermal conductivity of 7 W m 'K, But with a cost of more than
10 times that of alumina, calculations were made to see if the higher price would pay off. If
using SiGe as thermoelectric material a 0.25 mm thick SiC base plate would be a good choice
because of the high thermal conductivity of SiGe, see Fig. The high thermal conductivity
of SiGe also pushed the heat flux beyond the recommended 25 W allowed by the heat sink, with
possible low thermal gradient over the thermoelectric legs as a result.

However, with the low thermal conductivity in Yb14MnSb;; and BagGa;Gesg the heat transfer
stayed below 25 W and with alumina sheets as thin as 0.25 mm the difference was only 4 %
lower power output compared to SiC, see Fig. [3.5] Increasing the thickness to 1 mm would
reduce the power output by approximately 17 % with alumina base plates compared to SiC.

Another aspect of using SiC would be the durability and improved thermal shock resistance.
The alumina plates can crack from thermal shock [[109] with destroyed harvesters as a result.
The improved durability could however be dangerous if the harvester would come loose and hit
a turbine blade.

23



Chapter 3. Simulations and fabrication of energy harvesters

R — S ————— — 600 =
- £
[
5]
©
1400 >
S
e
Power ©
=== \/0ltage o
[N
: : : 200 O
20 30 40 50
Thermal conductivity of base plates [W/mK]
300 T T T T 25
--------------------------- — 'c\?
>
12 %
2
Power i
=== == Efficiency
200 1 1 1 1 15
0 10 20 30 40 50

Thermal conductivity of base plates [W/mK]

Figure 3.5: The power output and efficiency of a 7-couple harvester as a function of
the thermal conductivity of the base plates. Top: 1 mm thick base plates. Bottom:
0.25 mm thick base plates.

Thermoelectric leg size

The size of the legs was determined by the material choices with an optimum area-ratio of
1:3.7 for BagGa;sGesop: Yb14MnSb ;. However, cutting the legs was the ultimate size restriction.
When cutting smaller than 1 mm the legs broke or chipped too frequently, and the height of the
leg was therefore forced to a minimum value of 1 mm.

The smallest area that could be achieved now depended on the internal stress from thermal
expansion. A 200°C temperature gradient over 1 mm required a leg width of 1.6 mm to avoid
fracture from internal stress for the n-type material [105]]. Therefore, the area-ratio was set to
1:1 with 13% reduction in power output as a result.

3.1.2 Harvester assembly
Because of the sensitive thermoelectric materials, the harvester had to be assembled in an argon

filled glove box. The BagGa sGezy was relatively stable after synthesis, but this was not the
case for the Ybj4MnSby;.
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The assembly of a 1-couple proof-of-concept harvester is explained in paper I. The materials
used was Ybj4MnSb; and BagGa;sGesg with 1:1 area-ratio, molybdenum electrodes, alumina
base plates, alumina (Thermeez 7020) insulation and Inco600 electrodes spot welded inside the
module. The module was sealed with two different ceramic glues.

The base plates had the purpose of build platform and to transfer heat to the thermoelectric
material from the surroundings. Alumina is a hard, electrically insulating, inexpensive material
with moderate thermal conductivity and can be made very thin. The alumina substrates were
delivered in 50 mm x 50 mm plates with a thickness of 0.254 mm.

When cutting the thermoelectric materials, the strategy was to cut pieces small enough to fit 17
couples in 1.44 cm? and still have some room for insulation and sublimation barrier between
the legs. Cutting the BagGa;sGesg to the desired size proved difficult, with fragments chipped
of the corners, destroying the legs. With limited amount of La-doped Yb;4MnSb; and with
the risk of exceeding the area-to-height ratio for internal stress, the decision was to cut both
the La-doped Yb;4MnSb;; and the BagGa;sGesg to a size of 1.6 mm x 1.6 mm X 1 mm, see
Fig.[3.6] This gave room for approximately 0.5 mm sublimation barrier between the legs in a
17-couple harvester.

To protect the materials from oxygen and moisture during the cutting procedure a coating of
wax was applied to the crystals inside the glove box. Also, during the cutting of Yb;4MnSby;
the cutting fluid was changed from water to hexadecane [[110] which produces a protective thin
oil coating on the newly cut surfaces of the crystals.

ﬁu:_l‘

Figure 3.6: The size (1.6 mm X 1.6 mm x 1 mm) of the thermoelectric legs in the
harvester. The material in this picture is BagGa;5Ge3p.

To seal and protect the materials from oxygen the harvester was encased in two different kinds
of ceramic glue (Renolit 762 and Thermic 1100) capable of creating a gas impermeable seal
up to 800°C respectively 1100°C [I11,[I12]. The inner glue (Thermic 1100) was applied and
cured inside the Argon filled glove box and the Renolit 762 was applied outside the glovebox.
Both glues are water soluble but should maintain the seal under normal conditions given that
the Renolit 762 compound was approved and used frequently by both Rolls-Royce PLC® and
GKN Aerospace.
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Chapter 3. Simulations and fabrication of energy harvesters

The thermoelectric legs were separated by a ceramic grid made out of alumina. In Fig.
the ceramic grid can be seen with dummy-legs inside. The ceramic grid was built from a water-
based paste (Cotronics Thermeez 7020) which when cured was unsolvable in water . The
alumina can operate at up to 1100°C and should act as a sublimation barrier for Yb4MnSb1
[85]. The ceramic grid made it easier to assembly the device and acted as a glue to keep the
harvester intact during assembly. The ceramic grid was made by curing the ceramic paste in a
PTFE (Polytetrafluoroethylene) mold pressed against a base plate, see Fig.

3.7.1 (a) 7-couple ceramic grid made to 3.7.1 (b) PTFE mold with an area-
make assembly easier. The legs in this ratio of 1:2.6.

picture are a bit smaller than the legs

used in the actual devices.

Electrodes

The electrodes were placed on the alumina plates and connected electrically through the ther-
moelectric materials. Due to time constraints and lack of facilities to handle the sensitive p-type
material, the electrodes were not bonded properly with the thermoelectric materials. The elec-
trodes could not be placed exactly flat and the legs was neither perfectly flat nor of the exact
same height. The solution was to make electrodes on one side that could act as compression
springs as well, see Fig. The molybdenum was covered with a thin graphite layer in
order to improve thermal and electrical contact resistance.

Figure 3.7.2: A schematic figure showing an electrode that has been shaped to act
as a spring during first heating. The electrode has some spring force left even
when pushed flat.

Most of the compression of the spring electrodes were permanent, when compressing from 0.5
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3.1. Semiconductor harvester

mm thickness to 90 um it retracted back to 190 um. The measured difference of the height of
the legs was below 50 um. With the 25 um graphite sheet to plastically deform under pressure,
the force required for good electrical connection was noticeably reduced.
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Figure 3.8: The power output and specific power of a 17-couple harvester as a func-
tion of the thickness of the graphite electrodes.
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Figure 3.9: The power output and specific power of a 17-couple harvester as a func-
tion of the thickness of the Mo-electrodes.

Because of the p-type material the electrode material was limited to graphite, Mo or Mo-coated
material [85]. Graphite electrodes would have simplified the fabrication process compared to
molybdenum electrodes with better thermal and electrical contact between the thermoelectric
material and the electrode as well as having a less violent reaction to oxygen in high tempera-
tures compared to molybdenum [113]]. However, with a much lower electrical conductivity and
the low thermal conductivity in the c-axis [114] the electrode would need to be thick (highest
specific power with 2500-4000 um), see Fig. [3.8] This would make the device thickness ap-
proximately 4-6 mm thicker than for the Mo-electrode device and therefore above the weight
and size limit. Calculations based on molybdenum as electrodes, with resistivity of 220 nQm at
700°C [115]] showed optimum electrode thickness at 130 ym for power to weight ratio, see Fig.
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3.9

Connecting cables directly to the Mo-electrodes could be done by spot welding but because of
the volatile oxidization of Mo this had to be done before closing the device. A more elegant
solution that made it possible to seal the device before attaching cables was to spot weld a less
sensitive material (Inco600) to the Mo-electrode, see Fig.[3.10] This enabled the harvester to be
sealed with two electrodes out of the harvester.

Figure 3.10: Spot welded Inco600 on Mo-electrode.

The cables were prepared at GKN Aerospace in Trollhittan for this project. One cable contains
two thin nickel-plated copper wires, these wires are insulated with MgQO, has an outer shell of
stainless steel and are sealed at the ends with glass. The glass seal is essential to protect
the insulation from moisture.

3.2 All-metal harvester

The all-metal thermoelectric harvester had a different approach than the semiconductor thermo-
electric harvester. The difficulties met with electrode contacts, limited heat transfer, sensitive
materials and load resistance match was the background to why the all-metal harvester was
developed. The aim of this harvester had more emphasis on the complete wireless sensor sys-
tem, with a non-intrusive design that requires little-to-no high temperature cables to connect to
electronics.

The required voltage output for the wireless sensor electronics (CC2530 ZigBee development
board and LoLin NodeMCU V3 (ESP8266) [116]) was approximately 3.3 V and the
required start-up power requirement 10.2 mW over 850 ms (8.7 mJ) for the CC2530 plat-
form and 200 4(50) mJ (measured) for the NodeMCU platform. These requirements
needed to be included from early design level. The voltage and power output from the metal har-
vester did not reach these requirements and needed power management electronics to convert
the low voltage and supercapacitors to store enough energy to manage the start-up requirement.
The power management electronics (LTC3108) was included in the analytic model as well.
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3.2. All-metal harvester

3.2.1 Analytic analysis

Two different metal harvester designs were investigated, one short (55 mm) 3-couples harvester
with just enough voltage to power the LTC3108 electronics and one long (300 mm) 10-couples
harvester to reach active cooling far away. Both harvesters were made of 110 ym thick molyb-
denum foil and 150 pum thick nickel foil.

Increased length of the harvester increased the internal resistance and reduced the heat transfer
through the harvester. The calculations estimated the power output of a 10-couples harvester to
4900 uW (37 mV) at a length of 55 mm, reduced to 900 uW (37 mV) with 300 mm length, see

Fig.B.11}
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Figure 3.11: Calculated power output in mW (black dashed line) and resistance in
Q (yellow dashed line) from a 10-couples harvester, as a function of the harvester
length.

3.2.2 Harvester Assembly

Two harvesters were assembled using the same metal foils. The short 3-couples harvester with
55 mm length and 6 mm width and the long 10-couples harvester with 300 mm length and 3

mm width. The short harvester foils were separated by polyimide tape on the cold side and glass
fiber on the hot side, see Fig.[3.12]

The glass fiber insulation was difficult to implement over distances longer than 10-20 mm, with
full polyimide insulation for the long harvester as a result. The method of joining the metal foils
were the same for both harvesters, by spot welding the metals together in a zigzag pattern, see

Fig.

The short harvester foil width of 6 mm left more room for welding and the short harvester had
4 welding spots per joint while the long harvester with 3 mm width only had one welding spot
per joint.
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Figure 3.12: Assembled 55 mm harvester from Ni and Mo foil spot welded together,
insulated with polyimide tape on the cold side and glass fiber on the hot side.

Figure 3.13: Schematic of metal harvester with two thin metal foils welded together
in zigzag shape.

Spot welding

A spot welder was used to weld the metal foils together. The spot welder was built from a trans-
former with 100 turns on the high voltage side and 2 turns on the low voltage side, giving 4.6
V on the low voltage side. The pulses were controlled with a solid-state relay and an ESP8266
circuit [116].

The welding current was not measured, but the power input to the spot welder was measured
to 13.8 kVA (60 A at 230 V). Each spot weld was done with two pulses, one 20 ms pulse to
soften the metal, a 20 ms pause and then another 40 ms pulse to weld the metals together. The
electrode force was constant at approximately 100 N during the welding process with 1.5 mm
diameter of the welding electrodes.

3.2.3 Electronics

Two different wireless sensor transceivers were powered with the harvester, CC2530 ZigBee
development board and LoLin NodeMCU V3 (ESP8266) [58]]. These transceivers required
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higher voltage (optimum voltage 3.3 V) than the harvester could achieve, and a power manage-
ment circuit was added to the system.

Thus, the power management circuit (LTC3108 [54]) was implemented in the system in order
to boost the voltage to 3.3 V. The LTC3108 boosted the voltage, starting at 20 mV, to the
required 3.3 V. The circuit then stored the energy in a supercapacitor (40 mF) until the voltage
in exceeded 3.15 V and the power was released to the wireless sensor transceivers.

3.2.4 Measurement setup

The two metal harvesters were both measured in the same measurement setup with two heater
blocks clamping down on the harvester and an ice bath for cooling, see Fig. [3.14]

Figure 3.14: Measurement setup of the short harvester clamped between two copper
blocks (blue heater elements and red temperature sensors) packed inside insulating
material (black block). The cold side was submerged in an ice bath.

3.3 Piezoelectric harvesters

The vibrational data from the test gas turbine (classified) called for a broadband energy harvester
with a resonance frequency in the 100-150 Hz span. Two designs were investigated for broader
bandwidth harvesting, a coupled backfolded harvester and a self-tuning backfolded harvester,
both assembled from off-the-shelf commercial piezoelectric cantilevers [90].
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3.3.1 Simulations

Simulations were made in COMSOL Multiphysics for design optimizations and for resonance
frequencies tuning [118]]. The off-the-shelf cantilever was modeled in COMSOL with a glass
epoxy laminate (FR4), piezoelectric material (PZT) and a copper-clad polyimide laminate (Es-
panex) material.

When designing the harvester, extensive simulations were made with different materials for the
couplings and with different lengths and tip masses. The folded design made tuning by hand
difficult and simulations were needed for this as well.

Coupled harvester

The coupled harvester consisted of two piezoelectric cantilevers, with the top cantilever fixed
on top of the bottom cantilever tip mass directed backwards, see Fig. [3.15] With the centre of
mass closer to the fixed point, the folded design produced a lower resonance frequency on the
bottom cantilever compared to a non-folded design.

Figure 3.15: Coupled harvester with the shorter top cantilever folded backwards.

The harvester in paper IV was simulated and assembled with PTFE couplings. The simulations
showed that the coupled harvester not only increased the bandwidth but also gave increased
power output compared to single cantilevers.

One explanation for the increased power output could be the added mass to the bottom cantilever
from the top cantilever. The folded design added a large mass (the top cantilever) to the bottom
cantilever while still maintaining a relatively high resonance frequency. From inspection of
the first resonance mode, with the bottom cantilever in resonance, the coupled design had a
more even stress distribution over the piezoelectric material, see Fig |T1_3Ia In fact, the stress
distribution on the bottom cantilever could be made almost even in the simulations. The top
cantilever had less stress than a single cantilever but with similar shape in the stress distribution
with high stress at the fixed point, reduced over the length of the cantilever.
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Figure 3.16: Comparison of stress distribution between a single cantilever (grey
dashed line), the coupled bottom cantilever (orange dotted line) and the coupled top
cantilever (blue solid line). Picture A show the first mode of resonance and B the
second mode resonance.

The second resonance mode, when the top cantilever was in resonance, showed an even stress
distribution for the bottom cantilever but in this case the bottom cantilever gave close to zero
power output because of the s-formed shape of the cantilever, see Fig [3.16b and paper IV.
The power output was however still higher than from the two single cantilevers and with wider
bandwidth.

3.3.2 Fabrication

The harvesters presented in paper IV, paper V and paper VI were all assembled from off-the-
shelf piezoelectric cantilevers [90]. The design and the materials used in paper IV aimed to
keep the harvester approved for use in locations on the gas turbine where it would not damage
the gas turbine insides if it were to come loose. This meant PTFE couplings and PTFE screws.

Paper V focused more heavily on experimental results and several different couplings, lengths
and cantilever hole patterns were investigated. Even though it could limit the amount of pos-
sible harvester locations, in this work the couplings were made of aluminium, because of the
unwanted damping seen with the use of PTFE couplings.

The self-tuning harvester (paper VI) had the most complex assembly and required a frame
in aluminium to keep the two clamping points fixed in relation to each other, see Fig.
Additionally, the harvester measurements in paper VI mainly focus on verifying the analytical
model.

33



Chapter 3. Simulations and fabrication of energy harvesters
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Figure 3.17: 4DOF self-tuning energy harvester seen from the side (one side wall is
removed).

3.3.3 Electronics

The use of a power management circuit (MIDE EHEQ04 [55]]) was important for the piezoelec-
tric harvesters in order to convert the AC output into DC output. The EHE004 was combined
with a supercapacitor which stored the energy and released power to the transmitter when a
certain voltage was reached in the supercapacitor, 4.04 V or 5.05 V depending on the chosen
output voltage. When the voltage dropped beneath a certain voltage in the supercapacitor the
circuit cut power to the transmitter and the supercapacitor started charging again. The circuit
had four different output voltages to choose between (1.8 V, 2.5V, 3.3 V and 3.6 V), all of them
appropriate with the CC2530.
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CHAPTER

Results

4.1 semiconductor harvester

The semiconductor harvester was never used in a wireless sensor system but did nevertheless
produce interesting results and knowledge.

4.1.1 Synthesis results

The synthesis of BagGa;sGesg resulted in a highly crystalline material (synthesis method ex-
plained in paper I). This material could, without further processing, be cut into pellets to be
used for the module. The measured Seebeck coefficient peaked at 700°C with 185 uV/K, with
resistivity at 300 /cm and a thermal conductivity based on previous work [78]], this gave a
zT-value of 0.83 at 700°C, see Fig.
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Figure 4.1: Resulting zT-value from BagGa;Ge3q synthesis.

The La-doped Yb14MnSb;; was a more problematic material and the resulting crystalline ma-
terial was covered in tin-flux from the synthesis method (in paper I). The tin flux was removed
inside an argon filled glove box but the size of the crystals was not big enough (2 mm x 2
mm X 8 mm required) for proper thermoelectric measurements. The Seebeck coefficient could
however be measured up to 195°C with a Seebeck coefficient reaching 30 uV/K, see Fig.
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Figure 4.2: Seebeck coefficient measurement from La-doped Yb;4MnSb; synthe-
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4.1.2 Harvester measurements

Because of the challenges with the p-type material and the leg size discussed in section [3.1.1]
and [3.1.2] the assembled thermoelectric energy harvesters had an area ratio of 1:1 and was
comprised of one single thermocouple of La-doped Yb;4MnSb; and BagGa;¢Geso.

Voltage measurements were conducted during and after the curing of the outermost glue. During
the curing procedure the harvester was locked tight between two aluminium blocks, one with
active cooling and one acting as heat source. The temperature on the hot side was slowly cooled
down from 224°C to 48°C and started with a maximum environmental temperature gradient of
176°C, see Fig. The measured voltage from the device reached 18.5 mV, about 70 % of
simulated voltage.
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Figure 4.3: Hot side temperature (pink fill) and temperature gradient (green fill).
The measured voltage (black solid line) is compared with the simulated voltage
(purple dashed line).

Since the harvester (because of known Seebeck coefficients) essentially was a thermocouple
temperature sensor and the measured Seebeck values was used in the simulations, the actual
temperature gradient inside the harvester was about 70% of the environment. Based on the
Seebeck values the temperature gradient inside the module reached approximately 123°C.
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For higher temperatures a change of test rig was necessary. The furnace for high temperatures
was equipped with an Inco600 rod inserted into the furnace through a hole in the bottom. This
rod was used on the cold side of the harvester and the temperature was measured next to the

harvester. A copper heat flange was placed on top of the harvester to absorb and distribute heat
to the harvester.

The temperature was slowly increased over 150 minutes without active cooling on the Inco600
rod, see Fig. #.4] The thermal gradient was controlled by controlling the temperature increase.
At approximately 280°C air temperature (160°C thermal gradient) something happened inside
the harvester which reduced the voltage output. The voltage continued to increase as expected
after this reduction until 500°C where it suddenly regained the lost voltage output.
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Figure 4.4: Hot side temperature (pink fill) and temperature gradient (green fill)
during measurement of harvester voltage (black solid line, top figure) and resistance
(points, bottom figure).

From 600°C the furnace was set to full power in an attempt to keep the thermal gradient at
200°C, until 800°C was reached, and the furnace was shut down. The voltage dip and increased
resistance at 650-750°C indicates that there is insufficient contact between the thermoelectric

materials and the electrodes. This was somewhat visually confirmed by a deforming copper heat
flange on top of the harvester.
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4.1.3 Sources of error

The Seebeck coefficient measured on the La-doped Yb{4MnSby; stopped at 207°C where the
thermoelectric rod broke in half. The rod was the only part that was big enough for Seebeck
coefficient measurements but suffered from some visible tin inclusions in the middle of the rod.
Although the inclusions looked superficial it is possible that the thermoelectric rod broke be-
cause the tin melted and big parts were made of tin, leaving a thin rod of La-doped Yb;4MnSb1
under pressure. If this was the case, then the measured Seebeck coefficient could be too low.

The low temperature measurement reached only about 70% of the simulated value. This means
that if the measured Seebeck coefficient of the p-type material was accurate (see above), the
thermal gradient over the thermoelectric materials only reached 123°C. The rest of the temper-
ature gradient was lost in the base plates, the electrodes and all the contact interfaces between
the environment and the thermoelectric legs. All the measurements were performed without
thermal paste that would improve the thermal conductance to the harvester. For the low temper-
ature measurements thermal paste was possible, but with the harvester so unique and precious
it could not be risked using thermal paste that potentially could damage the harvester before the
measurements at GKN Aerospace.

The reduced voltage output (8.5 mV versus 75 mV in simulations) during the high temperature
measurement could indicate a bad contact inside the harvester and/or poor thermal contact with
the cooling rod or copper flange. Poor thermal contact seemed likely due to the rough surface
on the Inco600 cooling rod. Also, inspection of the copper heat flange after the measurement
also showed a rough and bent surface, distorted by the heat. Unfortunately, no resistance mea-
surements were done close before the first voltage drop at 280°C air temperature. During the
second voltage drop, measurements on the resistance show a correlation between the resistance
and the reduced voltage. A probable dual explanation to the bad contact comes from the cop-
per heat flange, acting as both a thermal transfer unit and a mass to maintain pressure on the
thermoelectric legs. With the apparent distortion at higher temperatures the pressure on the legs
could be uneven and with poor contact to the electrodes (both thermally and electrically) as a
result.

4.2 All-metal harvester

Two designs with different parameters and insulation were investigated and measured both with
and without power management electronics.

4.2.1 Harvester measurements

Paper III covers the load resistance measurements of the short harvester between 40°C and
269°C and the load resistance measurements of the long harvester between 31°C and 241°C,

see Fig. 4.5

For both harvesters the load resistance increased, by 0.04 Q for the 3-couple harvester and
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Figure 4.5: Power output at different load resistances (0.35-5.90 Q) and tempera-
tures. Blue dots are measured values, red dashed lines are curve fitted values. Load
resistance match in yellow dots with the green line representing the curve fitted load
resistance match from 31-241°C.

0.05 Q for the 10-couple harvester. This corresponded to an average increased temperature of
approximately 100°C for the short harvester, which was considered reasonable.

However, the long harvester had a total resistance increase of 0.05 €, only 0.01 € more re-
sistance than the 3-couple harvester, but with 7 additional couples and further to the cooling

ice bath. The calculated increase in resistance with the measured temperature profile (Fig. [4.6)
reached 0.44 Q.

The discrepancies seen between the measured and calculated load resistance could come from
the contact resistance. Adding a temperature dependent contact resistance in the analytical
model and fitting the measurements to the model gave an approximation of the contact resis-
tance. The calculated total contact resistance at 241°C was 0.0380 Q which increased to 0.105
Q at 31°C. With 2n+1 welds this gave a contact resistance of 1.8 uQ/weld at 241°C and 5
uQ/weld at 31°C. The large difference between cold and hot contact resistance and the high
contact resistance of this 1 spot/weld contact, compared to a study by Brand et al. where a re-
sistance spot welder with 4 spots/weld gave 0.2 € [119]], indicates that one or more contacts
have a poor weld.
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Figure 4.6: Measured temperature (blue dots) along the length of the 300 mm har-
vester with hot side at 241°C and cold side at 0°C.

4.2.2 Wireless sensor powering

Measurements were conducted with two different wireless transceivers, the CC2530 and ESP8266.
These transceivers were modified from their standard versions to reduce power consumption,
both by coding and from physical alterations (see paper III).

The start-up requirements were the biggest obstacles, with start-up energy consumption of 8.7
mJ and 100 +(25) mJ for the CC2530 and NODEMCU ESP8266 respectively. To achieve this,
the power management circuit stored the harvested energy in a supercapacitor (40 mF) until 3.15
V, when the power was released to the wireless transceivers. This supercapacitor was slightly
undersized (115 mJ) for the NODEMCU and oversized for the CC2530 transceiver.

The stored energy was enough to power up the NODEMCU ESP8266, connect to internet and
upload temperature data to the cloud. For the less power hungry CC2530 the data was instead
sent to a base station for readout.

Charging the capacitor required approximately 6 minutes of harvesting at 241°C temperature
gradient. With a smaller capacitor more suitable for the CC2530 it could be fully charged in 30
seconds.

4.2.3 Sources of error
The electric resistance was expected to increase with increased temperature but remained rel-

atively stable. The measured resistance of the harvester at room temperature was also slightly
higher than expected. One explanation for this could be the contacts (possibly one poor weld)
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and that the contact resistance therefore reduced with increased temperature, from increased
stress or pressure from thermal expansion (The 300 mm harvester only fitted one single spot
weld).

4.3 Piezoelectric harvesters

4.3.1 Coupled harvester

Paper IV focused on a proof of concept harvester with a backfolded coupled harvester. This
coupled harvester did not use metal couplings, to make it more suitable for gas turbine operation.

The simulations predicted resonance peaks at 102.7 Hz and 175.7 Hz and, due to the extended
stress distribution, with a power output exceeding two single cantilevers tuned to the same
resonance frequencies. However, the measured resonance modes for the prototype were 85.2
and 135.5 Hz with a relative deviation from the simulations of 20.5% and 26.6% respectively.
The measured power output was also lower than the simulated power output.

Based on Eq. and this behaviour points towards lower stiffness and increased damping
in the prototype compared to the simulations, with the lower stiffness being the main cause
of the lower resonance frequency. This frequency discrepancy occurred despite the use of the
same materials in the cantilevers and the same PTFE couplings as the prototype. The model
did however not use PTFE screws to hold the couplings together, instead it was flawlessly
merged with the cantilevers in the model. In reality, the connection between the cantilever and
the coupling were not merged, or even perfectly smooth surfaces, and the PTFE screws used for
clamping could not be tightened very hard because of the soft material.

The solution to increase accuracy was to introduce a 10 um thick layer of soft material (in the
simulations) between the coupling and the cantilevers and thus creating a gap that represents
the bad coupling connection and the stress in the screws, see Fig.
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Figure 4.7: The thin damping blocks are marked by red on the model in COMSOL.
There are three attenuation zones between the cantilevers and the PTFE pieces.

With the introduced damping the resonance frequencies of the simulated harvester had improved
matching with the measured harvester, however with higher power output, see Fig. 48]

Additional measurements were conducted to inspect two gas turbine specific properties of the
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Figure 4.8: Simulated power output of the coupled harvester without damping (red
dotted line) and with damping (green dashed line). Measured results in blue.

harvester further, how the harvester will be affected by increased temperature and possible high
acceleration vibrations.

The temperature measurements were conducted under moderate vibrations, giving about 8 V
voltage output at room temperature from a single cantilever. With increased temperature the
resonance frequency and voltage output dropped slightly, reduced by approximately 2 Hz from
150 Hz and approximately 1-2% voltage output at 100°C. This was far below the rated maxi-
mum operating temperature of the cantilevers at 150°C [90]].

The high acceleration vibration measurements were conducted to examine the durability of the
harvester design, all under elevated temperatures of approximately 50-70°C. In this violent se-
ries of measurements, the acceleration was slowly ramped up until something broke. Couplings,
solder joints and cables were the first to give up and small redesigns with better fasteners for
the couplings and plaited high vibration durable cables were introduced. In the final measure-
ment the harvester reached a maximum possible voltage output of 80 V with approximately
3 g sinusoidal RMS acceleration. With increased acceleration, continuing to 10 g sinusoidal
RMS acceleration there were some degradation in the harvester and the voltage output slowly
decreased from the initial 80 V to 76 V during a 30 min measurement at 10 g.

Paper V continued the work on coupled harvesters with further analysis of different configura-
tions of couplings, tip masses, clamping points and cantilever drill hole patterns. The problem-
atic PTFE couplings in paper IV was exchanged with aluminium couplings of various sizes.

Paper V did not rely on COMSOL simulations, instead on experimental measurements backed
up by an analytical model. The aim was to see how different configurations affect the resonance
peaks, voltage- and power output.

The results from different configurations can be reduced to four main points.
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4.3. Piezoelectric harvesters

1. When changing the tip mass on the top cantilever, the largest impact was a shift in the peaks,
with lower resonance frequencies with larger tip mass.

2. The cantilever drill patterns changed the power output of the top cantilever, but also shifted
the resonance peaks (possibly due to different mass).

3. The coupling size mainly affected the power output of the bottom cantilever.
4. The clamping location had the largest impact on the resonance peak separation.

An analytical model was also used to optimize the top cantilever length. The model predicted
a reduced peak separation with a minimum at 4 mm top cantilever reduction. Experimental
verification was done by cutting the top cantilever length in 2 mm steps and measure the voltage
output with minimum peak separation found at 4 mm reduction, see Fig.[4.9]

20
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Figure 4.9: Open circuit voltage output for the backfolded harvester with shortened
top cantilever from -2 mm to -10 mm.

The optimum configuration would probably be 6 mm, 8 mm or 10 mm shorter top cantilever,
depending on application. The peak separation is larger than for -4 mm, but with higher peak
voltage output and higher voltage output between the peaks. The voltage requirement for the
power management electronics (EHE004) was 3.1 V and would function poorly below that
voltage [90]]. Higher voltage output between the peaks was therefore an important factor. The
-8 mm peak reduction was most suitable for the electronics (highest voltage between the peaks)
and therefore chosen for further measurements.

Load resistance measurements were conducted on the -8 mm harvester (see paper V). The load
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Load resistance match | Power output
Bottom: Peak 1 30 (£5) kQ 0.57 mW
Top: Peak 1 60 (£10) kQ 0.03 mW
Bottom: Peak 2 23 (£2) kQ 0.76 mW
Top: Peak 2 40 (£5) kQ 1.20 mW
Both: Peak 1 30 (£2) kQ 0.60 mW
Both: Peak 2 32 (+£3) kQ 1.85 mW

TABLE 4.1: Load resistance matching for peak 1 (bottom and top) and peak 2 (bottom
and top). The required load differs between peaks and cantilever. The optimal load
resistance for both cantilevers combined is similar for peak 1 and 2 at 30-32 k€.

resistance of the two cantilevers at both peaks were investigated, see Table. 4.1]

The load resistance was purely resistive and gave different load resistance match for both the
cantilevers and the resonance peaks, ranging from 23 kQ to 60 kQ. A collective load resistance
of 30 kQ gave the best total power output with 1.80 mW.

4.3.2 Self-tuning harvester

Two designs were compared, one with a 25 mm long middle beam (Table 4.2) and one with a
11 mm long middle beam (Table 4.3). The measurements compared the voltage output from a
fixed mass on the beam and a sliding mass. The aim of the measurements was to confirm the
analytical model, see paper VL

Long beam Length | Thickness | Width
Beam 25 mm I mm 3 mm
Top cantilever 23mm | 0.89 mm | 18 mm
Bottom cantilever | 21 mm | 0.89 mm | 18 mm

TABLE 4.2: Length, width and thickness of long middle beam and cantilevers.

Short beam Length | Thickness | Width
Beam 11 mm 1 mm 3 mm
Top cantilever I4mm | 0.89 mm | 18 mm
Bottom cantilever | 12 mm | 0.89 mm | 18 mm

TABLE 4.3: Length, width and thickness of short middle beam and cantilevers.

The measured difference between a sliding and a fixed mass was broader bandwidth. For both
the short and the long beam the fixed mass had 8 Hz bandwidth at 3 dB and the sliding mass
had 12 Hz bandwidth at 3dB. The peak open circuit voltage increased for the long beam (11.5
V to 11.7 V) and decreased for the short beam (3.26 V to 3.12 V), see Fig.

Best efficiency from electronics was achieved if the power electronics was powered with a
voltage input above 5.13 V [120]]. For the long beam design this was achieved with an effective
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Figure 4.10: Measured open circuit voltage output with fixed mass and sliding mass
over 340-400 Hz for the short beam (SB) and the long beam (LB).

When the driving frequency was applied, the mass moved towards either edge of the middle
beam (given that it started out in the centre of the beam). The sliding pattern was the same
regardless of the direction. In the two tests with asymmetric setup (i.e. long and short beam) with
different lengths of the top and bottom piezoelectric cantilevers, the sliding mass moved from
the centre to an outer position but also had intermittent sliding behaviour during the frequency
sweep where the sliding was unstable. The unstable sliding was clearly visible with the mass

moving back and forth (approximately 3 mm along the middle beam at 362-366 Hz), see Fig.
A1

4.4 Gas turbine measurements

During the time period when access to the gas turbine was available, no thermoelectric energy
harvester was assembled and ready for measurements. A feasibility test was instead done at
lower temperatures with a commercial thermoelectric harvester with a size of 40 mm x 40 mm.
The harvester was placed between a copper block and an actively cooled CPU-fan, see Fig.

The voltage output from the harvester quickly reached 5 V before the harvester melted during
the first run. A voltage output above 1.2 V was enough to start the wireless sensor which made it
feasible to power the transceiver without any power management electronics. During the follow-
ing tests the harvester was thermally insulated from the heat source to keep the thermoelectric
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Figure 4.11: The position of the mass on the middle beam is shifting, depending on
applied frequency on the system.

module from melting. When the voltage output reached 1.2 V the wireless sensor started up and
sent temperature measurements. Because of the active cooling the harvester could sustain the
wireless sensor until turbine shut down.

Several trips were made to Rolls-Royce PLC® in Derby, England to measure on an ex-service
gas turbine. Even with the data from previous measurements on the engine as well as the vi-
brational data from Rolls-Royce® measurements it proved too difficult to prepare the coupled
harvesters before arrival, despite having several differently tuned coupled harvesters (with PTFE
couplings from paper IV) at our disposal.

None of the coupled harvesters showed the promising power output seen in the simulations and
shaker table measurements and charging the supercapacitor took more than 30 minutes. The
power output from the harvester was however enough to charge the supercapacitor, start the
ZigBee wireless sensor and send the temperature data to the control room for approximately
75 s, see Fig. The start up sequence takes a large part of the available energy in the
supercapacitor and is discharged to 2.95 V over the next 75 s with constant transmitting of
temperature data. At 2.95 V the power management cuts power and the supercapacitor start to
charge again.

Attempts to re-tune the harvesters on site was unsuccessful because of the complexity of tuning
them by hand. Because of the easy calibration of a single cantilever an attempt to use 10 single
cantilevers did reach slightly higher voltage output than the coupled harvesters but still not
enough to power the CC2530 ZigBee transceiver [57] for continuous drive. Based on the power
requirement of the CC2530 and the power output from the harvesters, showed that the CC2530
can only transmit data once every 2 s. This was deemed very good, since once every 10 s was
estimated enough for the application.
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Figure 4.12: A commercial thermoelectric harvester squeezed between a copper
block and a CPU block. The copper block was placed on the gas turbine exhaust in
an existing mount with the three screws.
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Figure 4.13: Measured supercapacitor voltage during start up and transmission from
C(C2530 transceiver.
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CHAPTER

Discussion and conclusion

5.1 Discussion

5.1.1 Thermoelectric harvesters

Semiconductor harvester

Several difficult challenges need to be conquered before the proposed semiconductor harvester
could power a wireless sensor in a gas turbine. Without the bonding of electrodes and thermo-
electric materials the harvester suffers from high contact resistance, with lower power output as
a result. However, even with this part solved the harvester is located where no power electronics
can function and high temperature cables are required to reach power management electronics
and transceiver.

The commercial thermoelectric harvester used to power the CC2530 sensor node did not require
any power management but could not power the sensor node unless 1.2 V was reached. This is
a voltage that the semiconductor harvester could never reach with its current design. A 7-couple
device with higher voltage output was successfully assembled during the project but this 4-
month synthesis and assembly were destroyed in an unfortunate accident during the final stage,
when sealing with Renolit 762 glue. All voltage measurements on this device were done inside
a glovebox without proper temperature measurements. To keep within the project deadlines the
decision was therefore to build 1-couple harvesters with the material still available.

The materials BagGa;¢Geso and La-doped Yb14MnSb;; had never been tried before in a har-
vester and complications was of course inevitable. The results showed that the material combi-
nation could be a viable choice in harvesters in this temperature range. However, no long-term
measurements were conducted in this work and long term stability could be an issue [[121]]. The
recommendation is to use materials that are more well-studied, like SiGe. This is especially true
if fabrication is planned in a clean room, where both BagGa;4Ge3g and Yb14MnSby; are likely
to be prohibited in most machines.

Metal harvester
The metal harvester was born from the failures and challenges met when designing and build-

ing the semiconductor harvester. With the elongated design this harvester could be located both
where electronics can operate and in high temperatures. However, still needing power manage-
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ment electronics because of the low voltage output.

One of the concerns with using metals with high thermal conductivity as thermoelectric ma-
terials was the heat transfer through the harvester. Attempts were made to measure the heat
transfer with a tunable heat source. However, the measurement accuracy was too low to make
any conclusions and was not included in the paper. A simple calculation (without accounting
for air cooling) shows that the total transferred heat in the 10-couples harvester from 241°C to
0°C only reaches 450 =50 mW. The explanation for the low heat transfer comes from the thin
foils in combination with the 300 mm length, comparing with the thin and wide semiconductor
thermoelectric harvester reaching 25 W heat transfer.

The thermal contact resistance in a conventional thermoelectric harvester (Environment to base
plates, base plates to electrodes and electrodes to thermoelectric materials) reduces the available
temperature gradient over the thermoelectric materials with lower power output as a result. The
metal harvester presented in this work has thermal contact resistance between each couple with
insulating polyimide tape. Adding couples will increase this resistance. The measured voltage
output from each measured temperature still follows the temperature and an explanation is the
low thermal heat transfer through the harvester combined with the large contact area between
each couple to transfer heat between couples.

The greatest strength of the harvester is its simplicity, with no electrodes, no brittle or sensitive
materials, and a simple spot weld to fuse the couples together. With a width of 6 mm each weld
could fit 4 spot welds with low contact resistance and high reliability as a result. The glass fiber
insulation was difficult to implement over distances longer than 10-20 mm and cannot be rec-
ommended unless local temperatures exceed 260-400°C, with polyimide limited in temperature
to 400°C, 260°C for polyimide tape. The sturdiness of the harvester does however reduce the
amount of possible harvester locations and it cannot be placed in a location where it can come
loose and damage the engine.

The choice to complement the CC2530 ZigBee development kit with the NodeMCU ESP8266 is
that the internet of things is increasingly important and simple, inexpensive and readily available
types of DIY wireless solutions need to be investigated. The cost of the harvester materials ($8)
and electronics ($6+$3) ends at a total cost of $17.

The effective power output after power management increases from 23 uW to 290 uW, going
from 3-couples to 10-couples. Reducing contact resistance with more spot welds (requires at
least 6 mm wide foil) and increasing the number of couples to 30 would increase the effective
power output to approximately 1 mW. However, already at 10 couples the harvester is less
bendable and starts to feel bulky. The thermal contact resistance would increase substantially
and could possibly lower the average temperature gradient.

Even though the harvester maybe lacks technological novelty and stands out in its simplicity,
the result is a working harvester with a design that does not exist commercially. The scientific
contribution of building a functional harvester from simple materials previously deemed un-
worthy for power conversion should not be underestimated. Hopefully the work will result in
more scientific eyes focused on application design instead of only more efficient thermoelectric
materials.
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5.1.2 Piezoelectric harvesters

It 1s possible that all piezoelectric harvester designs presented are too big and heavy for use
inside the gas turbine, even without metal couplings it could damage the blades if they were to
come loose.

The difference between the measurements and the simulations was substantial without the soft
layer in the simulations. Adding a soft layer reduced the stiffness and the difference in res-
onance between the simulation and the measurement but it is not an elegant solution. After
publishing paper IV, the couplings were improved significantly by replacing the PTFE with
small electrically isolated metal screws and aluminium blocks. This moved the measured reso-
nance frequencies closer towards the simulated values, making it easier to tune, but the added
mass reduced the available frequency span.

The coupled harvester is quite durable in the current form, capable of withstanding powerful
vibrations. Even though there was harvester degradation at 10 g rms vibrations it did not break.
These kinds of vibrations will never occur in any engine unless it is catastrophically unbalanced.

Two different designs on the drilled cantilevers were used as top cantilever, with the goal to
mimic a trapezoidal shape which has been shown to yield a more even stress distribution. One
of the main reasons behind the choice to drill holes instead of using real trapezoid harvesters
is the lack of commercial trapezoid cantilevers, with rectangular shaped cantilevers being the
industry standard.

The results on the gas turbine did not give the power output predicted by the shaker table or the
simulations. There are a few possible explanations for this behaviour. One of the more likely
reasons why it performed poorly is the encapsulation box and the mounting of the box to the gas
turbine. The mounting was far from optimal and could possibly be a big damping factor of the
entire system. The box itself also made an impact on the resonance frequency and depending
on how the box was oriented it gave different results despite using similar mounting method.
Tuning the harvesters at site proved to be too difficult even with the pre-tuned markers and
different settings prepared with simulations.

With the low power output from the coupled energy harvester the wireless sensor node could
not be sustained for continuous sending of data and at least 2 s delay between transmission
needs to be implemented to sustain the energy in the supercapacitor.

5.2 Conclusion

Four different energy harvester concepts were developed, a semiconductor thermoelectric en-
ergy harvester for the temperature span 600-800°C, a metal thermoelectric energy harvester
with long reach, a coupled piezoelectric energy harvester with increased bandwidth and a self-
tuning piezoelectric harvester.

The semiconductor thermoelectric energy harvester was designed and built using in-house syn-
thesized n-type and p-type materials. These materials had never been used combined in a har-
vester before. The intended design with 1:2.6 area ratio was abandoned due to lack of material
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and replaced with 1:1 area ratio, giving the design 84% of the planned power output. The mea-
surements in low temperature and high temperature gave results below simulated values and
no power measurements or gas turbine measurements were conducted with the thermoelectric
harvester. However, the design and sealing of the harvester could work in gas turbines.

Two metal thermoelectric energy harvesters were assembled with 3-couples (55 mm length) and
10-couples (300 mm length). The harvesters were connected to power management electronics
and two different wireless transceivers. The power output from the 10-couples harvester after
power management reached 290 uW (241°C temperature gradient) and could power up and
send temperature data to a receiver. This shows that these types of harvesters are a feasible
choice for powering wireless sensor nodes, especially in applications like gas turbines where
areas of passive and active cooling overlap.

A coupled piezoelectric harvester was developed to increase bandwidth without losing power
output. The initial design had PTFE couplings but suffered from high damping. The design was
optimized in paper V with increased voltage output between the peaks reaching an impressive
effective bandwidth of 70 Hz (92-162 Hz) with a minimum voltage of 2.75 V and maximum
power output of 1.80 mW at 0.2 g.

The coupled harvester was subjected to violent vibration tests with 10 g RMS for 30 min, with
a degradation of the voltage output reaching 5%, but it did not break.

The gas turbine measurements were made with the coupled piezoelectric harvester and a com-
mercial thermoelectric harvester. The piezoelectric harvester was connected to a power man-
agement circuit and managed to power the transceiver for 75 s before the commercial superca-
pacitor was below the voltage limit. Continuous sending could not be sustained with the piezo-
electric harvester. The power output from the harvester could though power the transceiver with
2 s delay between transmission, which is still enough for the application.

The commercial thermoelectric energy harvester was more powerful than the piezoelectric har-
vester and it was possible to start up and send temperature data with the transceiver, even with-
out any power management or energy storage. The commercial harvester could easily power
the transceiver, and if combined with an intelligent system for power distribution a single ther-
moelectric harvester could power tens of wireless sensors nodes.

5.3 Outlook and future work

No power measurements were conducted on the semiconductor thermoelectric energy harvester.
Before conducting any power output measurements it is important to solve the contact issue. The
connection of the electrodes to the Yb;4MnSb; material can be done by diffusion bonding [86],
i.e. heating the materials to 1000°C under high pressure for 12 hours. This is a temperature
higher than BagGa;¢Gesg can handle so the diffusion bonding needs to be done on Yb;4MnSby
separately, before assembly of the device. Diffusion bonding between titanium and other metals
can be made at much lower temperatures than 1000°C and bonding a thin layer of Ti with
the Mo-electrode can be done at low pressures and 700°C [122]]. It is however not known if
BagGa;sGesg can be bonded with Ti without problems.
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The metal thermoelectric harvester could power a wireless sensor node, but no live tests were
conducted on a gas turbine. Live tests could reveal unforeseen problems with the design and
should be undertaken. Further development of the harvester with new materials could improve
the design significantly and metals with higher Seebeck coefficient, better high temperature
stability and lower high temperature resistivity would be interesting to explore further. For gas
turbine applications the focus should be on higher temperature stability, which would require
an insulating material with high temperature stability.

To investigate the coupled piezoelectric harvester further, a high temperature version should be
constructed from high temperature cantilevers (up to 300°C) and measured at different locations
on a gas turbine. More advanced electronics should also be tested with the harvester, with MPPT
and/or self-tuning properties.
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