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Abstract

A test system was commissioned to characterize commercial
thermoelectric modules to be used in the Pizza Oven Waste Energy
Recovery (POWER) system for Pizza Pizza restaurants. The objective of
this testing was to obtain and classify the thermoelectric material
parameters of the Bi,Tesz within commercial thermoelectric generator
(TEG) modules. These parameters consisted of the Seebeck coefficient,
the thermal conductivity and the electrical resistivity. Together they
provide the normalized figure of merit for the thermoelectric material which
is a performance indicator for energy efficiency at a given operating
temperature. From this research, a two phase methodology was
developed that was able to extract the desired values from these modules.
Material quality and device composition was first assessed with tools such
as SEM and EDS. During this phase, dimensional and elemental data was
gathered and a finite element model was constructed to ensure the validity
of the primary selected test method for this research which was the
Harman technique. The results obtained with this method were all three of
the aforementioned thermoelectric parameters as well as a direct
measurement of the figure of merit. Thermal and electrical losses for the
TEG1B-12610-5.1 module were characterized from room temperature to
200°C using this process. It was determined that the thermal losses were
more dominant and could be approximated using a function of T* to within
1% of their calculated values. This process can be applied to any model of
TEG to forecast these losses. To assist with future research, a secondary
test method known as the Parallel Thermal Conductance technique was
researched and a proposed model of it was designed for use in

temperatures up to 300°C. Due to the relatively short test time of the



Harman Technique, it was also used to effectively bin incoming groups of
TEGs used in the POWER system so that they could be placed
strategically in different areas of heat flow based on their measured
performance. An increase of 13.2% was observed in the electrical output

of the system after the binning had occurred.
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1. Introduction

In recent years a specific emphasis has been put towards the
pursuit of renewable energy systems. It has become an issue of
paramount importance that the scientific community investigate alternative
methods of energy production that do not result in excessive levels of
pollution brought about by the burning fossil fuels. The current research in
renewable energy sources extends over a broad range of mechanisms
including solar, wind, and nuclear power generation. However one such
technology stands out above the rest with its ability to not only generate
new power, but also to recover energy from waste heat which composes
about 57% of the total energy production in the United States alone [1].

This technology is of course, thermoelectrics.

1.1 Scope of Work

The material investigated in this project is bismuth telluride (Bi;Tes).
Its thermoelectric properties are optimal from 25°C to 250°C. Materials
characterization has been approached in two phases: (1) Materials Quality
Testing and, (2) Figure of Merit Factor Determination.

Phase 1 included subjecting various Bi;Tes samples from different
sources to X-Ray Diffraction (XRD) and Scanning Electron Microscopy
(SEM) testing. The sources included a solid ingot, a powder, and the
individual TEG p and n elements found in commercial TEGs. This testing
confirmed the degree of crystallinity, crystal structure, and elemental
composition of the p-type and n-type samples. All of this information
provided a qualitative foundation that aided to model and explain the

thermoelectric performance of these materials in Phase 2.
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Phase 2 testing involved building a test facility that would be able to
characterize both thermoelectric modules and materials over the
previously mentioned temperature range. The facility was also used to
implement a binning technique to organize and rank the output
performance of a batch of commercial thermoelectric generators (TEGS)
to be used in a waste heat recovery system. The characteristics of interest
determined by the test facility were the normalized thermoelectric figure of
merit, ZT, and its associated parameters. These consist of the Seebeck
coefficient, electrical resistivity, and thermal conductivity, all plotted versus
operating temperature. The test methods explored in this phase of
research were the Harman Technique and the Parallel Thermal
Conductance (PTC) Technique. The Harman test facility was designed
and tested on commercially available TEG modules and the PTC
apparatus was modelled and characterized to completion however no

experimental data was taken with it.
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2. Background

2.1 Thermoelectric Phenomena
2.1.1 Seebeck Effect

A thermocouple is composed of two dissimilar metals joined
together at two junctions. When these junctions are placed across a
temperature difference, they generate a thermal EMF as observed in
Figure 1. This is the Seebeck effect, discovered by Thomas Seebeck in
1821, and is the basis for thermoelectric power generation as well as for

thermocouple temperature sensors [2].

Metal A

Metal B

3 @ A

Figure 1: lllustration of the Seebeck effect; a voltage is generated between terminals 3
and 4 based on the temperature difference at junctions 1 and 2.

In the above diagram, junctions 1 and 2 are heated and cooled,
respectively, and a voltage difference is generated across terminals 3 and
4. In a given electrically conductive material, the magnitude of the voltage

created is linearly proportional to the applied temperature difference. This
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coefficient of proportionality varies from material to material and is called

the Seebeck coefficient, a, as observed in equation (2.1) [3].

% (2.1)

Materials which contain a negative a facilitate electron flow from the
hot side to the cold side. Conversely, a positive a implies that electrons
move from cold to hot. Therefore when one of each of these materials are
combined in a thermocouple and applied a AT, then current flow is in one
direction and a potential can be measured at both terminals. This is shown

in Figure 2.

TH <€ AT )TC

+ + + + +

Figure 2. A thermocouple composed of (top) a material with a negative Seebeck
coefficient and (bottom) one with a positive Seebeck coefficient. The two legs are joined
electrically in series with the help of a third conductor material and thermally in parallel. A
voltage is generated on the right [4].

For the combination of metals shown in Figure 1, the total Seebeck
coefficient for the couple is equal to the difference between those of the

constituent materials [3]. This is represented in the equation below.
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Aap = Aq — Ap (2.2)

2.1.2 Peltier Effect

The Peltier effect is simply the reverse of the Seebeck effect.
Figure 3 depicts the familiar two-metal system, only with an external
current supply attached across terminals 3 and 4. This allows the
circulation of a current through the thermocouple, with the absorption of
thermal energy at junction 1 and the release of thermal energy at junction
2.

Metal A

Qm

i

Metal B

()
Figure 3: lllustration of the Peltier effect. A voltage supply is used to drive a current
through terminals 3 and 4 to create a temperature difference at junctions 1 and 2.

The rate of cooling is given by Q;,, whereas the rate of heating is
given by Q,,., where this amount is known as the Peltier heat. These two
guantities are not exactly equivalent due to an additional heat loss from
Joule heating. The magnitude of this rate is proportional to the current

passed through the couple, and again this ratio is material specific. This
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ratio is the couple’s Peltier coefficient, /7.5, and is defined in equation (2.3)

[3].

_ Qous 23
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2.1.3 Thomson Effect

The Thomson effect is observable in the following manner. A
conductor that is subjected to a temperature difference and is applied a
current will produce a reversible heat flow that is dependent on the
direction of that current. The amount of heat generated is dependent on
the Thomson coefficient, B, and like the previously mentioned phenomena,
is both material and temperature dependent. The heat flow generated by
the Thomson effect is defined by equation (2.4).

Q = BIAT (2.4)

The Thomson effect is mainly considered in applications where a large
temperature gradient is applied. Within this gradient, the introduction of
Thomson heat flow can affect the localized thermoelectric material
properties of a device at discretized temperature ranges. Therefore
knowledge of the Thomson coefficient is mainly useful when testing a
device in-situ during a system installation. It can be used to determine the
two previously mentioned coefficients with the help of the Kelvin

relationships, and vise versa [3].

2.1.4 Kelvin Relationships
The Seebeck, Peltier and Thomson coefficients are related by the

Kelvin relationships given below. These are valid for all thermoelectric
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materials [3]. Specifically, they reference a junction of two thermoelectric
materials labelled a and b.

Il
o = Tab (2.5)
daab — .Ba B .Bb (26)
dT T

2.2 Thermoelectric Materials
2.2.1 Semiconductor Theory

The electrons orbiting an atom are confined spatially to atomic
orbitals. The electron energy states occupy discrete levels. The location of
these levels shift during the formation of a crystal where large numbers of
identical atoms or molecules come together and the spacing between
neighbouring atoms forces the orbitals to shift and redistribute themselves.

An example for a crystal of 10 atoms is given in the following figure.
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Figure 4. Electron energy levels versus interatomic separation in a crystal of N=10
atoms, as recreated from [5].

As more atoms are added to the crystal, they become increasingly
confined causing the spread in their electron states to become more
continuous and form energy bands. The locations and sizes of these
bands define the degree of electrical conductivity of the material. This

phenomenon is illustrated in Figure 5.



M.A.Sc. Thesis — M.V.Cino; McMaster University — Engineering Physics

I Energy band I
- £ - --=-=== =
] Energybandgap no
@ s e e e — ——— [<F]
G [CEoemyvband 12”7727 C 5
—
Interatomic
Separation
Equilibrium P
Interatomic Spacing
() (b)

Figure 5: (a) Formation of energy bands in a crystal after the distribution of atoms
reaches a stable configuration in (b). (b) Electron energy levels versus interatomic
separation for a bulk crystalline material. This diagram is also adapted from [5].

There are three classes of electrical conductivity. These are metals,
semiconductors and insulators. At the quantum mechanical level, each
differs by the amount of energy required to move electrons from the
valence band to the conduction band, and thus facilitate current flow. The

three categories are represented pictorially in Figure 6.
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Figure 6: Simplified band diagrams for an insulator, intrinsic semiconductor and a metal at OK.
Redrawn and adapted from [6].

E. is the conduction band edge and E, is the valence band edge.
The region between the bands denoted by Eg is called the band gap,

where no energy states can exist [4].
Eg = EC - EV (27)

An electron can be elevated to the conduction band by absorbing
quantized energy that is equal to or greater than E4. This energy can
come in the form of photons or phonons. Insulators have the largest band
gap and statistically their carriers seldom leave the valence band due to
the large amount of energy required to do so. This makes them impractical
for electrical conduction. However since the band gap is smaller in

semiconductors, a nominal rise in ambient temperature can simply meet
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the energy requirements to thermally excite carriers and promote them to
the unoccupied states in the valence band. To gain a numerical
perspective, a typical insulator such as diamond as band gap equal to 5
eV while silicon, a semiconductor, has a band gap of only 1.1 eV. Metals
can occur in one of two different band structures depending on their orbital
configuration. They do not have distinctly separate valence and
conduction bands and therefore have no band gap. Metals can have
overlapping empty and filled bands or a filled and partially filled band
structure where carriers are able to move freely with minimal energy
requirements.
The statistics of current flow are described by the Fermi-Dirac
distribution which is given by equation (2.8).
FE) = — g 28)

1+ e ksT

This function gives the probability of an electron occupying a state
of energy E within a material at temperature T. The Fermi level, Eg, is of
mathematical significance as it is a reference energy level that aids in the
calculation of the electronic performance within a semiconductor.

Evaluating equation (2.8) at E = Ef for any temperature T>0 K yields:

1 1 1

EF—EF: 0:—
1+ ¢ ksT 1+e 2

f(EF) =

This implies that energy states at the Fermi level contain a 50% probability
of electron occupancy. Considering again equation (2.8) at different fixed
temperatures and evaluating for all values of E > 0, three plots of the
Fermi-Dirac distribution function for a semiconductor are depicted in

Figure 7, each at a different temperature.

10
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Figure 7: The Fermi-Dirac Distribution for a material at three different temperatures, as
recreated from [6].

At T = OK the distribution resembles a step function situated at the
Fermi level, indicated by the green curve above. This is explained by
solving for E < Eg and for E > Eg respectively:

(E <Ep) = t _ 1 =1
f FIm 14e " 140"
1 1
E>E.)= = =
f( F) 14e® 140

The electrons are in their lowest possible energy configuration with
all energy states up to Er being filled, while those above remain empty. As
temperature increases, thermal energy is added to the system and a
probability of occupancy for states above Er begins to appear. Electrons
now have sufficient energy to move into the conduction band and the
shape of the distribution function changes, as depicted by the blue and red
curves in Figure 7. The semiconductor band shown in Figure 6 is that of
an intrinsic semiconductor, meaning that the number of electrons in the

material is exactly equal to the number of holes. More so, for every

11
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electron in the valence band there exists a vacant state in the conduction
band that is able to receive that electron once the energy requirements
are met.

Semiconductors are selected for use in thermoelectric applications
because of their relatively small band gap and the ability to tune the
occupation of the band gap itself. This is accomplished by adding dopants
to the intrinsic semiconductor during its growth. A dopant is an impurity
atom that replaces another atom in the crystal lattice of a material,
changing its physical properties. It is an atom from neighbouring group on
the periodic table to those of the host lattice which contains one more or
one less electron in its outer shell. Doped semiconductors are called
extrinsic semiconductors. An atom that provides an extra electron is called
a donor whereas one that receives an electron is called an acceptor. The
addition of a concentration of donors will make the host material n-type
due to electrons acting as the majority carrier while the addition of
acceptors will make it p-type. In the case of n-type materials, donors insert
an energy level within the band gap that is close to the conduction band
edge, so that extra electrons can be injected into the conduction band with
minimal energy requirements. Similarly, an acceptor provides an energy
level close to the valence band edge in a p-type material where it can
receive electrons easily from the valence band and in turn populate it with
excess holes. The new states introduced within the band gap in each of
these cases change the probabilities of occupancy associated with the
Fermi-Dirac distribution function. This shifts the location of intrinsic Fermi
level either toward the conduction band edge or valence band edge, for n-
type and p-type materials respectively. Figure 8 shows the intrinsic case
again along with the extrinsic p-type and n-type band structures and the

locations of their Fermi energies.

12
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Figure 8: Simplified band diagrams of an intrinsic, n-type and p-type semiconductor at
room temperature.

It is observable above that the Fermi level is located in different
regions of the band gap depending on the carrier distribution of the
semiconductor. The probability of an electron occupying a state that is AE
above Er is equal to (Er + AE), which is also equal to the probability that a
state located AE below Eris unoccupied [1 — (EF + AE)]. This probability is
dependent on the actual presence of such energy states. If a state does
not exist at a given energy level, then the probability would automatically
be zero. As previously mentioned, the concentration of electrons n is
equal to the number of holes p in an intrinsic semiconductor. For every
state that carries an electron in the band structure there is a
corresponding vacancy that can accept that electron. Therefore the Fermi
level is directly in the middle between the conduction and valence bands.
Adding impurities to an intrinsic semiconductor increases the
concentration of one type of carrier, electrons or holes, and this causes E¢
to shift. For n-type doping, n>p and the number of available states above
and below the Fermi level are disproportionate. To compensate for the

increased number of occupied states in the conduction band Er increases

13
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to remain the % probability reference point. Conversely, p-type doping
adds a number of holes to the valence band with p>n and Er decreases
again to compensate. The effect of doping on Fermi-Dirac statistics is
reiterated in Figure 9.

With the qualitative wunderstanding of carrier transport in
semiconductors complete, a brief quantitative discussion will now ensue.
The carrier concentration of intrinsic semiconductors, n;, at any

temperature T > OK is represented by equation (2.9) [4], [6].

3 2.9)
21k, T2 B (
n=p=n;= 2( hZB ) (m2m2)3/4e 2kgT

The quantities m; and m;, are the effective masses of electrons and holes,
respectively, and are further explained in reference [7]. The intrinsic Fermi

level is therefore calculated by the following equation:

m;;) (2.10)

*
e

E, 3
EFi = 7 +ZkBTln(

Equation (2.10) would seem to suggest that the intrinsic Fermi level is not

in the middle of the band based on the second term. However this term
becomes negligible at ambient temperature and E; = E;‘" After the addition

of a concentration of donors Np or acceptors Na to the intrinsic case the n-
type and p-type Fermi levels are offset by the following respective

relations:

N
EFTL = EFi + kBTln (n_D> (211)
i

N
Epp = Ep; + kgTln (—A) (2.12)

n;

14
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The n-type and p-type Fermi level shifts provide the necessary energy
differences to create ohmic thermocouple junctions that follow the

thermoelectric effects outlined in section 2.1.

15
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2.2.2 Ohmic Junctions

Thermoelectric materials are placed into modules in the
configuration p-type — metal — n-type. The intermediate metal layer forms
an ohmic contact between the p and n segments which does not limit
current flow. Upon attachment, the p-type and n-type Fermi levels
respectively lower and rise to meet at the metal Fermi level. This causes a
bending of the valence and conduction bands as observed in Figure 10

[71-19].

Vacuum Level

p-type Metal n-type

@)

p-type Metal n-type

(b)
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p-type Metal n-type

(©

Figure 10: Ohmic junction formation (a) before bonding (b) at the point of bonding p-
metal-n (c) after equilibrium has been reached.

The ability to form ohmic contacts between a metal and a
semiconductor is based on the magnitudes of each of their work functions,
®. The work function is a measure of the minimum amount of energy
required to completely remove an electron from a given material in
vacuum. For thermoelectric devices, it is necessary that the relative
magnitudes of the work functions are ®,< ®,< &, (Figure 10 (a)) [9]. The
region at the metal-semiconductor interface where there is significant
band bending is called the accumulation region of the contact. It is given
this name because majority carriers in each of the semiconductors pile up
at the boundary and await the absorption or release of energy to travel
into or out of the adjacent material. A sample thermocouple from a
thermoelectric generator is shown in Figure 11 with its band diagram

under the influence of the Seebeck effect.

18
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Figure 11: (Top) Thermocouple under the influence of the Seebeck effect and (Bottom)
corresponding band diagram.

At the hot junction, phonons of energy Q are absorbed and
increase the energy of the majority carriers. This causes them to drift
towards the cold junction. Once they have travelled towards the cold
junction, they release a phonon of energy Q and travel downwards into the
metal. Current flow is in the indicated direction, I. This is the basic
mechanism for all thermoelectric devices and is heavily dependent on the
qguality of materials used for each layer as well as the thermal and

electrical contact conditions.
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2.2.3 Thermoelectric Transport Coefficients

In addition to the Seebeck and Peltier coefficients in section 2.1,
the carrier transport in thermoelectric materials is influenced by the
electrical and thermal conductivities as well. The full list of transport

equations derived in [10] is given below :

aT 2.13
E,=p/c+ aa ( )
aT (2.14)
]Qx =], — Kea
_ (d_T) (2.15)
Qx - KL dx

Equation (2.13) describes electrical current flow while both (2.14) and
(2.15) define heat flow due to the electron and lattice components of the
thermal conductivity. Further relationships for the electrical and thermal
conductivities are given below which set the foundation for the definition
thermoelectric performance parameter known as the Figure of Merit in the

following section.

(2.16)

K, (2.17)

2.2.4 Figure of Merit

The three main material parameters necessary for the
characterization of thermoelectric materials are the Seebeck coefficient,
thermal conductivity, and electrical conductivity. Combined algebraically
they yield the figure of merit, Z, for the device. This carries the units of K™,

More commonly used however is the normalized figure of merit which is

20
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the product of Z and the absolute operating temperature T of the material.
The normalized figure of merit is represented in equation (2.18).
a’c a? a? (2.18)
IT=—T=—T=—T
K PK RK
A material with a ZT of 1 is typically viewed as a good thermoelectric [3].

Some common thermoelectrics are given in the diagram below.

1.4
/ TAGS
1.2
zmM
1
08 Bi,Te, A:e;b:L2

. )
0.6 PbTe
0.4

nSb
0.2

Temperature (° C)

600

Figure 12: Normalized ZT as a function of temperature for different thermoelectric
materials, recreated from [11]. TAGS are a group of alloyed materials that contain a
combination of Te, Ag, Ge and Sb. Examples include AgSbTe; as well as GeTe [12].

The product of the square of the Seebeck coefficient and the
electrical conductivity in the numerator is called the power factor. These
are the two properties that are most influenced by the carrier
concentration of the material and are the easiest to modify by doping. The
thermal conductivity, although partly influenced by an electronic

component, is governed mainly by its lattice component. Therefore
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determining the optimal carrier concentrations in the material during the
growth process will maximize the power factor and provide the greatest
contribution to the improvement of ZT [12]. Figure 13 shows the effect of
carrier concentration on the power factor and thermal conductivity with an

3

estimated peak concentration around 10'° cm?®, one that is easily

attainable in semiconductors.

Electrical
o Power Factor fo]
\ oo
a G
Seebeck 3 Electrical
Coefficient : Conductivity
log Carrier Concentration (n
~10% cm3 e (n)
K K, | Electronic Thermal
Thermal

Conductivity
Conductivity /

1 Lattice Thermal
Conductivity

log Carrier Concentration (n)

h .
Insulators Semiconductors Metals

Figure 13: Dependence of electrical conductivity, Seebeck coefficient, power factor, and
thermal conductivity on concentration of free carriers as recreated from [3].

This peak demonstrates the ultimate trade-off between having a
large Seebeck coefficient whilst simultaneously keeping the electrical
conductivity as high as possible. In actuality this peak is spread across the
range of 10'° to 10?* cm™ depending on the materials used for a specific
temperature application, and is typical of heavily doped semiconductors
[11].
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2.3 Thermoelectric Modules

2.3.1 Modes of Operation

Figure 14: Cross-section of a thermoelectric module.

Thermoelectric modules consist of a number of thermocouples that
are composed of the ohmic contact junctions described in section 2.2.2.
The thermoelectric material most commonly used in their construction is
doped Bi,Te; and copper and zinc conductors are included as the
intermediate metal layers. These junctions are connected electrically in
series and thermally in parallel between two alumina plates for a uniform
heat distribution at their cold and hot junctions. The series configuration
allows a summation of the voltages created by all of the individual
thermocouples at the output during power generation.

There are two types of thermoelectric modules. These are
thermoelectric generators (TEGs), which utilize the Seebeck effect to
generate an output voltage, and thermoelectric coolers (TECs) which
operate under the Peltier effect to convert an input current into a
temperature difference. The main focus of this thesis will be on TEG

characterization.

2.3.2 Power Considerations

Consider the open-circuit model of a TEG is shown in Figure 15 [4].
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Figure 15: Open-Circuit TEG schematic.

In terms of circuit components, a TEG is simply a dependent voltage
supply with an internal resistance Rrec. The supply outputs the Seebeck
voltage related to the AT applied across it. To generate power, however, it

requires a load resistance as seen below:

R_TEG Vo

Figure 16: TEG output with a load resistor.

The voltage observed at the output, V., is a simple voltage divider

calculation:

_ (N@AT)Rypqq (2.19)
®  Rrgc + Rioaa

Where o is the average Seebeck coefficient between the p-type and n-

type thermoelectric materials and N is the number of thermoelectric legs
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within the module. The corresponding power across that load resistor is
given by equation (2.20).

Vo2 (NaAT)ZRLoad (220)

P = =
RLoad (RTEG + RLoad)2

It is clear that the maximum power occurs when the load resistance is
equal to the TEG internal resistance. Therefore making this substitution to
(2.20) yields a maximum output power of:

p (NaAT)?Rrpg _ (NaAT)? (2.21)
maex (Rrge + Rrec)? a 4RrEc

The thermal power applied to by the heat source and heat sink to
the hot and cold sides, respectively, is given by the following equations
[13].

2Rrgg (2.22)
2

. I?R 2.23
0; =Na1TC+KAT+% (2.:23)

. I
Qy = NalTy + KAT —

The final term in each of the above equations is the effect of Joule
heating, a resistive heat loss due to current flow through a material.

The efficiency of a TEG is determined by the ratio of output
electrical power to input thermal power from the heat source. This is done
by dividing (2.20) by (2.22) to provide [12]:

(NaAT)?R o (2.24)

(RTEG + RLooLd)2

n= 2
NalTy, + KAT — IRTTEG
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The efficiency increases with increasing load resistance, but there is a
trade off on the available output power. Typical modules operate currently
with an efficiency of 3%, based on their thermoelectric properties as well

as their manufacturing quality.

2.3.3 Areas of Improvement

The use of thermoelectric modules as TEGs did not occur until the
last decade or so, as only TECs were commercially available.
Conventionally, thermocouple elements in each configuration should
contain vastly different geometries. In reference [3], expressions were
derived that yield both the power output per unit area and the conversion
efficiency of thermoelectric modules as functions of element length. The
former expression was shown to maximize with shorter element lengths
whereas the latter predicted a maximum at longer lengths. These
correspond to TEC and TEG operational modes, respectively. Therefore
TECs require short and broad elements for cooling while TEGs operate
best with long and thin elements [3]. However most modules available
today are simply repurposed TECs, and are being used for both modes of
operation. This presents a logistical problem in that TEGs used in energy
recovery are not manufactured in the optimal geometry to work most
efficiently for energy generation.

The mass produced modules most commonly available contain
polycrystalline elements of Bi,Tes or similar materials that were grown
using either the Bridgman or Zone Melting methods ideally. Both of these
require a linear temperature gradient through which material is slowly
drawn through at a fixed rate and cooled. In practice, many ingots grown
commercially have varying sized grains throughout their stock — an

indication of a nonlinear temperature gradient and inconsistent growth
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rates. These grains thermally expand in different directions and form micro
cracks in the ingot, and affect the dopant profile of the overall growth. The
end result is a material that is not uniformly doped and varies in
thermoelectric performance as a function of position in the ingot [3]. These
materials are put into modules and are responsible for the high degree of
variability in their performance. The binning technique in Chapter 6
provides a means of adapting to this spectrum of quality by rapidly testing
a given batch of TEGs and selecting the best ones for use in a waste heat
recovery system.

Movement to different geometries as well as more stable growth
and manufacturing methods would definitely increase TEG performance

capability in the future.
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3. Test System Design

3.1 Selected Test Methods

A literature review of current, state-of-the-art characterization
techniques indicated that there were many potential methods that could be
used to extract the different thermoelectric parameters which compose the
figure of merit. After thorough research, two methods were selected for
implementation and these were the Harman Technique and the Parallel
Thermal Conductance Technique.

3.1.1 Harman Technique

In 1958, T.C. Harman proved that the figure of merit of a
thermoelectric material could be directy measured through the
measurement of the Peltier effect after an AC current was applied to the
sample [14]. The technique was later updated by Buist to use a bipolar DC
current measurement and the use of data acquisition hardware for
improved accuracy [15]. Finally, the work done by McCarty et. al
implemented temperature compensation for improved loss minimization at
higher temperatures. The development of the system in this thesis utilizes
the latter two references with a focus on the work of Buist to enhance the
operation of the test mechanism at room temperature for TEG modules.

The basic principle of this test is that the heat pumped via the
Peltier effect is equal to the heat conducted through the sample at steady
state operation. At this point, any associated losses will be neglected. With
the help of equations (2.3), (2.5) and the fundamental equation for thermal
conductance, the following relationship describes the basis for the Harman

technique.
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alT = KAT (3.1)

A schematic of the voltage outputs of a thermoelectric device that is

subjected to a current is shown in Figure 17.

A

Voltage (mV)
£
<

>

Time (s)

Figure 17: Voltage outputs of a thermoelectric device under the influence of the Peltier
effect.
The steady-state thermoelectric voltage V; is composed of the resistive

voltage V. and the Seebeck voltage V,. They are combined algebraically in

the following equation:

V=V +V, (3.2)

where
V., = IR (3.3)
V, = aAT (3.4)

Rearranging equation (3.1) to equal the Seebeck voltage in equation (3.4),

the steady state thermoelectric voltage in (3.2) can be rewritten as:

a?IT (3.5)
K

V,=IR +
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Finally with the help of equation (2.18) the normalized figure of merit ZT
can be extracted from (3.5) to yield:

~

(3.6)

ZT = A
The flow of current through the device during the test will incur a resistive
heat loss known as joule heating. The total amount of heat is lost to this
phenomenon is equal to I°R. For an isothermal sample, half of this heat is
lost at one junction and half at the other. However since the applied
current is forcing the sample to generate a temperature difference, it
absorbs heat at the cold junction and rejects heat at the hot junction.

2
Therefore the amount of joule heating at the cold junction is +% whereas

2

the amount rejected is —% as per equations (2.22) and (2.23),

respectively. This quantity of heat occurring at each junction raises the
local temperature and creates an offset in the measured temperature
difference across the sample. This in turn corresponds to an offset in the
V; and V, values obtained during the experiment. To negate this effect, the
current was applied in a bipolar manner [15]. This meant that the amount
of Joule heat absorbed at one junction during the first current pulse would
then be released from that junction during the second current pulse of
opposite polarity. This created not only an electrical reversal, but a thermal
reversal as well which switched hot side and cold side based on the
direction of current flow. Now the offsets to the AT and voltages
encountered during the test would be averaged out between the two
measurements to yield the true values, free of the effects of Joule heating.

A typical test has the input and output waveform observed in Figure 18.
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Current {ma)

INPUT

Voltage (mv)

OUTPUT

Tirme (s}

Figure 18: lllustration of the applied input and measured output during a Harman test.

The test current, I, used during the experiment is chosen to be between 1
to 4% of the current that produces the maximum temperature difference
during Peltier operation, which is usually between 100 to 200mA [15], [16].
This test current is held at the same magnitude for both polarities such
that the effects of heat loss and absorption on each side of the sample
during thermal and electrical reversal can cancel out. After the first pulse
was applied, a wait time was implemented to allow the sample to return to
thermal equilibrium and the reverse current pulse was applied. The effects
of varying the wait time interval between pulses at different temperatures

were tested with no detectable change in the obtained ZT. The average
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values of the resistive, thermoelectric and Seebeck voltages are
determined according to equations (3.7) to (3.10).

Ver +V,_ .
Vra = . 2 (3 7)
Vi, + Vi 3.8
Vie = . > ( )
Vs + Voo (3.9)
Vo = g
Via = Vg +Voq (310)

Voa (3.11)

In practice, equation (3.11) needs to be modified to account for both
thermal and electrical losses. This change is expressed in section 3.5
along with a description of the origin of these losses. Experimentally, the
resistive voltage is not considered in the calculation of ZT because of
known transient voltage spikes associated with the switching electronics of
the test system when the current pulses of Figure 18 are first applied. This
can cause V., to appear much larger than it actually is. Fortunately when
the pulse is switched off, the same noise phenomenon is not present upon
the detection of V, and therefore V,is simply calculated using equations
(3.2) and (3.10), and then used to determine the resistance of the sample
using equation (3.3).

The most beneficial aspect of the Harman technique is that ZT can
be measured directly and is solely composed of two measureable
voltages, V, and V.. In addition to the figure of merit, each of the quantities

associated with it can be directly observed from measured data. The
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Harman technique was only applied to thermoelectric modules in this
thesis but could be used on individual materials as well as long as their

geometries are accurately measured.
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3.1.2 Parallel Thermal Conductance Technique

The most difficult thermoelectric parameter to measure effectively is
thermal conductivity. This is due mainly to the associated heat losses with
the test apparatus. The difficulty of this measurement is further enhanced
when small samples are used. The Parallel Thermal Conductance (PTC)
Technique developed by Zawilski et al. overcomes these obstacles with a
customized subtraction method [17]. The layout of the PTC measurement
apparatus is shown in Figure 19.

| Heater |

Differential

Thermocouple Post

Heat Sink

@)

| Heater

Differential

Thermocouple Post

Heat Sink

(b)
Figure 19: PTC sample holder (a) without sample and (b) with sample attached.

The heater, post, and heat sink are bonded to each other thermally in
series. The two junctions of the differential thermocouple are embedded at

each end of the post between the heater and heat sink to measure the
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temperature difference between both points. The functionality of the
differential thermocouple is discussed further in section 3.4.1.2. Neglecting
any losses at the moment, power is applied to the heater and the thermal
conductance of the sample holder is given by:

Qin = KyAT (3.12)
The power is stepped in small increments such that the heater
temperature stays relatively constant over a few data points. At each
point, the system is left to stabilize until a constant AT is observed. A
linear fit of P vs. AT is applied to the data points that correspond to a
single heater temperature and the derivative of that function is equal to the
thermal conductance of the sample holder. The power to the heater is
increased until the next desired heater temperature is encountered and
the process is repeated until the thermal conductance of the sample
holder is characterized. The sample is then bonded with thermal paste to
the holder as observed in Figure 19 (b). The thermal conductance of the
entire system (holder + sample) is then measured by applying the same
heater power from each previous data point until a new stable AT is
observed that is different from the former measurement. The temperature
difference will have decreased due to the additional heat path created by
the sample, and a data set is created similar to that outlined in equation
(3.12). The thermal conductance of the sample is obtained through
subtraction of the original baseline measurement from the measurement

that included the sample. This is illustrated in equation (3.13).

Ks = Knys — Ky (3.13)
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Knowledge of the length and cross sectional area of the sample can then
yield its thermal conductivity:

KL (3.14)

The thermal conductivity is derived and plotted against operating
temperature of the heater encountered at each data point for xs.

The original design of this test by Tritt et al was used to test the
thermal conductivity of materials from 10 to 300K [17]. The material
selected for the sample holder, particularly the post segment and bonding
agents, could not withstand temperatures significantly higher than
ambient. To accommodate the scope of this thesis, all construction
materials for the sample holder were selected to withstand temperatures
up to 300°C.

3.3 Software Overview

3.3.1 Functional Requirements

The program used to control the test hardware needed to be robust
in order to ensure that multiple revisions could be made as the scope of
the research became more narrowly defined. The ability to interface a
myriad of electronic hardware with a pre-existing driver database was also
a requirement. Finally, it was important to have access to the necessary
support materials in order minimize the amount of time spent debugging
code. For these reasons, the programming language LabView was

selected to write the test program.
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3.3.2 Description of Code

3.3.2.1 Harman Technique Code

Save File
Location

Desired Test
Temperature Y
Reached?
N

Apply Test
Pulses

/0 Channel
Designation

Voltage/Current DAQ
Input Limits Initialization

Log Voltage
Sample Rate vs. Time

Test
Pulses Y
Applied?

Zero N Calculate
1jo Al

Test Duration Log
START ¥ Temperature

vs. Time

1/0 Channel
Designation

Voltage/Current
Input Limits

Power Supply | |
Initialization

Test Current

¥

Heater Current

Figure 20: Harman Technique Functional Block Diagram

The LabView code is summarized in the functional diagram shown
in Figure 20 above. The DAQ and power supply 1/O channels and their
limits are set only once and are saved for future test iterations. The test
duration is set here as well. Once the test starts, the sample voltage and
temperature are plotted with respect to time, along with the radiation guard
and heater temperatures. When the desired heater temperature has been
met and the sample temperature remains constant, the experimenter can
select to apply the test pulses. After the second pulse, the test is complete
and the inputs and outputs of the DAQ and power supply are set to zero.
Finally the ZT is calculated using the values obtained during the test. The

entire Harman Technique LabView code can be found in Appendix B.
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3.3.2.2 PTC Code
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Voltage/Current
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Figure 21: PTC Functional Block Diagram

Figure 21 shows the block diagram for the PTC code written in
LabView. Like the Harman Technique code, the DAQ and power supply
limits are initialized once, and the test begins after the experimenter has
input the desired heater current. The heater voltage is simultaneously
read, and thus the heater power, temperature, and sample temperature
are displayed graphically as a function of time. Once the sample
temperature is stable, the experimenter can choose to input another
heater current to create a new data point, or simply end the test. The full

LabView code can be found in Appendix C.
3.4 Hardware Overview

3.4.1 Electronics

3.4.1.1 Data Acquisition Unit (DAQ)
The four main criteria necessary for selecting a DAQ for this project were:
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I.  The ability to resolve voltage transitions observed in thermocouples
as small as 38uVv/°C.
ii. A sampling rate fast enough to detect the transient voltage change
during the Harman Technique on the order of ps.
lii. At least two analog output channels and six analog input channels
to control and read the auxiliary electronics of the test system
iv.  The ability to control the DAQ using the LabView programming

language.

The USB-6211 Data Acquisition Unit from National Instruments was
selected for use in the test facility. It was chosen based on the factors
listed above. It contains a 16-bit resolution analog-to-digital converter
capable of resolving 31V voltage steps, a sampling rate of 250 kHz, eight
digital i/o channels, two analog output channels and eight differential
analog input channels. It is also compatible with LabView. The full
specifications for this DAQ can be found in the Device-Specific Information
section of reference [18].

Buist mentioned in [15] that the use of a high speed, high resolution
DAQ was necessary in order to accurately determine the transition from
the steady state voltage to the Seebeck voltage observed in the Harman
technique. The DAQ in the literature at the time of publication also had a
16-bit resolution, but had a sampling rate that yielded a wait time of a few
milliseconds between data points. This long time interval made it difficult
to pinpoint the exact switching moment during the measurement since the
voltage would decay rather quickly after the input pulse was shut off. The
true value of the Seebeck voltage was in turn unable to be captured in the

raw data. This necessitated the use of a linear approximation to
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extrapolate to the true Seebeck voltage based on the first few data points
of the decay.

The USB-6211 utilizes an aggregated sampling rate of 250 kHz,
meaning that its true sampling rate is equal to 250 kHz divided by the
number of active analog input channels present in the experiment. The
proposed test facility uses all eight analog input channels between the
thermoelectric voltage and temperature measurements, which only allows
for a maximum sample rate of 31.25 kHz per channel. This corresponds to
a time between samples of 32 ps, a number that is two orders of
magnitude smaller than the wait time used in the literature. When the
same linear approximation was implemented during the current testing, it
provided a result that was equivalent to taking the first reading of the
Seebeck voltage after the perceived switch point. This indicated that the
sampling rate of this DAQ was able to accurately capture the switching
time of the sample voltage during the test without the need for any further

extrapolation.

3.4.1.2 Temperature Sensors

The range of temperatures encountered in testing spanned from
25°C to 200°C. As such, it was important to use devices that were
optimized for use over these temperatures. Two types of temperature
sensors were implemented in the test facility; platinum resistive
temperature devices (RTDs) and type T thermocouples.

The RTD used was the TH100PT from ThorLabs and was selected
for its effectiveness over the desired temperature range. Its resistance-

temperature correlation polynomial is given by equation (3.15):

T = 3383.8095 — 0.0866 - \/1.7585 - 10° — 2.31- 106 - R,  (3.15)
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Rr is the resistance in Q at a given temperature T in °C [19]. The
resistance of the RTD was measured using a simultaneous voltage and
current measurement across the device using the following circuit adapted
from [20]:

v+ TO DAQ

[ RTD

A%E.SI{D

Figure 22: RTD Constant Current Drive Circuit.

V- TO DAG

The RTD is biased in Figure 22 by an operational amplifier which
acts as a constant current source of 1mA. This level of current creates a
negligible amount of joule heating within the RTD and does not offset the
local temperature being detected [21]. The voltage drop across the RTD

yields the resistance, Ry at the test temperature:

Vi =V AVirp (3.16)

R.. = =
T 7 0.0014 ~ 0.0014
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Combining equations (3.15) and (3.16) provides a real-time temperature
measurement that is able to adjust to random voltage and current
fluctuations in the auxiliary components.

The thermocouples from Omega are type T and are 0.001”
(0.025mm) in diameter. They were selected for their size and ability to
withstand up to 350°C. Being so small, they added a minimal thermal
mass to the Harman and PTC measurement systems that did not
noticeably disrupt the path for heat flow. Typically, one junction is in
contact with the surface under test and a second junction is created out of
the same two metals and placed in an ice bath at 0°C. The difference in
their output voltages is directly proportional to the temperature of the hot
measurement junction. This relationship is observed in the following

polynomial for type T thermocouples:

(3.17)

6
T = Zci &
i=0

where the coefficients ¢o to cg are reproduced in Appendix A from [22].
These thermocouples were modified for use in the Harman and
PTC test facilities. Here, a differential thermocouple was needed to
observe the temperature difference between two points and that
thermocouple needed to be as small as possible. Differential
thermocouples were created by arc welding the constantan wires of two
individual thermocouples together, which allowed for an absolute
measurement of the temperature difference between their two junctions.
The T in equation (3.17) is replaced with a AT in the case of a differential

thermocouple.
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Figure 23 depicts a newly constructed differential thermocouple.
The metal bead in the centre represents the point at which the arc welding
occurred. The voltage output of this thermocouple is read between the two

copper wire leads.

Ty T

/\

Cu Cu

AT

Figure 23: lllustration of a Type T Differential Thermocouple.

3.4.1.3 Power Supply

The BK Precision 9130 triple output supply was used to provide
both the power to the heaters as well as the bipolar constant current pulse
in the Harman Technique. Since there were at most three different voltage
sources required during testing, a single unit supply was a suitable choice
for both space and programming requirements. Two outputs are used to
maintain the heaters at a desired temperature and can supply up to 30V
and 3A. The third output is used only during the Harman Technique and is
set to the desired test current limit of 150mA. The 9130 is controlled by a
subroutine in the main LabView program and communicates with the PC

via serial interface.

43



M.A.Sc. Thesis — M.V.Cino; McMaster University — Engineering Physics

3.4.1.4 Auxiliary Circuit

The DAQ, power supply, and temperature sensors are all interfaced
within an auxiliary circuit board which is depicted in Figure 25. The board
is composed of five main subsections.

Part A is an h-bridge constructed from five npn MOSFETs which
controls the direction and duration of the constant current pulse applied
during the Harman technique.

BK Precision
9130

NT5
@_* IRF530
-

AO1

USB-6211 DAQ | AOO

NOT 1 NOT_2 f_* T1 T2 @1 NOT_3
&) IRF530 IRF530 (%
o> -1 ——}—

MC14049 MC14049 + TEG _ MC14049
MODULE

AIO- | AlO+

NOT_4 f_* T3 T4 NOT_5 NOT_6
{>c (9% IRFs30 IRFs30 (k) <] . <] |

MC14049 MC14049 MC14049

1
=

Figure 24: H-bridge subsection of auxiliary circuit.
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A more detailed view of the h-bridge subsection is shown in Figure 24.
Here, the sample is connected between two parallel pairs of transistors.
The output from pin AOO on the DAQ indicates the direction of current flow
through the sample with the assistance of six NOT gates found on the
MC14049 hex inverter integrated circuit. If the output is logic high, then
transistors T1 and T4 are turned on and facilitate current flow in the
positive direction across the sample. Conversely, a logic low output from
the same pin switches on transistors T2 and T3 and allows current to flow
in the negative direction. Pin AO1 from the DAQ outputs a square window
pulse that switches on transistor T5 for a fixed length of time to allow
current from the power supply to reach the remainder of the circuit. When
T5 is no longer biased, there is no current being driven through the
sample anymore. The remaining four transistors are left switched on in
their most recent path configuration to allow the sample a path to ground
in order to determine its Seebeck voltage. A second h-bridge is connected
in parallel to this one which receives the same inputs. When two
transistors are switched on within the main h-bridge, two analogous ones
are also switched on in the secondary h-bridge and illuminate LEDs.
These indicate to the experimenter the duration and direction of current
flow through the sample.

Part B contains the temperature sensors and their related sub-
circuits that were described previously in part 3.4.1.2. Each of these sub-
circuits is able to accommodate two of its preferred sensor type, whether
RTD or thermocouple, through the addition of a dual throw switch at the
location where the sensor connects to the rest of the electronics. These
switches are labelled in Figure 25.

Part C is the power supply for the circuit electronics. This supply is

separate from the 9130 and is provided by a 12V DC adapter. From here,
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a 2.5V and a 5V are enabled and are used as a reference voltage for the
RTDs and as a supply for the directional LEDs, respectively.

Part D is simply a direct reproduction of the DAQ output pin
configuration made on the auxiliary circuit. This allows for ease of
assembly and troubleshooting.

Part E contains the connections for the 9130 that link to the heaters
in both the Harman and PTC test systems. These connections have larger
trace widths on the circuit due to their increased current throughput during
operation of up to 3A.

The board layout for this circuit can be found in Appendix D.

3.4.2 Physical Interface

3.4.2.1 Test Facility

The test facility is a modular design that allows the switching
between both the Harman Technique and the PTC Technique test
systems. A single vacuum chamber has been outfitted with four support
posts that contain two platforms to hold the heater, sample and radiation
guard of the desired test. Figure 26 to Figure 29 show both the cross-
sectional and isometric views of the vacuum chamber outfitted for the
Harman Technique and the PTC Technique, respectively.

The platforms were constructed out of pyrophyllite, a machinable
ceramic with a low thermal conductivity of approximately 1.5 W/m-K. This,
coupled with stainless steel support posts, ensures that a minimal amount
of heat will be conducted into the chamber walls and they will not be hot to
touch. A groove is cut into the bottom platform to allow the sensor and
heater wires to reach under the radiation guard. The guard is a 0.0625"

thick copper sheet that has been folded and welded into an enclosure.
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r r je———— Vacuum Lid

- No. 10 Stainless Threaded Rod
. 10-32 Hex Nut

Pyrophyllite Support Base

Radiation Heater

Radiation Guard

Differential Thermocouple
RTD
Sample TEG

Harman Heater

Vacuum Chamber

Slot for sensor and heater wires

Figure 26: Cross-sectional view of the Harman Technique test system with sample TEG
and temperature sensors included.

Figure 27: Isometric view of the Harman Technique test system without sample TEG and
temperature sensors.
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Differential Thermocouple

PTC Heater and Post
— - Sample TEG Thermoelement

RTD

< Copper Heat Sink

Figure 28: Cross-sectional view of the PTC Technique test system.

Figure 29: Isometric view of the PTC test system.

49



M.A.Sc. Thesis — M.V.Cino; McMaster University — Engineering Physics

3.4.2.2 Custom Heaters
Testing at elevated temperatures was accomplished with the use of

custom-built heaters designed specifically for the Harman and PTC test
systems. These functioned using resistive heating and received currents
of up to 3A to produce a range of temperatures from 50°C to 300°C.

3.4.2.2.1 Design and Construction
The main criterion for design of these heaters was to deliver a

uniform heat flux to the sample during testing. For modules this ensured
that all of the thermoelements were heated evenly so that a maximum
voltage output could be measured. Figure 30 displays the CAD rendering
of a custom heater used in the Harman test system in both its fully

constructed and exploded views.

e —

# o
e
% o

(@)

Copper Surface

Figure 30: (a) Isometric view and (b) exploded view of heater constructed for use in the
Harman test system.
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The heater consists of four layers; a porous MgO substrate, 32 AWG
NiChrome resistive heating wire, OMEGABond 600 thermal cement, and a
1.5875mm thick copper surface layer to create a uniform heat profile for
the sample.

A piece of MgO was cut to the size of 40mm x 40mm x 12.5mm.
Grooves were then cut 4mm deep into the top face and spaced evenly
across the surface. The NiChrome wire was routed through the grooves
and cut to allow 10mm length ends to extend from the heater for electrical
contacts. The top surface was then coated with a 2mm thick layer of
thermal cement, which served to both encapsulate the wire in the grooves
and to bond the copper plate to the substrate.

The length of NiChrome wire used was determined in part by the
geometry of the base. This length is assumed to be composed of both
straight and semi-circle arc components, with the wire situated directly in

the centre of each groove as illustrated in Figure 31.

o o, P P

/ - P
A
E
|
Lstraig ht ’

Lcontact

Figure 31: Heater wire configuration with emphasis on straight components.
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This configuration allocated for the potential addition of extra wire due to
offsets from cutting or variability in tightness of the winding of the wire
through the grooves. The formula for calculating total wire length for a
heater of any size is represented by equations (A.1) and (3.19) with their
associated parameters displayed in Figure 32.

Figure 32: Sample arc length segment of heater wire.

Liotar = Ngrooves ) Lstraight + 2+ Leontact + Nare * Lare (318)
w doroove — Auire + d (3.19)
Ly = (7> T = < groove 2w1re gap) -

Equation (3.19) is simply the formula for arc-length, with the radius of the
arc equal to the expression containing the wire, groove and gap
thicknesses, and the angle 6 equal to = rad. The heater constructed for the
Harman Technique, observed in Figure 30, had the following

specifications listed in Table 1.
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Section Value
Lstraignt 40mm
Lecontact 10mm
deroove 1mm
dwire 0.202mm

dgap 4mm

Nerooves 10

Narc 9
Leozal 488mm

Table 1: Dimensions of heater components and total heater wire length.

After calculating the wire length, its temperature vs. current
characteristics were determined using industry data to verify that it would
be able to heat past the upper limit temperature of 300°C with the output

from the power supply.

3.4.2.2.2 Modelling

The heater was modelled in ANSYS Workbench using the steady
state Thermal-Electric simulation environment. Two simulations were run
to validate the uniformity of the top surface temperature and heat flux
profile. One was performed with the copper plate and one without. This
helped to emphasize the necessity of the copper for uniform heat
distribution and delivery to the TEG so that all of the elements could
receive the same thermal input conditions. The material properties needed
for these simulations were the thermal conductivities at numerous
temperatures of each of the constituent parts of the heater. The electrical

resistivity of the NiChrome wire as a function of temperature was needed
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as well. The aforementioned thermal conductivities can be found in
Appendix E, along with the electrical resistivity of the NiChrome wire.

The heater geometry from Figure 30(a) was created in SolidWorks
and imported into ANSYS Workbench where the thermal and electrical
properties mentioned previously were input. The boundary conditions
applied during the simulation are summarized in Appendix F. These
consist of the radiative and convective components encountered in an

ambient environment.
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(b)
Figure 33: Heater surface temperature (a) without copper surface and (b) with copper
surface.
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Figure 34: Heater surface heat flux (a) without copper surface and (b) with copper
surface.

The simulation results in Figure 33 show that there is a deviation of
up to 3°C in the temperature profile of the heater without copper, whereas

the copper strip limits this deviation to 0.2°C. Similarly, the heat flux
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results in Figure 34 show significant edge effects before the addition of the

copper plate.

3.4.2.2.3 Proof of Operation

The temperature distribution of the heater was experimentally
tested using an unreferenced type T thermocouple junction attached to a
micrometer stage. The thermocouple tip was dragged across the top
surface of the heater while it was applied a constant current and operated
at a steady state. Measurements of the thermal voltage were taken at
1.33mm increments until the entire cross-sectional length of 40mm was
traversed. The thermocouple remained at a given location until its output
voltage settled at a constant value. A repeatable thermal voltage at all test
points indicated uniform heating across the surface, whereas a varying
voltage with position indicated the formation of hot spots and thus, uneven
heat flow to the sample. A uniform temperature distribution was observed
as seen in Figure 35 but only occurred after the copper surface was
bonded to the heater. This was due to the high thermal conductivity of the
copper. This same characterization process was performed for the heater

used in the PTC test system as well.
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Figure 35: Top surface heat distribution of heater with and without copper plate.

3.5 Loss Minimization

Efforts were made to quantify all of the associated losses within
both measurement systems, and reduce them where possible. All
measurements and simulations were performed within an evacuated
environment so that convection and air conduction could be automatically
neglected. The remaining thermal and electrical losses are derived in the
following sections. These losses and their uncertainties are tabulated in

Appendix G.
3.5.1 Harman Technique

3.5.1.1 Thermal Losses
It was necessary to create stable thermal contacts between the

sample and its respective heater during testing to obtain repeatable
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results and minimize test time. This ensured that as the sample was
maintained at a desired test temperature that it was receiving a uniform
flux from the heater along its entire surface of contact. In order to achieve
this, a minimal amount of thermal paste was applied to the contact area on
the sample. The sample was applied a slight pressure in all lateral
directions to ensure that it could not move from its position after it had
been set in place. The thermal paste used was Silicone 860 from MG
Chemicals which had a thermal conductivity of 0.657 W/m-K and a
maximum operating temperature of 300°C [23]. Although the use of
thermal paste provided a good thermal bond between the heater and the
TEG, it would be beneficial in the future to add a clamping mechanism to
this test system that can apply different contact pressures to the TEG so
that the effects of thermal resistance can be further quantified. At this
point, the final loss to be considered is radiation.

The heat balance equation for the Harman technique is given in the
following equation and is reminiscent of equation (3.1) but with an

additional term accounting for heat loss from radiation.
Qx + Qraa = Qn (3.20)

Due to the bipolar nature of the Harman technique, heat is
conducted through the sample twice during a test. The hot and cold sides
effectively switch since the Peltier effect is ultimately being utilized in two

directions.
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Figure 36: Example of the current applied during the Harman technique in (a) forward

bias and (b) reverse bias. The associated temperatures that form at the outer surfaces
are a result of the direction of the current.

This necessitates the inclusion of D, which is the sum of the temperature

differences observed in each polarization.

The Peltier heat term can be written in terms of previously mentioned
measurable quantities as well, with an updated equation for the Seebeck

coefficient of the TEG elements.

Qp = Nal(T, + T)) (3.22)
Ty +Tc (3.23)
T, = >
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. Ty + T (3.24)
To=—5—
. 2V, (3.25)
" ND,

For the fully characterized TEG, model TEG1B-12610-5.1, that was also
used for simulation purposes in section 4.1, the sum of the radiative
losses due to all of its constituent materials is provided in equation (3.26)

YQrad = Qar05, + Qcu + Qsn + Qniy + Qp + Op + Quiy, + Qur (3.26)

+ an + QAIZO?’B

The terms listed above can vary depending on the materials present in a
given module. The general equation for radiation loss between two

surfaces is adapted from [24] below for the materials in a TEG .

Qij = AiFyop(eTi — &T)) (3.27)

This equation describes the net radiation transfer from surface i with area
A to surface j. The coefficient Fj is the calculated view factor between the
surfaces and is a percentage of how much of the total emitted radiation
from surface i that strikes surface j and vice versa. All of the view factors
between the faces of the materials listed in (3.26) and each exposed face
of the Bi,Tes TEG elements were calculated using the perpendicular and
parallel rectangular face view factor equations from [25]. A sample
calculation of each of these view factors is given in Appendix H. Equation
(3.27) is repeated for every exposed face of the TEG elements and
summed to create each of the terms present in (3.26), substituting

coefficients with the subscript j with the respective emissivity, exposed
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surface area and local temperature of the desired material. The
coefficients € and T; are the emissivity and average temperature of the
TEG elements, respectively. The dimensional information for each contact
layer used to calculate the exposed surface area was taken from an SEM
image of a single TEG thermocouple. This process is described in detail in
Chapter 4.

The local temperature of a layer was approximated depending on
its location in the TEG. The layers above the p-type and n-type legs were
assumed to be at Tc on the forward pulse and Ty’ on the reverse pulse.
Similarly, the layers below the legs were at Ty during the forward pulse
and at T¢’ during the reverse pulse. The legs themselves were assumed to
have an average between the two extreme temperatures observed during
each pulse. The total conducted heat through the TEG elements after both

pulses were applied is given below as well [15].

_ NkAD, (3.28)
)

By combining equations (3.23) through (3.28), the thermal conductivity
can be solved for algebraically and is given in equation (3.29) with the

newly formed thermal loss correction factor, C in equation (3.30).

 2WplIL(T, + T,)C, (3.29)
B NAD?
' D 3.30
CL — 1 (Z QRad) a ( )

2 (T, +T,)

A lossless system would have C_ = 1. As temperature increases,
the amount of radiation increases proportionally to T* therefore this factor

can greatly affect the value of thermal conductivity and also ZT if not
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considered. To minimize radiation loss, an active radiation guard was
placed over the sample and the heater. The surface of this shield was
maintained at the same operating temperature as that of the outermost top
surface of the TEG. This is the top Al,O3 layer. During each of the steady-
state operation portions of the test, the temperatures T¢c and Ty are
measured and the guard heater has power applied until its surface
temperature reaches the same observed temperature. This practice was
first implemented by McCarty in [16] and is called Top Temperature
Matching (TTM). Since both of these surfaces are radiating at the same
temperature the net radiation loss from the top layer is equal to zero. The
elements themselves are operating under a temperature gradient and
therefore are not radiating at a single fixed temperature. Their average
temperature is approximated to that of T, or T, depending on the direction
of the applied pulse and their net radiation loss to the guard is lowered but
not negated.

The calculated values for C. in this thesis take into account the
effects of the TTM procedure by including the radiative heat transfer
between the TEG elements and the radiation guard. Only the faces of the
outermost elements have a reduced radiation output since they have a
direct line-of-sight with the guard. The view factors between the faces of
the interior legs and the guard were calculated to be less than 0.01 and
their radiative contributions were therefore neglected. The values of C, are

plotted below with respect to the total average sample temperature.
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C, vs. Average Temperature
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Figure 37: Calculated values for C_vs. Heater Temperature.

The correction factor has a maximum uncertainty of 2.6% at the
average temperature 446K which corresponds to the 200°C heater
temperature data point. Remarkably, this factor can simply be
approximated for any TEG as strictly a function of average temperature in

the form of equation (3.31), with the values for y and y given in Figure 37.

C,=uTt+y (3.31)
 Ty+Tc+Ty+T¢ (3.32)
=
4

The average temperature mentioned above is the average of all four test
temperatures encountered during a Harman test. The implementation of
equation (3.31) allows for a significantly reduced calculation time of C_ and
only adds a maximum of 0.2% uncertainty to the final ZT results that use

this factor.
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The introduction of a loss correction factor was originally proposed
Buist in [15] and applied by Fujimoto et al in [26]. However both of these
sources used a cyclical set of equations involving C. and k. This
presented a problem since in order to calculate C, the thermal conductivity
needed to be known and vice versa, until both values converged through
an iterative computing process. This calculation was simplified in this
thesis by starting with the heat balance equation given in (3.20) and
working towards the set of equations in (3.29) and (3.30). Here, both C.
and k are independently defined and are composed of directly
measureable quantities. The consequences of excluding C_. from the

measurements will be discussed in Chapter 5.

3.5.1.2 Electrical Losses
The p-type and n-type elements in a TEG are bonded to
intermediate metal layers which provide a channel for heat conduction as
well as for current propagation. The existence of these layers adds contact
resistance which produces an offset in the resistive voltage defined by
equation (3.3). The resistive voltage is directly proportional to the
resistivity of the TEG elements as seen below.
V= IpL (3.33)
A
Although the procedure outlined in this thesis does not measure V,
directly, it is still calculated with the help of equation (3.2). This equation

will be rewritten taking into account the contact voltage, V..

Vi=lh tV+1; (3.34)
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(3.35)

V. is simply the product of the input current and the total resistance
created by all of the contacts within the TEG, R.. The voltage drop across
the bottom and top contacts was determined in ANSYS where the current
density flow profile through the contacts could be explicitly evaluated. This
was done with the help of the dimensional and compositional analysis of
an SEM image of a single TEG thermocouple. This process provided a
theoretical maximum for the contact voltage, and subsequently, the
contact resistance based on equation (3.35). The resulting V. and Rc
values were then multiplied by the number of thermocouples in a TEG to
yield the entire TEG contact resistance.

Equations (3.33), (3.34) and (3.35) are combined to calculate the
contact resistance and subsequently the contact voltage and yield a more
accurate value of the TEG resistivity. The averaged versions of the
voltages in equation (3.34) are used instead so that the effects from the
bipolar measurement can be considered. The contact voltage was found
to be equal in both of the applied current directions. A factor of N is also

included to account for the number of elements in a TEG module.

Vig = Voa — Vo)A (3.36)
N NIL

The values for Vc and Rc¢ versus average temperature are given below in
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V- vs. Average Temperature
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Figure 38: V¢ vs. average temperature.
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Figure 39: R¢c vs. average temperature
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It is observed above that the contact voltage follows a linear trend
with increasing temperature for a given TEG. This also applies to the
contact resistance since it is linearly proportional to V.. The expressions
provided in Figure 38 and Figure 39 are valid for the model TEG1B-
12610-5.1 and would differ in other models with different contact
geometries and compositions.

With both the thermal and electrical losses quantified, the equation
for ZT must now change to account for both of these phenomena, as
observed in equation.

Voa (3.37)

7T =
CLVig = Voa = Vo)

As with the thermal losses, the effects of including V. in the calculation of
ZT will be observed in the results in Chapter 5.

3.5.2 Parallel Thermal Conductance

3.5.2.1 Thermal Losses
The heat balance equations for the PTC apparatus are given in the

equations below for each test configuration.
Qin — KyAT, — QradH =0 (3.38)

Qin — Ky 4sAT, — Qrad;.Hs =0 (3.39)

Solving for the thermal conductance in each of (3.38) and (3.39) and
applying equation (3.13), the thermal conductance of the sample is

determined.
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_ (Qin - QradH+5 )ATl - (Qin - QradH)ATZ (340)
B AT AT,

K

Finally, applying the values for the sample geometry yields the sample

thermal conductivity, given below:

L <(Qi” B deH+s ) ATy — (Qm - QradH) ATz) (3.41)

S=a AT,AT,

It is evident that the only losses associated with this system are radiative,
since the test would be performed in vacuum as previously mentioned.
Each of the sample holder components would radiate with a different
emissivity, however the heater reaches the highest temperature so it
would most likely dominate. It would therefore be necessary to
temperature match a radiation shield to the heater temperature in order to
minimize the effects of the greatest loss in the system. The Kk measured
during this procedure is assumed to be constant between the two thermal
configurations since the heater temperatures are within a few degrees

from each other.
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4. ANSYS Modelling

Both characterization techniques explored in this thesis were
modelled using ANSYS Workbench finite element software. A tutorial
found in [27] acted as a guide for evaluating thermoelectric phenomena
within the ANSYS user interface. Like the simulations for the heater output
in section 3.4.2.2, the Thermal-Electric environment was used which
focused specifically on providing results based on the three key
thermoelectric parameters; the Seebeck coefficient and the electrical and

thermal conductivities.

4.1 Harman Technique Model

A preliminary literature review focused on the work of McCarty et al
who modelled the Harman Technique from -55°C to 250°C using a
temperature-normalized set of thermoelectric parameters [16]. The
Thermal-Electric modelling environment was used to determine the
steady-state thermoelectric and resistive voltages. This environment can
only model steady-state operation, so the Seebeck voltage which
diminishes over time could not be explicity modelled. Nevertheless, the
equation for ZT given previously by equation (3.11) was modified with the
help of (3.10) to now include the average resistive voltage, Vgra. This

equivalent representation of ZT is given as:

Via = Vra (4-1)

ZT =
VRa

Here, Vgra is used because it contains both the TEG element resistive
voltage V., as well as the undesired contact voltage, Vc. V; is a reliable
voltage output because its detection is not affected by any potential noise

that would be associated with physical measurement equipment as
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discussed in section 3.1.1. The simulation of the contact voltages during a
Harman test allows for the addition V¢ to equation (4.1) to improve its
accuracy. Unlike the thermal losses which are simply boundary conditions
that are applied or removed, this electrical loss is intrinsic to the TEG
geometry and must be accounted for in the calculation of the theoretical
ZT.

Via - VRa (4-2)

ZT =
VRa - VC

where, in this simulation environment,
VRa = Veg + V¢ (43)

Via = Voa + Vra (4-4)

The model developed in this thesis uses the same principles as
above and was created to verify Harman test results for TEG modules
observed in the laboratory. First, a module was dismantled and a single
thermocouple was removed with all of its layers intact. The sample was
placed in an SEM and underwent EDS to obtain dimensional and

compositional information of each layer.

Al203 Substrate
Cu Conductor (Cold Side)
Sn Solder

Ni Diffusion Barrier
Bi.Te; doped with Se
(n-type)

Ni Diffusion Barrier
Al Diffusion Barrier

Zn Conductor
(Hot Side)

Figure 40: SEM image of a TEG thermocouple. Compositional information determined by
EDS.
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The dimensions of each structure were taken from an average of 10
measurements on the SEM image using ImageJ digitization software.

Examples of this analysis are shown in Figure 40.

MCMASTER

MCMASTER COMPO 15.0kV X120 WD 10.0mm 100um

(b)
Figure 41: Recreation of dimensional measurement process using ImageJ. Each yellow

line is manually drawn by the user and its length is compared to the scale given in the
image. Sample photographs are of a (a) p-type leg and (b) the Al contact layer.

These measurements were accompanied by some assumptions. First, the

final length of the p-type and n-type elements was calculated from the
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average value obtained between both components. The same practice
was implemented for the lateral width of each element. These dimensions
are labelled in Figure 42 and their relationships are described by
equations (4.5) to (4.6).

~_
PN

Ny

Lp

(@) (b)

Figure 42: Length, width and cross-sectional area designations for (a) p-type element
and (b) n-type element.

L= L,+L, (4.5)
2

W, + W, (4.6)
2

The cross-sectional area perpendicular to heat flow was also averaged
between the p and n-type legs, and was estimated as the square of the

average lateral width, W. This is shown in equation (4.7).
A=A4,=4,=W? (4.7

This averaging process between both legs of the thermocouple continued

for each of their constituent layers shown originally in Figure 40. All of the

measurements can be found in Appendix |. After the dimensions were

finalized, the thermocouple geometry was recreated in SolidWorks and

73



M.A.Sc. Thesis — M.V.Cino; McMaster University — Engineering Physics

imported into ANSYS for analysis. Figure 43 shows the CAD assembly of
the thermocouple. The dimensions of the top and bottom Al,O3 layers as
well as the bottom electrical contacts were adjusted to allow the
thermocouple to act as a unit cell belonging to the TEG module. This
implies that the contents of the unit cell are scalable by the number of
thermocouples present in the module, allowing the effects of all thermal
and electrical losses to be proportionally represented. The idea to model a
single thermocouple rather than the entire TEG was suggested by
Ziolkowski et al. in [28] due to the increased simulation time required to
evaluate a TEG module. The theoretical representation of a TEG

assembled entirely out of unit cells is shown in Figure 44.

Figure 43: SolidWorks assembly of TEG Unit Cell with material designations for each
layer.
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Figure 44: Theoretical depiction of TEG module comprised of unit cells.

Thermal and electrical properties of the metallic and ceramic layers were
taken from literature and are given in Appendix J. Through an iterative
process, these properties were particularly useful in determining the
amount of voltage dropped across the contacts during the test. This
voltage was first calculated analytically, then after an iteration of the model
with the known resistivities for the contacts in place, a more accurate
value for this voltage drop was determined. This value was then reused in
the calculation of the corrected experimental TEG material properties as
per equation (3.37) until a convergence in the model was observed. After
Vc was explicitly understood, the properties for the n-type and p-type
materials were applied from experimental results of a TEG module and
averaged for the couple. These are given in section 5.1.1. These averages
represent the pairing of p-type and n-type materials with similar

thermoelectric properties that are necessary to maintain a uniform
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temperature difference and linearized electrical output from a given
module.

With the material information and geometry in place, the final step
in the simulation process was to apply electrical and thermal boundary
conditions to the thermocouple surfaces. Images of these conditions are

shown in the following two figures for the forward and reverse bias cases.

0.005 {m)

0.005 {m)

(b)

Figure 45: (a) Forward bias electrical and thermal boundary conditions. (b) Thermal
response to applied current.
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0,005 (m)

0.005 (m) ZA X

(b)

Figure 46: (a) Reverse bias electrical and thermal boundary conditions. (b) Thermal
response to applied current.

Figure 45 and Figure 46 depict the steady-state thermoelectric
voltage simulation, V; for both current polarizations at room temperature.
The location of the hot side temperature is fixed in both simulations while
the electrical input conditions are switched between the two. The
temperature profile is subsequently reversed due to the change in the

current direction. All surfaces also contain radiation boundary conditions
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which were not shown in the above figures due to space restrictions.
These, along with the resistive voltage simulations, were repeated at
different hot side temperatures up to 200°C to correspond with the
measured data in section 5.1.2.

The V. and V.. setups are physically identical to those in Figure
45(a) and Figure 46(a) as well. However the Seebeck coefficient of the
thermoelectric materials suppressed to give a completely resistive voltage

output without a changing temperature profile.

4.2 Parallel Thermal Conductance Model

The Thermal-Electric modelling environment was again used to
simulate the PTC testing and develop a proof of principle. As with the
Harman simulations, a SolidWorks assembly of the test system was
imported into ANSYS and each component was given material parameters
from Appendix E. Two simulations were run in accordance with the
description of the technique given in section 3.1.2; one without the sample

and one with the sample. The assembly is shown in Figure 47.
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Heater

Post

Sample

Differential

Thermocouple

Heat Sink
Base

Figure 47: SolidWorks assembly of PTC system with sample attached.

As discussed previously in equation (3.41), the terms of interest are
Qin» Qraay» and Qrqq,,, .- These are the heater input power and the radiated
powers of the holder alone and of the holder with the sample attached,
respectively. The radiative heat terms are the only losses associated with
the system and can be circumvented using the same radiation shield used
in the Harman test apparatus. The simulation setup and resultant
temperature difference in each scenario is shown in the following two
figures as well. Radiation boundary conditions were again applied to all

surfaces but are not shown.
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0.040 {m)

0.040 (rn)

(b)
Figure 48: (a) Heater input for PTC holder simulation. (b) Generated temperature
difference across the post from heater to heat sink.
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0.010 0.030

@)

XJ/Z
0.000 0.020 0.040 (m)
0018 0.030

(b)
Figure 49: (a) Heater input for PTC holder + sample simulation. (b) Generated
temperature difference across the post and the sample.

The PTC simulation is meant to act as a proof-of-principle to verify
that the test can be adapted to temperatures significantly above room

temperature.
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5. Test Results

5.1 Harman Technique
The following are results for a TEG module that was applied a hot

side temperature of up to 200°C.

5.1.1 Module Testing

Seebeck Coefficient vs. T
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Figure 50: Seebeck coefficient as a function of temperature.

Resistivity vs. Ty
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Figure 51: Electrical resistivity as a function of temperature.
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Thermal Conductivity vs.T,
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Figure 52: Measured thermal conductivity and estimated thermal conductivity using C_
as a function of temperature.

The values given for a, p and kK given above are given within the
calculated uncertainty of the test system. The uncertainty in the thermal
conductivity was the greatest because it was heavily influenced by the T*

component of the radiation calculations.

ZTvs. Ty
0.70
[ ]
0.65 B
0.60 g
mEst
- 0.55 m Estimated ZT
N
& Measured ZT
0.50
0.45 L
0.40 u : . : )
0 50 100 150 200
T4 (°C)

Figure 53: Measured ZT and Estimated ZT using C, as a function of temperature.
The measured Kk and ZT values given in the previous two figures

are also contained within the uncertainty of the system, and are compared
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with their estimated values using the C_ function approximation from
equation (3.31). The difference between the measured and estimated
values at each data point is less than one percent.

5.1.2 Comparison to Model

Modelling allowed for the analysis of the effects of the thermal and
electrical losses defined in section 3.5.1. A graph of the measured ZT as a
function of temperature is presented below, overlaid with results that
consider no losses, only thermal losses, only electrical losses, and finally
both electrical and thermal losses combined.

ZT with Different Loss Combinations
vs. Ty
& Measured ZT B Both Thermal and Electrical Losses
No Thermal or Electrical Losses ® Thermal Losses
¢ Electrical Losses
0.74
Vs
0.69 :
0.64 ‘ ]
o
_ 0.59 o
N ]
0.54 N
0.49
0.44 ‘ .
0.39 . . . .
0 50 100 150 200
Ty (°C)

Figure 54: The effects of ignoring thermal and electrical losses in ZT measurements.

The completely lossless data represented by the green markers in

Figure 54 were obtained by suppressing all radiative boundary conditions
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in the simulation as well as measuring the voltage drop across the metal
contact layers. This voltage was then used in equation (4.2) and thus, both
thermal and electrical losses were completely subtracted from the
calculation of ZT. The data set labelled “Electrical Losses” also had
suppressed thermal boundary conditions but did not consider the contact
voltage loss. Conversely, the “Thermal Losses” data had these boundary
conditions enabled but included the subtraction of V.. Finally, the ZT data
for the “Both Thermal and Electrical Losses” was obtained by ignoring the
effects of both types of losses.

It is clear from Figure 54 that the thermal losses are dominant since
the data points begin to spread as temperature increases. Both of the data
sets that ignored the effects of radiation were lower than the measured
values. Accounting for thermal but ignoring electrical losses due to the
contact voltage improved the measured values by as much as 3%.
However it was observed that up to a 6% deviation can occur in measured
values if the combined effects from both losses are not considered. The
difference between the compounded loss data and the lossless data
yielded a maximum percentage difference of 12% at 200°C and is

expected to only increase past this point.
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5.2 PTC Simulation Results

@k (Harman Results)

K VS. Heater Temperature . .
B« (PTC Simulation)

_ T T
1.4 | L T u [ t
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O T T T T
0 50 100 150 200
Heater Temperature (°C)

Figure 55: Thermal conductivity vs. heater temperature. The results simulated from the
PTC techniqgue are compared with the actual values obtained from the Harman
Technique.

The sample used in the simulation had the dimensions of one of the
elements from the thermocouple used in the Harman Technique
simulation. These dimensions can again be found in Appendix |. The
obtained values were compared to the measured values from Figure 52
and were observed to lay in between the data points. This is due to the
different heater temperatures between the tests that are a function of input
current.

Some additional considerations must be made in order to obtain the
most accurate values for thermal conductivity. As previously mentioned,
the samples to be used with this system will be extracted elements from
commercial TEG modules with dimensions of roughly 1 mm® The samples
tested by Tritt et al had dimensions of 0.1 x 0.05 mm? cross-sectional area

and a height of 2.0 mm. Although these two samples have similar height
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magnitudes, the ones tested in the literature have a larger height to area
ratio that is more appropriate for the one dimensional heat flow
assumption of the PTC system. Since the TEG elements are roughly as
long as they are wide, the 1D approximation for their geometry needs to
be augmented in one of two ways. The first method can be applied in the
laboratory where the elements can be mechanically grinded down until
they have an increased height to area ratio, thus mimicking the geometry
used in the literature. The second method would be to reconstruct the
ANSYS model such that the sample is placed directly under the heater as
opposed to bonding it to the heater side surface with a small contact area.
This model would simulate one dimensional heat flow through the entire
sample at different test temperatures. The results from this simulation can
be used to develop a relational coefficient for the experimental values that

can compensate for the deviation in heat flow between the two systems.
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6. Case Study: Binning Technique for Waste Heat Recovery
System

The testing processes investigated in this thesis were
commissioned for the research of materials and devices utilized in the
Pizza Oven Waste Energy Recovery (POWER) System. This is a
partnership project between McMaster University and Pizza Pizza. The
system implements four rows of 10 to 12 TEGs each, which receive a Ty
ranging from 200°C to 300°C and a T¢ of 16°C to 20°C. These TEGs are
mass-produced and vary significantly in performance within a given batch.
This is due to poor quality control of the material growth and
manufacturing techniques of the modules by the manufacturer. Therefore,
the groups of TEGs purchased for use in the POWER System needed to
be classified according to their overall performance, which led to the

reinvestigation of the Harman Technique for binning purposes.

6.1 Description of Technique

A batch of TEGs was purchased and 40 of them were distributed
among the four rows in the POWER System. During steady state
operation, a constant hot side temperature of 260°C was maintained, with
a cold side temperature of 16°C. The |-V curve of each TEG was
measured in-situ using a BK Precision 8500 DC Load. The Voc, Isc and
the maximum power point of the device were recorded. After acquiring
these curves, the TEGs were removed from the oven and tested
individually using the Harman technique at room temperature. This test
was performed at 25°C and not at 260°C due to the amount of time taken

for the system to reach thermal equilibrium. Room temperature testing
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increased the throughput of this binning process and allowed for a batch
of 60 TEGs to be tested in the span of about 20 hours.

When evaluating TEG performance for devices of the same model
number, room temperature performance is sufficient to develop a relative
rating scale since all of the TEGs are made with the same thermoelectric
and contact materials. With this fact, deviations in quality between

modules will arise in one of two ways:

1) Manufacturing defects due to poor contact surfaces and varying
thermocouple geometry for both elements and electrical contacts.
2) Material growth inconsistencies due to varying dopant

concentrations in the p and n-type materials used.

The first of these issues can be addressed by looking again at the

equation for ZT which is given again below.

a’T (6.1)

LT = —
RK

This represents the figure of merit for the module in terms of its bulk
properties; the module Seebeck coefficient, resistance, and thermal
conductance. The module resistance is equal to the sum of contributions
from both the thermoelectric materials and the electrical contacts. Since
the contacts are made of metals, their resistivity, and therefore resistance,

increases linearly with temperature as per below [29]:

pr = po[1+ AT — To)] (6.2)
_prl (6.3)
Rr ==
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The voltage drop across each contact reduces the total amount of
available output from the module. When these contacts are made of
variable size their contributions to the overall resistance will also vary from
module to module at different temperatures based on their change in
resistivity from equation (6.2). Also, poor contact formation may result in
the creation of additional surfaces for radiation which will facilitate an
increased radiation loss at higher temperatures. In regards to
discrepancies in module performance due to different dopant
concentrations, the effects of doping are given in Figure 13. The electrical
power factor is maximized for a carrier concentration of about 10*° cm™.
Material Seebeck coefficient and electrical conductivity will rise and fall,
respectively, as the number of carriers increase. The electronic
component of thermal conductivity, which accounts for up to 30% of the
material thermal conductivity, will also rise in this case [30]. The electronic
thermal conductivity and the electrical conductivity for thermoelectric
materials are related via the Wiedemann-Franz law. This law is given
below, where L is a coefficient known as the Lorenz number that varies
with dopant concentration [11].

K, = oLT (6.4)

Kep = LT (6.5)

The law given in equation (6.4) was rewritten in terms of electrical
resistivity in (6.5). This relationship shows that with increasing
temperature, the electrical resistivity and electronic thermal conductivity
will increase linearly with temperature, also indicating that a room
temperature binning method will suffice. Therefore TEGs that contain

heavily doped materials should always underperform against those that
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are lightly doped, due to the increase in resistivity and thermal
conductivity, and their effects on ZT.

The entire batch of TEGs were ranked in descending order of ZT
and rearranged back into the POWER system heat exchanger in a specific
orientation. The thermal output to the hot side of the TEGs is parabolic
with maximum heat flux occurring at the centre of a row. Therefore the
TEGs with the highest ZTs were placed at opposite ends of a row in areas
of reduced heat flow, and subsequently lower ranked units were placed in
adjacent positions until the poorest performing TEG was placed directly in
the centre. The lower the quality of the module, the greater the amount of
heat it was to receive and vise-versa. This practice monopolized on the
trade-off between available heat and performance of an individual TEG in
an effort to linearize the maximum power output of each of the TEGs in a
given row. As new groups of TEGs were purchased, they were instantly
characterized using this technique and then placed accordingly into the
POWER system.
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6.2 Sample Results
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Figure 56: Comparison of (a) ZTs and (b) maximum power output measured for a row of
TEGs before and after binning.

The POWER System has two heat rows on the front side of the
exchanger, and two rows on the back. The results in Figure 56 correspond
to the front-bottom row. The pre-binning results were due to the random
placement of TEGs into the system without any selection criteria. The
modules used post-binning were hand selected based on results from the

Harman technique testing and were completely different units than those
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used pre-binning. Figure 56(a) depicts the systematic positioning of TEGs
based on their ZTs, and their associated power output after the binning
process. Also, a more uniform maximum power output is observed in
Figure 56(b)

6.3 System Efficiency Improvement

The Voc, Isc and maximum power point of each TEG were
algebraically combined for use in series operation. The total I-V curve of
the 40 TEG configuration is given in Figure 57.
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= 0.80 I
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Figure 57: Pre-binning and Post-binning |-V curves for the total output of 40 TEGs.

The maximum power output before implementing the binning
process was 42.3W and after binning it was 47.9W. Therefore using the
same thermal inputs to the TEGs, an efficiency increase of 13.2% was

observed in the electrical output.
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7. Conclusion

The research conducted within this thesis was an integral part of
the POWER project from Pizza Pizza and assisted in the foundation of a
commercial TEG characterization system at McMaster University. The
presented test system has been proven to extract the Seebeck coefficient,
electrical resistivity and thermal conductivity from thermoelectric materials
contained in TEG modules. The combination of these three parameters as
per equation (2.18) yields the normalized figure of merit at a given
operating temperature which indicates how well the material can convert
heat into electricity.

The Harman technique was the primary test method used to obtain
ZT and its associated quantities for commercially available TEGs from 25
to 200°C. It was selected for its short test time and its ability to yield ZT
directly with only a few simple voltage measurements. This technique was
also used as a means of quality assurance to effectively bin groups of
TEGs in a minimal time frame for use within the POWER system. This
rapid procedure increased the efficiency of the energy recovery by 13.2%
and can be used on a larger scale to maximize the output of future
installations of the system.

The generalized quantification of losses for a given model of TEG
was a vital component of this thesis. This practice was applied to the
TEG1B-12610-5.1. The ability to determine these losses for a single TEG
model can be replicated for other models by following the two phase test
methodology outlined here. This test system allows TEG manufacturers as
well as design engineers to gather model-specific loss information quickly.

The thermal losses were evidently more detrimental than the

electrical losses. The loss factor C. which is composed of all of the
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radiative losses as well as other measurable quantities, is tedious to
calculate depending on the geometry of the sample. For single TEG
elements under test the radiation calculation would be much more
simplified than for an entire TEG that requires an abundance of view
factors between all possible surfaces within the module. After its initial
calculation, the estimation of C._ as a function in the form of (3.31) yielded
a faster and simpler way to determine the effects of thermal losses. The
difference between the measured and estimated values of Kk and ZT at
each data point is less than one percent indicating that the thermal loss
factor can be approximated to an acceptable level without explicitly
calculating it each time. The determination of the electrical losses as linear
functions of contact voltage or resistance also contributed to the complete
loss profile of the TEG.

The simulation of a TEG unit cell in ANSYS proved to be useful in
evaluating the independent and combined effects of the aforementioned
losses . The experimental values obtained using the Harman technique for
a, p and k for the TEG elements were combined with the intermediate
materials in the thermocouple using values from literature for their p and k.
The creation of the model necessitated the use of the following
assumptions:

I The averaging process of the TEG geometry dimensions.

ii. The neglecting of anisotropic effects in the thermal and
electrical properties of the TEG material during the extrapolation
of the thermocouple output to module output.

il The p-type Seebeck coefficient, electrical resistivity and thermal
conductivity were assumed to be equal to those of the n-type.

iv. Emissivities were selected as single values over the entire

operating temperature range.
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Regardless of these assumptions, the model performed as expected
yielding Vi, and V,, voltage outputs for the thermocouple that were directly
proportionate to those experimentally obtained from the module.

The end result of this testing proved that there were significant
inconsistencies in the entire commercial TEG production process, from the
growth of the thermoelectric materials to the manufacturing of the
modules. At the operating temperature of 200°C the ZT was measured to
be 0.67 + 0.01, a number less than the industrial standard for a “good
thermoelectric” which, as previously mentioned, is unity. Now that the
current status of commercial module quality can be evaluated, a claim can
be made for new growth methods and TEG geometries to be investigated
in the future that can outperform those presently in production.

7.1 Future Work

With an infrastructure for thermoelectric materials characterization fully
established, a move towards next generation TEG development will be
pursued. Investigation of new growth and manufacturing methods will
produce materials that need to be classified according to their ZT and
associated parameters. These methods will include pressing and sintering
as well as 3D printing. The materials produced will be assembled into
thermocouples of varying sizes and shapes that use different bonding
materials to hold them together depending on their operating temperature
requirements.

The Phase 1 testing process can diagnose crystalline quality of the
thermoelectric materials as well verify the layer thicknesses of the
intermediate metals used to create the ohmic junctions within
thermocouples. The dimensional data can be obtained and used in Phase

2 for the finite element modelling and quantification of thermal and
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electrical losses. At this point the Harman and PTC test systems will be
used to gather a, p and k from these new materials.

The Harman technique system has so far only been used to test TEG
modules but will be adapted to test individual materials by changing the
method of heat delivery to the sample. A thermoelectric material sample
can be soldered to a sacrificial copper base and thermally bonded to an
existing heater. Also heaters of any size can be created with an
accompanying radiation guard to match as per the procedure outlined in
section 3.4.2.2. The PTC apparatus has been constructed and modelled
and will be used to assist in the verification of the results of the Harman
technique system for small samples.

Finally, the binning procedure enabled by the use of the Harman
technique can be used on a larger scale to test all potential TEG modules
that will be used in every POWER system and rank them accordingly

before their installation at a work site.
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APPENDIX A: Measurement Uncertainty

Sample calculations for the uncertainty of all measured quantities at
the 200°C data point from the Harman technique results will be provided
below. Error propagation was used to calculate the uncertainty in a, p, K,
ZT once the error in each of the associated values was determined.

The general formula for error propagation is given below for a

function f (x4, x,, ... x,) consisting of two or more variables [31].

n

6f = Z (g—i)z 5x? (A1)

i=1

The uncertainty in the function f is denoted by &f and the
uncertainty of each variable x; that exists within that function is given by
(SXL'.

Voltage Uncertainty
All voltage measurements were done using the National

Instruments USB-6211 DAQ. Harman technique test voltages were
measured using the 1V range and the voltages read from the RTD and
differential thermocouple were under the 0.2V range. The number of
samples taken within a single loop iteration of the code is 8333. The
Absolute Accuracy Table in the DAQ manual found in [18] was reproduced
below to determine the error of measured values within these ranges. The
calculation of accuracy as defined in the manual is also recreated and

follows the table as well.
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Residual Residual Offset
i i ffset INLE! R -
Range I?r??r Tgn?;lz:o Reference %rrst‘ner Tempco (pprr:rc?fr N'?)?sdeorg1 Sensitivity
o Tempco (ppm of ! (uv)
(ppm of (ppm/°C) (ppm of Range/°C) Range) (MVrms)
Reading) Range)
+0.2V 135 7.3 5 40 116 76 12 4.8
1V 95 7.3 5 25 49 76 26 104

Analog Input Accuracy Table for USB DAQ 6211

AbsoluteAccuracy=Reading(GainError) + Range(OffsetError) + NoiseUncertainty

GainError=ResidualGainError + GainTempco(TempChangeFromLastinternalCal)
+ ReferenceTempco(TempChangeFromLastExternalCal)

OffsetError=ResidualOffsetError + OffsetTempco -
(TempChangeFromLastinternalCal) + INL_Error

RandomNoise-2

V8333

NoiseUncertainty* =

*For a coverage factor of 20 and averaged over 8333 data points

Suggested Assumptions:

TempChangeFromLastExternalCal = 10 °C

TempChangeFromLastinternalCal = 1°C

Number_of Readings = 8333 (from current use in Harman and PTC code only)
Sample Calculation:

Reading: V,. = 0.144 V

This is a data point for the forward bias Seebeck voltage @ 200°C from
Harman Technique. Itis read in the £0.2V range.

GainError = 135ppm +7.3ppm(1)+5ppm(10) = 192ppm

OffsetError = 40ppm + 116ppm(1)+76ppm = 232ppm
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. o 12upv-2
NoiseUncertainty = 5333 =0.26pV

AbsoluteAccuracy = 0.14V(GainError) + 0.2(OffsetError)+NoiseUncertainty =
75uV = 7.5:10° V

~ Vor = 0.144V + 7.44-10°V

The remaining voltages at this data point and their uncertainties are
provided in the table below.

Voltage Reading (V) oV (V)
Vo 0.144 +7.44-107
Vo. 0.078 +6.16-107
Vis 0.322 +2.00-10"
Vi. 0.294 +1.95-10™

Sample Harman test voltages @ 200°C with uncertainty.

The uncertainty in the average measurements is then calculated using the

error propagation formula as exemplified below.

_ Vor+V,— 0144 +0.078
2 N 2

(Voo \* e o (Wea\ o o |[(SVer ), (SVE
SV"“_\/(dVOJ) 6V0++<dVO_> W= (72 )T\ 2

B \/(7.44E -5 _(616E - 5)?

=0.111V

=14.83-107°V
4 4 -

Both Vo, and Viy values at this test point with their uncertainties are
tabulated in the table below.
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Voltage Reading (V) oV (V)
Voa 0.111 +4.83-10™
Via 0.308 +1.40-107*

Averaged sample Harman test voltages @ 200°C with uncertainty.

Current Uncertainty
The source of error for the applied test current was the BK

Precision 9130 power supply. Its manual states a programming accuracy
of £0.1% + 5mA for current. The test current used was 0.150A with an

uncertainty of +0.005A

Temperature Uncertainty
The two temperature sensors used were an RTD and a differential

thermocouple. The temperature measured by the RTD was governed by
equation (3.15). The resistance in that equation was obtained from a
series of voltage measurements using equations (3.15) and (3.16). These
provided the voltage and current applied to the RTD and through Ohm'’s
law, yielded the resistance. The principle for calculating the uncertainty in
the RTD measurement apparatus due to the reading of these voltages is
outlined in [32]. The RTDs were used to measure the top side
temperatures during the Harman technique. These were T¢c and Ty. A
sample calculation for the measurement of T¢ at 146°C is given below.
Voltages were measured with the DAQ using the 0.2V range
measurement setting and its uncertainty was calculated as per the Voltage
Uncertainty procedure described above.

AVgrrp = 0.156 + 6.8:10° V

_ AVrp  0.156
T70.001  0.001

=156 1
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SR, = (dRT )ZSAVZ = ( ! )(685 10-5)2 = 40.1 0
T [\dAVerp RTD = 1\0.0012/) T

T. = 3383.8095 — 0.0866 - /1.7585 - 10° — 2.31 - 106 - R

= 3383.8095 — 0.0866 \/1.7585 -10° — 2.31-10% - (156)
=146°C

8Ty . = (dTC>25R2 =1-105 OR:
a0 — |\dR; T 1.76E9 — 2.31E6 * Ry

0.1)2
=1E5\/ (0.1) = 10.2°C

1.76-10° — 2.31- 106 - (156)

The RTD itself has an uncertainty of +0.1°C that must be taken into
account as well as the uncertainty caused by the DAQ measurement

calculated above.

+ 8T?

CrRTD

o 8T = JSTZ =(0.2)2 4+ (0.1)2 = £0.2°C

CpaqQ

The bottom temperatures, Ty and Tc' were measured using the
differential thermal couple and were dependent on the measurement of T¢
and Ty’ in the following equations:

Ty =T, + AT
T, =Ty — AT
AT is measured with the differential thermocouple according to equation

(3.17) which is rewritten below.

6
AT = Z c;V?
i=0

106



M.A.Sc. Thesis — M.V.Cino; McMaster University — Engineering Physics

Coefficient Value

Co 0.000000

C1 2.592800:10%

Co -7.602961-10”"
C3 4.637791-10*
Cs -2.165394-10"°
Cs 6.048144-10%°
Co -7.293422:10%

Type T thermocouple polynomial coefficients valid for T = 0 to 400°C [22].
The voltage in the equation above read by the DAQ was equal to:
V =2.20810° + (4.7-10°) V
The corresponding AT between Ty and Tc using equation (3.17) is:

AT = Y5 ,c;(2.208-1073)! = 54°C

dAT\*

= ((0.025928 — 0.0000015205922 - (2.208 - 1073)
+ 1.3913373-1071°-(2.208-1073)2 — 8.661576 - 1071°
- (2.208E — 3)3 + 3.024072-1071° - (2.208-1073)*

1
—4.3760532-1072% - (2.208-1073)%)2 - §V2)2

= ((0.025928 — 0.0000015205922 - V + 1.3913373 - 1071 - V2
—8.661576-1071°- V3 +3.024072- 10719 - y*

1
— 4376053210724 - V5)2- (4.7 -1075)2)2

=+1.2-10"%°C
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The thermocouple also has an associated error which is + 0.03 °C.

SAT = \[6AT5AQ +84T2. = /(1.2-10-5)% + (0.03)2 = +0.03°C

With Tc and AT determined, Ty and its uncertainty can now be calculated.
Ty = 146 + 54 = 200°C

o1, = |(%L 25T2 ATy ZSATZ—\/(OZ)Z (0.03)2 = +0.2°C
"= (dTC> C+<dAT) = V(0274 0. I

All temperatures measured at the 200°C data point are summarized below
with their associated uncertainties as per the procedure outlined above.

Temperature Reading (°C) Reading (K) 6T (°C)/(K)
TH 200.0 473.15 +0.2
Tc 146.0 419.15 +0.2
T 150.0 423.15 +0.2
T 198.0 471.15 +0.2

Sample temperatures measured during the Harman technique.

The average temperatures and the bipolar temperature difference were
calculated in units of K, along with their uncertainties. The uncertainties in
°C are equal to those in K due to the relationship of the unit magnitudes
for each temperature scale.

_ Ty +T¢ (273.15+200) + (273.15 + 146)
2 2

8T% &8T? 0.22 .22
6Ta=\/TH+—C=\/ +—=10.16K

T, = 446.15K

4 4
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D,=(Ty—T¢) +(Ty —T¢)
= ((273.15 + 200) — (273.15 + 146))
+((273.15 +150) — (273.15 + 198)) = 6 K

oD, = Jsr,%, + 8T + 8T% + 6T% =0.22+0.22 +0.22 + 0.22 = +0.46 K

Temperature Value (K) o6T (°C)/(K)
Ta 446.15 +0.16
Ta 447.15 +0.16
Da 6.0 +0.46

Dimensional Uncertainty

The dimensional data obtained by the SEM in Appendix | was taken

in measurements of 10 and averaged. The uncertainty was calculated in

Microsoft Excel using the sample standard deviation function. All of these

uncertainties are tabulated in the aforementioned appendix.

The following is a sample calculation of the cross-sectional area of

the TEG element.
W = 1.569E —3m
oW =+2.8E —5m

A=W? = (1.569E — 3)? = 2.462E — 6 m? = 2.462 mm?

dA\?
64= |(57) w2 =J@W)ZoW? = /- 1569 10)2(28- 10-5)2

= 1+8.786 1078 m? = £0.088 mm?
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Radiative Loss Uncertainty

Recall equation (3.27):
Qij = AiFijO-B(EiT? - EjTJA")

The net radiation loss corresponding to view factor (1) in Appendix
H will be calculated. This is the radiation between a strip of Al,O3; and one
face of the Bi,Tes; TEG element during the forward bias pulse of the
Harman technique. The dimensions of W and Wspace are found in
Appendix | and the emissivities of Al,O3 (€1) and Bi,Tes (€2) are found in

Appendix J.

A, = Portional Area of Al,04
= (element spacing)
- (0.5(element spacing) + 15(n — type horizontal width)
+ 15(element spacing))
= Wspace (0-5Wspace + 15W + 15Wspace )
= Wipace (15.5Wspace + 15W)
= (9.35-107%)(15.5(9.35 - 107*) + 15(1.569 - 1073))
=3.56-10"°>m?

54, = (dA1>26W2+ 44, 26W2
1= dW dVVSpace space

- \/(15W5pace)25W2 + (31Wspace + 15W)25Ws%ace

= J(15(9.35 £10-4)2(2.8- 1075)2 + (31(9.35- 10~*) + 15(1.569 - 10-3))”(3.4 - 10-5)2
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=+1.79-107%m?

T, =Ty =473.15 £ 02K

T, =T, =419.15 £ 02K

g =06=c¢

Fi, = 0.01

0p =5.6704-1078W-m?-K™*

Q12 = A1F1203(51T14 - 52T24)
= (3.56-107°)(0.01)(5.6704 - 107%)(0.6(473.15)* — 0.6(419.15)*)
=233-10""w

R 2 . 2 . 2
. _ dQlZ 2 dQlZ 2 dQlZ 2
801, = J( : A1> 54 +( g ) 0T r) o7

2
= J(F1203(51T14 - 52T24)) SAT + (48141 F1205TY)? 8T + (—4er A1 Fip05T5)? 6T

- ((0.01(5.6704 -107°)(0.6(473.15%) — 0.6(419.154)))2 (1.79-107%)"

+(4(0.6)(3.56 - 107°)(0.01)(5.6704 - 10‘8)(473.15)3)2(0.2)2
1
+ (—4(0.6)(3.56 - 107°)(0.01)(5.6704 - 10‘8)(419.15)3)2(0.2)2)2

=+118-107°w

This quantity represents a small fraction of the radiation loss within the
TEG module and needs to be recalculated for both types of view factors
and all remaining areas of the Al,O3 and the electrical contact surfaces.

The summation of these losses are displayed in Appendix G.
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Thermoelectric Property Uncertainty

The following is a collection of sample calculations for all of the
thermoelectric properties mentioned in this thesis at the 200 °C data point.

Recall equation (3.25):

2V, 2-0.111
N-D, 2526

Sa = (d“>25V2+(da)2502— ( 2 )25V2+(_2'V"“)251)2
*= N\av,/) "« \ap,) °7a= \n-p,) °"¢ " N D2 a

2 \? —2:0.111\2
— - . 10-5)2 - 2
\j(252-6> (4.83-107°) +( 252 - 62 ) (0.46)

=+1.11-105V/K

a= =147-10"* V/K

Recall equation (3.36):

(Vi = Vog —V:)A _ (0.308 — 0.111 — 0.007) - (1.569 - 103)?
NIL a 252-0.150-1.257 - 10-3
=9.828-10°0-m

The quantity V. is a theoretical value calculated in ANSYS and therefore

does not have an associated error. At this data point V.= 0.007 V.

dp \* dp \* dp\* dp\* dp\°
— 2 ,2 _ 2 _ 2 0 2
op \/(dVoa> 6V"“+<dvm> 6Vm+(d,4> o4 +<d1> ol +<dL) oL
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22 2 <2
478, 473, (Vu— V. —V)2A282
1a + oa 1a oa Cc I
N’ P12 NP2 NI 2

(Via—Voa—VC)zAzéSi N V= Vou— V)8

a oa C

_I_
N>t N? P I?

= +496-107702-m

For the thermal loss factor, C, the sum of the radiative losses Y.Q,qq4 IS
equal to 6.39-10™ + 2.02-:10% W at the 200°C data point.

Recall equation (3.30):

o1 Era)Da _ (6:39-1071)(6) _ 0871
L 2V, (T, + T,H 2(0.111)(0.150)(446.15 + 447.15) '
[ 2 2
' dc . dc dc
I L L L
| 5502 +( ) 5DZ + ( ) 52
5C — i(dZQRad) ZQRad dD d s
L= | 2 2
| (ﬁ> 512 + (dCL> ST? +( ) STy
v oF ar,) ol
i 5 7
Pa“ & r 2
L E{_}i'ua.f i _I Fail aﬂu
A LT, T, ] don ey
i Eﬁlru fﬂu a; | ﬂ): .D(n'2 52
+ — - o) + — - = pired |
MRl CEE ) R P ol COR R &
50’ D) 50 D’
| a 1 e a
b= H b= T e o
AL EE S S M G A E A SR N
= 4+0.011
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C. affects both the thermal conductivity and ZT as shown in the sample

calculations below.
Equation (3.29):

2V IL(T, + T,)C,  2(0.111)(0.150)(446.15 + 447.15)(0.871)

NAD? B 252(2.462-1076)(62)
=146 W/m-K

(2) vz (22 o2+ (%) 12 + () oz

v,/ — °* " \dI dL ar,) ¢

oK =

2 2 2 2

+(dk> 6T’2+<dk> 5cz+(d'€) 6A2+(dk) 5D2
ar,’ @ ac, L7 \dA ab, a

=

i

lw%ﬁn+nfﬁ"

v Al (1 s

il i i

~N? 4% pat N 4% Da*
¥ v I TR, T |
] T e I 4 e
a2 P+ VO, o L€ O
+ K 1Iu _ I B + — d
N* 4% Da* N 4% pat
AV LG o AV, ST+ T, J'EC-I
+ - i + = - ”
N A% Dat N A% Dgt
N AV ST, AT, ) €8
.""4"2 .-14 Dull
1
= | :
+ Iﬁ‘ !.:{'.' hl.r— ‘r-_ {T':I' + T:'JI }_ FIF.- ﬁf-]l'l
N A% Da® )
=+025W/m-K

Equation (3.37):
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~ Voa _ 0.111 _
C,(Vig =V, —V.) 0.871(0.308 — 0.111 — 0.007)

27 = (%25 g+ (220 sz + (20 sz
- dv:)a oa dVia ia dCL L

0.67

] [ere) : 2
F — F —F + - r PR 0
| CL {qu I.|J|:r I.-_] {-'L {!’m - !"w., - [’:.) ] fetn]
v b; V2 5,
+ . it — + -
L[ i Coa I-:']I {'L“m_ o I{]_
= 10.01
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APPENDIX B: Harman Technique LabView Code

Test Current (A)

VISA resource name

i for reading operation

[Voltage Limits

O
4| To give breathing time | [

Terminal Configuration

0.2

-0.002

0.002 _\

[Emps -+

10

[ Dev2/ait [

(= s M i s N i s N s i s s W s i W

1

[Power Supply Initialization|

| B

DO 000000000000 0o oooon
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_G_mmﬂmjﬁ_m_ in t

-0.002

0.002 g

2

[Amps -]

RN

-1 41666.66 Sample Mode

Sample Rate

s Deva/ail [t

AlVoltage * L

m Al Current *

TOOO00000 00000000000 00000r _wmo:woman_onic

Sample Clock =

_n.l'
| -
30

[Channel 1 7]
]

=3

Timing Settings

Dooo0oooooo0o0ooooooooooot

[DAQ Input Initiali

zation| [Sampling Initialization]
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Operation
Create or Replace «

w == DAQmx Timing “u_

TDMS File Path
g

Logging Mode
132

_mm3ﬁ_m Clock 1=

Actual Sample Rate

Timing Settings

T,

FDEL

Logging Settings

A Bottomn Temperature (°C _

r#Top Ternperature (*C _

»#&Guard Temperature (°

Pulse Duration (5]

[y —

ol [razr

Time Between Pulses (s)

[DEL K

10000000000 amn

100000000000
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[Voltage 7]

_u_u_u_uDD_u_u_u_u_uDD_u_u_u_u_un_n_u_u_u_u_uDD_u_u_u_u_un__u_u_u_u_u_u_u_uDDDDDDDDDL;Ei,«r_n_u_u_u_u_uDD_u_u_u_u_un_n_u_u_u_u_uDD_u_u_u_u_uD_u_u_u_u_u_u_u_u_u

VoYW
v
kv
u

D00 0D 000000000000 000000 0000000000000 0000000000000 00000000000000D000000D0D00D0D0000o00oDDoooo0ooo0ooooGn

Channel 2 = 0

b M i B A s s B i

|Automatic Power Supply Shutdown and Zero Outputs]|
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[DO00Do00ooo00o0o0o00oo000o0oooocC

O0O000000000000000000000000000000000000000000000000000000000000000000000000000Q0TC

Channel 2 | 0

100000000000

1000000000 00000 1000000000000

e —w — —— == T aa— B = — e e e e,
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_DDDDDDDDDDPD_”D.&.”_I. [0 0 0000000000000 00000000000000000000O0000000000000000d

1 _W _v J__.a+|._.:._m

tart Time (s}

linzar
data

|Linear Extrapolation to True Vo+ Value]

Wi+
]

I 00000 00000000000 0000000000000 000000000000000000000000000000000000020
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WISA resource name 0

ok

Serial Configuration

] YFD Display (T: Enable) To give breathing time

1 for reading operation

-0.002

(o I i W s A s

0.002

[roe 27z

Operation
Create or Replace =)

Sample Mode

TODMS File Path

AlVoltage 7| m [ Deva/ail |7

Lagging Mode

: S = DAQmx Timing & =2
AlVoltage =] [Sample Clock =] | " Actual Sample Rate
L)
Timing Settings Logging Settings

Channel Settings

APPENDIX C: PTC Technique LabView Code
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APPENDIX E: Heater Material Data

Thermal Conductivity at Various Temperatures

[W/m-K]
Component 300K 400K 600K 800K
NiChrome Wire 12 14 16 21

[33]

Copper Plate 401 393 379 366
[33]

MgO Substrate 62.5* 33.0 19.2 12.5

[34], [35]
OMEGABond 600 1.59 1.59 1.59 1.59

Cement [36]

*Reference [34] provided a range of 50-75 W/m-K for the thermal conductivity of MgO at
300K, so the average value between these two limits was used.

Electrical Resistivity of NiChrome
at Various Temperatures [2-m]

Component 300K 400K 600K 800K
NiChrome Wire 1.00-10° 1.04-10° 1.12-10° 1.20-10°

po = 100-10°%Q'm
T, = 293.15K
) =4-107K*
[29]
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APPENDIX F:. Heater Boundary Conditions for ANSYS
Simulation

Boundary Condition Affected Body Value
Input Current 0.45 A
Ground NiChrome Wire oV
Radiation € =0.88[37]
Radiation Copper e =0.05[38]
Radiation MgO € =0.69 [38]
Radiation OMEGABond Cement € =0.88 (Concrete)
[38]
Convection All Bodies h = 25 W/m*°C [38]

*Heat flux calculated by dividing power dissipated through the wire by the surface area of
the wire. This surface area was calculated in ANSYS to be 311.63mm”.
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APPENDIX G: Thermal Loss Quantities

The contributions from the radiation losses in each layer of the
TEG1B-12610-5.1 are summed at each test point and provided below as a
function of average temperature.

Radiation Losses vs. AverageTemperature

0.100 +H

O-OOO T T T T T T T 1
295.00 315.00 335.00 355.00 375.00 395.00 415.00 435.00 455.00

Temperature (K)
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APPENDIX H: Sample View Factor Calculations

The two view factors used for the TEG radiation calculations are
given below. The dimensions in Appendix | are used to define the
coordinates in each of the view factor systems presented, and are used in

a sample calculation for two faces.

>
X
View factor (1) for rectangles in perpendicular planes [25].
Governing Equation for (1):
1 2 2,2 i+j+k+
F172=_ZZZ[(_1)( e I)G(Xivyj,ﬂkvilﬂ
A j=1k=1
where
_ P02 _ £ ein2 _
G:_(n y)sin aj (x—&cosa)coso 1ism LA n-y _
2m : (x2—2x§cosa+§2) sin?a (x2—2x§cosa+§2)
1/2 _ _
JF—CC)S'O_L2 [Z;zsinzow(n—y)q tan~* X-5cosa ]/Z—Z;sincxtan‘l(—x .gcosaj
(n—y)sm o [c";zsinza+(n—y)2 sino

- In{xz—2x§c050c+2';2+(n—y)2Ddé
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View factor (1) for Al,O3 portion to single Bi,Te; face within TEG module.

Coordinate Related Dimensions Value (mm)
X1 0 0
X2 (element spacing) 0.935
Y1 0 0
yo* 0.5(element spacing)+ 38.028

15*(n-type horizontal
width) + 15*(element

spacing)

&1 (Zn vertical length) + (Al 0.66
vertical length) + (Nip
vertical length)
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& (Zn vertical length) + (Al 1.917
vertical length) + (Niy
vertical length) + (n-type

vertical length)

ny* 0.5*(element spacing) + 22.069
9*(n-type horizontal
width) + 9*(element

spacing)

n2* 0.5*(element spacing) + 23.6375
9*(n-type horizontal
width) + 9*(element
spacing) + (n-type
horizontal width)

Fi.=0.01

‘The AlLO; substrate layer began a distance of 0.5 (element spacing) before the

beginning of the contacts and TEG elements and this distance is accounted for in the
above calculations.

View factor (1) sample calculation for two rectangles in perpendicular planes.
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View factor (2) for two surfaces in parallel planes [25]

Governing Equation for (2)

F.= — : _ iiii(_l)(nhkﬂ)e(xi’yj’nk’E-")

12

(y—n)[(x—é)2 + 22} tan* Lﬂ

[(-ef 422 ]
G =% +(x-g)[(y-m) +22] " tan? {—X& 2}

[(y-m)2+22]

—%In[(x—é)z +(y—n)2 +22J
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View factor (2) for Zn face to single Bi,Te; face within TEG module.

Coordinate Related Dimensions Value (mm)
X1 0 0
X2 (Zn vertical length) 0.563
Y1 0 0
Yo (n-type horizontal width) 1.569
&1 (Zn vertical length) + (Al 0.66
vertical length) + (Niy
vertical length)
&2 (Zn vertical length) + (Al 1.917

vertical length) + (Niy
vertical length) + (n-type

vertical length)
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N1 2*(n-type horizontal 5.008
width) + 2*(element
spacing)
N2 2*(n-type horizontal 6.577

width) + 2*(element
spacing) + (n-type
horizontal width)

z (element spacing) 0.935

F12 = 0.00

View factor (2) sample calculation for two rectangles in parallel planes.

The calculations above were cycled through each of the Bi,Tes
faces within the row of the module and then summed. This process was
repeated over the entire TEG geometry and used to determine the view

factor contributions for the remaining elemental layers.

134



M.A.Sc. Thesis — M.V.Cino; McMaster University — Engineering Physics

APPENDIX I: TEG Unit Cell Dimensions

Vertical Dimensions (mm)

Measurement n-

#

©CoOo~NOoO OB WNEF

10
Average
Value:

Uncertainty

type
1.239
1.245
1.248
1.253
1.243
1.239
1.248
1.247
1.241
1.255

p-
type
1.251
1.288
1.294
1.276
1.274
1.250
1.257
1.266
1.257
1.274

1.257
+ 0.016

Nig
0.032
0.031
0.036
0.023
0.035
0.033
0.028
0.025
0.034
0.022

0.030

+0.005 +0.011

Al Zn
0.067 0.566
0.060 0.571
0.055 0.555
0.071  0.609
0.081 0.565
0.070 0.523
0.067 0.536
0.076  0.557
0.080 0.553
0.047  0.592
0.067 0.563

+0.025

Al;03

0.733
0.737
0.723
0.720
0.715
0.712
0.705
0.719
0.739
0.745

0.725

+0.013

Cu

0.314
0.310
0.303
0.296
0.302
0.296
0.291
0.299
0.298
0.305

0.301

+0.007

Sn

0.015
0.017
0.014
0.006
0.015
0.014
0.011
0.014
0.011
0.010

0.013
+0.003

Nirt
0.010
0.011
0.010
0.009
0.012
0.010
0.011
0.007
0.008
0.007

0.010
+0.002

Horizontal Dimensions (mm)

Measurement #

(=Y

© 00 N o o B W N

10

Average Value:

Uncertainty

p-type  n-type
1.582 1.566
1.575 1.548
1.569 1.541
1.573 1.524
1.586 1.545
1.590 1.551
1.590 1.556
1.589 1.540
1.618 1.538
1.633 1.567
1.569
+0.028

Element Spacing

0.893
0.911
0.888
0.915
0.929
0.930
0.953
0.965
0.980

0.983
0.935

+0.034
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APPENDIX J: TEG Unit Cell Material Data

Thermal Conductivity and Electrical Resistivity of TEG Layer Materials

Temp(g)ature Copper Aluminum ﬁ]luor?(:gg Nickel
K K
p@m W/ p@m) W kWK p@m)
m-K) m-K)
406
250 - - 235 - 97.5
293.15 1.68-10™ - 2.65:10%° - 39 6.93:10%° -
300 1.76-10% 401 2.73:10%° 237 36 7.20-10"° 90.7
400 2.90-10%° 393 3.86:10" 240 26.4 1.18-10" 80.2
600 5.19-10%®° 379 6.14-10"° 231 15.8 2.55-10% 65.6
800 7.47-10%®° 366 8.41:10°8 218 10.4 3.55-10% 67.6
Reference: [29] [[g’é*] [29] [[g’é'] (5], [38] (39] (5], [38]
Temp(eKr)ature Tin Temp(eKr)ature Zinc
K . K
p (Q'm) (W/m-K) p(Q m)us (W/m-K)
69.6 200 3.83:10° 118
250 300 6.06-10" 116
273.15 1.1510"" . 400 8.37-10"" 111
373.15 15510%  60.7 600 13510”1083
473.15 2.00-10"" 56.5 Reference: [39] [38]
Reference: [40] [39]
Emissivity of TEG Layer Materials
€-Cu g-Al e-Ni €-Sn €-Zn €-Al203  &-Bi,Tes
0.6 0.25 0.45 0.05 0.25 0.7 0.6
Reference: [38]
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