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Abstract

There is a significant amount of waste heat from industrial processes in the form of

liquid or gaseous streams. With a growing demand for electrical power, there is a need for

solutions to make use of this heat and increase the overall energy efficiency of the processes

in question. Although the most practical solution may be to recuperate the waste heat for

heating and/or cooling purposes, its transformation into electricity allows for versatility

in its end-use. The thermoelectric generator (TEG) presented in this work consists of heat

pipes to capture and concentrate the waste heat, coupled with thermoelectric modules to

convert some of the heat directly into electricity. A bench-top prototype was designed

and built as a proof-of-concept. The experimental testing of the prototype involved the

measurement of power output to a load as a function of the temperature and flow rate

of the inlet air, which represented the waste heat stream. The efficiency as a function of

temperature and flow rate was then obtained by estimating the heat captured by the TEG

using an empirical relation for a cylinder in a cross-flow. The results obtained for power

output compared well with a model developed for thermoelectric module performance

in both a simplified and detailed approach. However, as the steady-state temperature

measurements from the hot-side and cold-side of the thermoelectric modules were input

to the model, the effect of the heat pipes was not fully accounted for. There are factors,

including thermal contact resistance at the interfaces and heat transfer limitations of the

heat pipes that can be further investigated and improved in order to maximize the power

per unit area of the TEG. Furthermore, recommendations for industrial application of

this concept are discussed on the subject of performance optimization when scaling up

and life-cycle analysis. To conclude, a strategy for the further development of this concept

is presented.
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Abrégé

Les procédés industriels proiduisent une quantité importante de chaleur résiduelle sous

forme d’écoulements liquide ou gazeux. Dû à la demande croissante en puissance électrique,

il est nécessaire de trouver des solutions pour utiliser cette chaleur afin d’augmenter

l’efficacité des procédés en question. Par exemple, la chaleur résiduelle pourrait être

récupérée pour le chauffage et/ou le refroidissment. Cependant, la transformation de

cette chaleur en electricité permettrait une plus grande polyvalence en terme d’utilisation

finale. La génératrice thermoélectrique présentée dans ce mémoire est composée de calo-

ducs pour capter et concentrer la chaleur résiduelle couplés de modules thermoélectriques

afin de convertir une portion de la chaleur directement en énergie électrique. Un prototype

a été conçu et construit afin de valider le concept. Le prototype a été testé en obtenant

la puissance électrique en fonction de la température et du débit de l’air entrant, qui

répresentait la chaleur résiduelle. L’efficacité énergétique en fonction de la température

et du débit a été calculée par l’estimation de la chaleur capturée par la génératrice avec

une relation empirique pour un cylindre soumis à un débit tranversal. Les résultats sont

comparables à ceux obtenus à partir d’un modèle conçu pour la performance des modules

thermoélectriques. Par contre, puisque le modèle requiert des mesures de température

uniquement des côtés chaud et froid des modules thermoélectriques, l’effet complet des

caloducs n’était pas pris en compte. Cependant, des facteurs comme la résistance de

contact thermique et les limitations de transfert de chaleur pourraient être explorés en

détail afin d’augmenter la puissance par superficie de la génératrice thermoélectrique. De

plus, des recommandations sont décrites pour l’application industrielle de ce concept, plus

précisément au sujet de l’optimisation de la performance avec accroissement d’échelle et de

l’analyse du cycle de vie. En conclusion, une stratégie potentielle pour le développement

de cette génératrice thermoélectrique est presentée.
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Chapter 1

Introduction

1.1 A brief history

Alessandro Volta (1745-1827) was the first to correctly explain the phenomenon of direct

conversion of heat into electricity through experimentation at the University of Pavia

[16][17]. He set-up an experiment where a dead frog’s hind legs were submerged in a

glass of water and the back spine in another as shown in Figure 1.1. He observed violent

contractions of the frog’s muscles for some conductors and found that the water in the two

glasses needed to be at a different temperature for this phenomena to occur. After further

work, he correctly concluded that an electromotive force or voltage can be generated from

the temperature difference between the two junctions. [1]

Figure 1.1: An adapted sketch of Volta’s frog experiment [1]

Thomas Seebeck (1770-1831) observed, twenty years later, that a closed circuit

made of two dissimilar metals deflected a nearby magnetic compass when the two junc-

tions of the circuit were held at different temperatures. He called the phenomenon “ther-

momagnetism”, which led him to suggest that the Earth’s magnetic field is present due to

the temperature difference between the two poles and the equator [1]. Although Seebeck

did not identify the cause of the magnetic field implicitly, [1], at this time, there had been

significant advances in the field of electromagnetism, through the theoretical and experi-

mental work of many researchers, notably Joseph Priestly (1733-1804), Charles-Augustin
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de Coulomb (1736-1806) and later Michael Faraday (1791-1867)[18]. Today, the phenom-

ena of generating a voltage by a temperature gradient is commonly referred to as the

Seebeck effect. Nevertheless, Volta was commemorated for his discovery in 2005 by the

International Thermoelectric Academy[19].

Together, Hans Ørsted (1777-1851) and Jean-Baptiste Fourier (1768-1830) were

considered the first to build a thermoelectric device which was similar to a voltaic pile,

by combining three bars of bismuth (Bi) with three bars of antimony (Sb) forming a

circuit [20]. John Rayleigh (1842-1919) was considered to be the first to propose the

concept of heat-to-electricity conversion, using the Seebeck effect for power generation

with circuits similar to those built by Ørsted and Fourier [21]. In the late 19th century,

thermoelectric devices were designed and built consisting of conductors that were arranged

to be thermally in parallel and electrically in series with hot gases or liquids used as

sources of heat. Since the purpose of these devices are to generate power, they were

called thermoelectric generators (TEGs). [1]

One of earliest demonstrations of a TEG was the “Clammond pile”, made of 3000

thermocouples, it was able to generate a maximum power output of about 200W over

a fireplace by burning coke at a rate of about 10kg per hour [22]. In the first half

of the 20th century, there was significant progress in semiconductor technology which

lead to the fabrication of thermoelectric devices with higher efficiencies. One example of

this advancement is the work of Maria Telkes (1900-1995), who was able to fabricate a

thermoelectric generator based on PbS and ZnSb with a conversion efficiency of about

5% with ∆T≈ 400K. Another example is in the 1950s, when the Soviet Union designed

and commercialized a TEG, made of ZnSb/Constantan couples, to power radios in remote

areas from heat supplied by kerosene lamps.[1]

Although there was indeed evidence of progress, the efficiency of TEGs were not

significantly increasing, and therefore, the research in thermoelectricity for power pro-

duction shifted towards niche applications. In space missions, since photovoltaics were

not always sufficient to power on-board instrumentation, TEGs were developed and im-

plemented using radioisotopes, such as Pu, for a slowly decaying source of heat [1]. The

Transit 5BN-1, launched in 1963 was the first satellite using a TEG for primary power

[23]. After successful implementation, further developments were being made by US space
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programs. The Voyager 1 and 2, launched by NASA in 1977, use a TEG with a starting

efficiency of 6.6% and are still operational after over 40 years of use [24].

In the late 20th century, significant progress was made in research and develop-

ment which lead to promising insight for the direction of thermoelectrics. In the 1990s,

physicists Mildred Dresselhaus and L.D Hicks of Massachusetts’s Institute of Technology

proposed to use nanomaterials in order to increase the efficiency of semiconductors for

higher thermal-to-electrical conversion [25]. Over 15 years from the year 2000, the evi-

dence of growth in the field is shown by the increase in publications from around 500 to

more than 2500 annually [26].

Another interesting and rather more recent approach to convert heat into electricity

is by using pyroelectric materials. They differ from thermoelectric materials as they use

temperature fluctuations to produce electric potential instead of temperature gradients.

When a pyroelectric sample is heated, the lattice vibrations cause a rearrangement of

its crystal structure in such a way that it leads to less free charges being bound to the

surface. If this sample is under open circuit conditions, an electric potential is generated

across the sample. The theoretical thermal-to-electrical efficiency is significantly closer

to the ideal Carnot efficiency compared to thermoelectric materials. However, it would

require maintaining precise temperature variations with high frequency which may not

be as practical for industrial waste heat recovery. A rather interesting application can

be to power devices in the nanoscale and/or microscale, at which it may be easier to

obtain the required conditions. Nonetheless, the combination of pyroelectric devices with

thermoelectric devices and/or solar cells can form a promising hybrid technology with

excellent conversion efficiencies. [27, 28, 29]

Although there is indeed a challenge in maintaining a large temperature gradient

across thermoelectric devices, the aim of this work is to contribute towards a cost-effective

approach to do so and ultimately develop a competitive option for a wide range of indus-

trial waste heat scenarios.
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1.2 Thermoelectric phenomena

The science governing thermoelectricity and the ability to engineer thermoelectric devices

relies on the understanding of thermoelectric phenomena. There are three important

phenomena to consider, namely, the Seebeck effect, the Peltier effect and the Thomson

effect. A brief physical and mathematical description will follow.

1.2.1 The Seebeck effect

The Seebeck effect is an electromotive force or voltage that can be generated when a tem-

perature gradient is imposed between the junctions of two dissimilar electrical conductors.

Figure 1.2: A schematic of the Seebeck effect

The constant of proportionality between the temperature gradient (∆T ) and volt-

age (∆V ) is the differential Seebeck coefficient (αe).

αe =
∆V

∆T
(1.1)

αe = αp − αn (1.2)

The subscripts n and p refer to two dissimilar conductors one with a negative

and positive Seebeck coefficient respectively. A practical use of this phenomena is for

temperature measurements. For example, a type T thermocouple is made of a copper wire

(p-type) and a constantan wire (n-type), together their differential Seebeck coefficient is

approximately 40 µV/K [2].
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1.2.2 The Peltier effect

Jean-Charles-Athanase Peltier (1785-1845) discovered that when a current is forced through

an isothermal junction of dissimilar conductors, the junction is heated or cooled depend-

ing on the direction of the current. He tried to explain this by correlating the phenomenon

to Joule heating. Heinrich Lenz (1804-1865) was able to prove that it was not related to

the Joule effect and that it is its’ own physical phenomenon, later called the Peltier effect

[1]. The Peltier effect occurs as additional heat is absorbed or released when a current

is forced through a junction between two dissimilar electrical conductors. The Peltier

coefficient is defined as the heat released or absorbed per unit of time (Q) at the junction

over the current flowing though the junction (I)[2].

πe =
Q

I
(1.3)

πe = πp − πn (1.4)

The Peltier effect is typically exploited for devices used for cooling applications.

Although this effect is important as it will be used later mathematically for modeling

purposes, this work will not go further into the use of this effect as the topic at hand is

focused on power generation.

1.2.3 The Thomson effect

William Thomson (1824-1907), also known as Lord Kelvin, did a mathematical analysis

of electricity and using a formulation of the first and second law of thermodynamics, he

predicted a third thermoelectric effect. This occurs as current flows in a homogeneous

electrical conductor subject to a temperature gradient and heat is absorbed or released

depending on the mutual direction of the current and temperature gradient. It is now

known as the Thomson effect, and is expressed by the Thomson coefficient[15]:

τ =
dQ/dx

I · dT/dx
(1.5)
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Where the numerator describes the heat absorbed or released per unit time and

unit volume (1-d in the case of Eq. 1.5).

Later, he derived mathematical relations between the thermoelectric coefficients

which are known as the Kelvin relations[1]:

πe = αe · T (1.6)

and

τa − τb = T · dαe/dx
dT

(1.7)

The subscripts a and b refer to two dissimilar conductors. Overall, this is an indica-

tion that the same thermoelectric materials can either produce power when subject to a

temperature gradient or pump heat by applying a current [2].

1.3 The mechanisms behind thermoelectricity

In the free electron theory of metals, electrons are confined to states in specific bands

of energy, separated by band gaps. The probability of an electron being confined to a

certain energy state can be determined by quantum mechanics. There is a particular

energy, commonly referred to as the Fermi level, at which there is a 50% probability of a

state being filled. It is the states close to the Fermi level that are responsible for electrical

transport phenomena. If the Fermi level is close to the conduction band, the carriers have

a positive effective mass and regarded as quasi-free electrons, however if it is close to the

valence band, the carriers behave as if they have a negative effective mass and thus widely

regarded as holes.[2]

A semiconductor has an electronic band gap between the valence band and the

next available energy band, the conduction band. With enough energy, an electron in the

valence band can be excited to an available state in the conduction band, which would

leave a hole in the valence band. [30]

The Fermi function gives the probability of occupation, in other words, the number

of possible states that contain an electron. When the Fermi function is less than 1, the

probability of an occupied state is less than 1, and therefore some states in the valence
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band remain empty. So when the Fermi function is larger than 0, the probability of

occupation is finite and some electrons will occupy states in the conduction band. [31]

Figure 1.3: Energy band diagram for an n-type, p-type and an intrinsic semiconductor

(such as Si)[2]

In a small device described by a conducting channel between two contacts, when

a voltage is applied by a battery, the positive contact experiences a decrease in electro-

chemical potential to below equilibrium, and so the negative contact has an affinity to fill

these empty levels with electrons. The positive contact, however, still has an affinity to

be below this energy so pulls the electrons out to the external circuit, and this see-saw

scenario continues which generally describes how current (number of charges per second)

flows in a circuit. In the case of thermoelectric phenomena, the current is driven by a tem-

perature gradient instead of an external voltage source. The shift from equilibrium would

still be present in the device but due to the difference in temperature between the two

contacts as the Fermi function is a function of temperature as well as the electrochemical

potential of electrons or the Fermi level, EF , in the case of equation 1.8. [32]

F (E) =
1

e
(E−EF )

KT + 1
(1.8)

There can be a shift in either direction from equilibrium, depending on the material,

and thus current driven by temperature can flow in both directions. In other words, there

can be more number of states that are occupied by electrons above the electrochemical

potential than below and vice-versa. Conceptually, say particles are moving on a two-

way street and there are more possible levels in one direction, this would result in a net

flow in that direction, hence there are n-type and p-type materials. Although a p-type
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material is often described as conducting holes, this a conceptual tool used to keep track

of the missing spots of unfilled bands but what is physically measured is always electrons

flowing. [32]

Furthermore, when one end of a rod is heated and the other end is maintained at

a lower temperature, depending on the type of thermoelectric material, the electrons or

holes will move faster at the hot side, and diffuse towards the cold-side. An electric field

is thus set-up across the rod due to concentration gradient of the charge carriers, and this

is the basis of the Seebeck effect [3].

Figure 1.4: The Seebeck effect N- and p-type material as described by the diffusion of

electrons and holes [3]

Overall, this was only a basic physical picture in order to describe why an electric

potential is generated and how current flows due to temperature gradients using the

modern theory of semi-conductor physics. It is therefore recommended to include other

characteristics of electronic transport in semiconductors to complete the whole physical

picture such as the wave function.

The transport properties for thermoelectric materials can be found from the rela-

tions between the gradients of the electric potential and temperature, and so, the electric

current density and the heat flux density. To do so, the macroscopic theory of fluxes

is extended by including an expression for the Seebeck effect. Then, using microscopic

theory, based on the Boltzmann transport equation, expressions for the Seebeck coeffi-

cient, thermal conductivity and electrical conductivity can be obtained as a function of

microscopic parameters such as the carrier charge concentration and effective mass of the

electrons. [4] [33]
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As an introduction to the next section is it important to note that the thermal

conductivity has two components; the first part is from lattice vibrations, which is com-

monly explained by the traveling of phonons. The second is the electronic part, which

involves electrons carrying heat. The electronic part of thermal conductivity, the electri-

cal conductivity and Seebeck coefficient, all depend on the charge carrier concentration

as seen in Figure 1.6. Therefore, these properties of thermoelectric materials are inter-

dependent, and how well a thermoelectric material can convert heat into electricity can

thus be quantified through a figure-of-merit.[2]

1.4 The Figure-of-Merit

The Seebeck and Peltier effects are reversible and would have similar characteristics to an

ideal heat engine, however they are accompanied by the irreversible effects of electrical

resistance and heat conduction [2].

The dimensionless figure-of-merit represents the goodness factor of a thermoelectric

material. Abram Ioffe, who’s work unveiled the theory of modern semi-conductor physics,

introduced in 1949 the dimensionless figure-of-merit for a thermocouple [1].

ZT =
α2
e

CR
· T (1.9)

where R is the series electrical resistance and C is the thermal parallel conductance of the

thermocouple.

Nowadays it is often described similarly as the following [34]:

ZT =
α2
e · σe
κe

· T (1.10)

where

σe = σp + σn (1.11)

and

κe = κn + κp (1.12)

describes the electrical and thermal conductivity respectively of the p-type and n-type

material used in the thermocouple.
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Although not as effective for practical use in power generation, single conduc-

tors can also be described using the figure-of-merit and can be determined through

temperature-dependent measurement techniques of samples [35]. This can be used to

compare different p and n- type materials as shown in Figure 1.5.

Figure 1.5: The figure-of-merit for conventional thermoelectric materials (dashed) and

their nano-structured counterparts(solid)[4]

As seen from the expression of Eq. 1.10, a high ZT would entail a high Seebeck

coefficient, high electrical conductivity and low thermal conductivity. However, there

is a trade-off between these material properties. The Seebeck coefficient is higher in

semi-conductors versus metals, and the opposite is true for electrical conductivity. Since

the thermal conductivity is composed of both the lattice vibrations and the contribu-

tion from heat-carrying electrons (Wiedemann-Franz law), materials with high electrical

conductance are usually good conductors of heat [4].

The ZT is used to calculate the efficiency which determines the thermal-to-electricity

conversion.

η =
T1 − T2
T1

·
√

1 + ZT − 1√
1 + ZT + T2

T1

(1.13)

The efficiency, as expected, is lower than the Carnot efficiency for an ideal heat

engine as the term on the right of the multiplier that includes ZT is less than one. As
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Figure 1.6: The relationship between properties as a function of carrier concentration [4]

shown in Figure 1.7, the efficiency increases with higher temperature difference between

T1 and T2 and with higher ZT. Heat engines are usually around 30-40% efficient which

would require a ZT of around 3-4 with ∆T≈ 700K according to Figure 1.4. The highest

ZT for bulk materials reported in literature was found to be about 2.2[36].

Figure 1.7: The efficiency as a function of the figure-of-merit and T1, when T2 is fixed at

300K [2]

The current state-of-the-art bulk thermoelectrics as n-type conductors are Bi2Te3,

PbTe, CoSb3, SiGe and Sb2Te3, PbTe, CoSb3, SiGe, TAGS (Te-Ag-Ge-Sb) as p-type

conductors [37]. Foreign atoms or native point defects can create local energy levels in

the band gap. For example, a phosphorus atom that has 5 valence electrons in silicon,

donates one to the crystal to fit the electronic structure of the host with four valence

electrons. Phosphorous is a donor dopant in silicon and makes it an n-type conductor. A

defect that can easily accept an extra electron from the crystal is an acceptor dopant, and
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thus is a p-type conductor. For example, a boron atom that has three valence electrons

in silicon, accepts one from the crystal to again fit the electronic structure of the host.

Thus, boron-doped silicon is a p-type conductor. [30]

An ideal thermoelectric material for generator applications was proposed by Slack

and is based on a phonon-glass electron-crystal concept (PGEC). The idea is to obtain a

material that has both low lattice thermal conductivity as in a glass and high electrical

conductivity as in a crystal [38]. This can found in open and complex crystalline struc-

tures introduced with scattering centers for phonons such as impurities, dislocations or

grain boundaries, all the while optimizing the charge carrier concentration to increase the

power factor (numerator of the figure-of-merit) [2]. Clathrates and Skutterudites (CoSb3)

are both classes of materials that have crystalline cage-like structures that can host loosely

bound impurities. They are particularly well-suited to form a basis for the PGEC con-

cept. A promising but yet immature class of thermoelectric materials are metallic oxides.

Although the figure-of-merit is currently far below than that of the state-of-the-art, these

materials are stable both chemically and thermally from mid-to-high temperature ranges

[33] and derived from elements that are abundant in nature.

Altogether, it is suggested to improve the performance of thermoelectric materials

through primarily identifying and investigating new possible candidates which will be

discussed in the final chapter. Through a combination of band gap engineering, alloying

to form solid solutions and nano-structuring, enhanced thermoelectric properties can be

achieved however one must consider both their interdependence within the figure-of-merit

and dependence a function of temperature.

1.5 Thermoelectric modules

Thermoelectric modules (TEMs) are practical devices that are fabricated using thermo-

electric materials with the purpose of converting significantly more heat into electricity.

In such a device, n-type and p-type materials are connected electrically in series and

thermally in parallel, and joined together by interconnects, all between two substrates as

shown in Figure 1.8.

In general, if the TEM is very thick, the temperature gradient is large, which means
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Figure 1.8: Schematic of a typical design and components of a thermoelectric module [5]

high electric potential, V, however the heat flux is small, which means small current, I.

Since power is a product of voltage and current, there thus exists an optimal geometry to

maximize power output given certain conditions [39].

However, even with the optimized geometry according to the temperature range

and materials used, there are issues that reduce the performance of thermoelectric modules

but some promising techniques/approaches to overcome them.

• One of most critical is the selection of interconnects and the binding of them to the

n- and p- elements. The semi-conductor/metal junction exhibits a greater electrical

resistance than a metal-metal junction, which greatly affects the performance of the

device. Chemical diffusion due to concentration gradients also affect the electri-

cal contact resistance. To avoid these issues, direct p-n junctions can be used or

composite interconnects to decrease electrical contact resistance instead of using a

metal/semi-conductor junction [40].

• Heat loss, especially thermal contact resistance is another major factor, which can

significantly reduce the heat transfer through the device. Thermal contact resistance

is caused by microscopic asperities which form irregular gaps between surfaces and

depending how they interact from influences such as pressure and surface roughness,

the thermal contact resistance can vary significantly. The use of thermal paste can

be used to fill the micro-gaps and the choice of materials that are in contact play a

role in reducing the thermal contact resistance [41].

• Thermal expansion also needs to be considered as mechanical stresses due to a

mismatch between the n- and p- elements can lead to failure from crack initiation

and propagation. A research group led by Professor Jeff Snyder at Northwestern
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University have proposed a compatibility factor to match n and p-type materials for

a suitable device as well as different materials within a leg in a segmented fashion

[42].

With all these factors introduced that affect device performance, the actual efficiency is

thus lower than the efficiency calculated with Equation 1.13. The actual device efficiency

can be predicted via computational modeling techniques to include major factors. A

strategic approach, that has been studied, is to calculate an effective figure-of-merit nu-

merically using finite element techniques by taking into account temperature-dependent

properties, the Thomson effect, thermal losses within the device (some of the results of

this technique are shown in Figure 1.9) [6].

Figure 1.9: The calculation of the effective figure-of-merit by finite-element analysis in-

cluding the effect of various factors [6]

One of the highest efficiency for a module (shown in Figure 1.10) that is not

commercially-available but that has been recently presented as a main component of the

next-generation TEG from the Jet Propulsion Laboratory (JPL) [43]. The TEM efficiency

was reported to be 9.5% which corresponds to a ZT=0.68 for Th = 425◦C and Tc = 35◦C.

As a comparison, one of the highest ZT reported in literature for this class of materials is

1.8 [44] which would corresponds to an efficiency of 17.8% for this temperature difference

using Eq.1.13.
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Figure 1.10: Left: Module concept by JPL[7]. Right: Proof-of-principle by JPL [7]

1.6 TEGs in a waste heat recovery scenario

A thermoelectric generator (TEG) is made up of three basic components: a heat source,

thermoelectric modules (TEMs) and a heat sink. There is a cost associated to these

components with TEMs being often the most costly. Cost-effectiveness is the main criteria

in the terrestrial application of a TEG for power generation. Using waste heat as a

source reduces the cost by eliminating the need for fuel. A TEG can be attractive for

industrial applications such as power plants as a top-up cycle or a materials processing

plant to its increase overall efficiency. Also, with the growing demand for power, there

are also incentives from an investment standpoint to increase energy efficiency for existing

industrial plants rather than investing in the capital infrastructure and operational cost

needed for new plants as evidence from various rebate programs from governmental bodies

or utility monopolies.

Figure 1.11: Left: Primary and secondary energy use by sector in Canada(2015)[8]

Right: Energy use by the industrial sector in Canada(2015)[8]
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In 2015, Canada’s industrial sector accounted for 28% of all the primary energy

that is fed to secondary energy use that is for all final consumers in the economy[8] as

shown on the left in Figure 1.11. In 2009, the amount of recoverable heat in liquid and

gaseous streams from the industrial processes in Canada was estimated at 400 PJ/year

[45]. Given that industrial energy use has increased by 31% from 1990-2015 [8], this

amount of recoverable heat may be much more than what is previously stated. However

given this amount still, using TEGs at a thermal-to-electricity conversion efficiency of

5-10% would reduce Canada’s total industrial electricity demand from primary sources

by roughly 3-6% (shown on the right in Figure 1.11).

However, for an economically viable scenario, the cost per unit power produced

or purchased should be lower than the combined capital and operational cost per unit of

power produced by the TEG. Other potential technologies such as the heat recovery steam

generator, organic Rankine cycle or reciprocal engine are theoretically more efficient, how-

ever due to their size and complexity, there can be practical issues in the case of a retrofit

and the requirement of specific inputs or conditions to function continuously. There are

also other heat recovery solutions through the use of heat exchangers or refrigeration via

compression cycles to manage streams and make use of excess heat for other plant needs

which can be a cheaper option to implement and maintain. However, with various possible

solutions for stakeholders, a decision-support tool would be a useful approach to provide

industry with options to compare the benefits for their specific cases[46].

There are advantages in using a TEG as a retrofit to recover an existing plants’

waste heat and it should be an option in a potential decision-support software as the

technology emerges. It can have a relatively simple design being completely passive with

no moving parts, and highly reliable from evidence of those working for over 8000 hours

with little maintenance [23]. To design and implement a cost-effective generator and

competitive solution, however, an entire system approach is required. This includes the

production of low-cost material and modules with high ZT throughout the applications’

temperature range as well as the optimal coupling of heat exchangers with modules to

maximize power output and minimize cost. The optimized electrical connection of the

modules and as well as conditioning the power output of the modules to a corresponding

load or storage device also are aspects to consider.[47]
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The scope of this work is focused on the coupling of heat exchangers and ther-

moelectric modules to capture, concentrate and convert waste heat into electricity and

further prove the concept of a scalable and modular thermoelectric generator design for

industrial applications.

Figure 1.12: Schematic of the modular TEG design

As described in Figure 1.12, heat pipes are chosen as the heat exchanger to capture

and concentrate the waste heat. They can have a heat-transfer capacity of several orders of

magnitude higher than solid conductors such as copper or gold [48]. Also, the evaporator

and condenser can be separate and of different geometries, hence a concentration of heat

at the condenser can provide greater heat flux which can produce more power per area

of TEMs, potentially lowering costs of most expensive component. The use of heat pipes

can also effectively dissipate the rest of heat and have been found to produce more power

for a TEG versus other conventional heat exchangers. The topic of the next chapter is a

brief review of the recently published work done on the coupling of heat pipes and TEMs

to form a TEG for waste heat recovery applications.
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Chapter 2

Literature Review

A TEG prototype was built for waste heat applications Remeli et al.[9]. The TEG consists

of finned heat pipes to both capture and dissipate the waste heat with thermoelectric

modules placed in between using thermal spreaders. Although not depicted in Fig.2.1,

they used a U-shaped duct which at one end, ambient air is forced to cool the cold-side

finned heat pipes which is subsequently heated to provide hot air to the hold-side finned

heat pipes. The TEG consists of 8 units, with each unit comprising of four copper/water

heat pipes with 62 aluminum fins on either side and 6 TEMs (40x40mm each) connected

electrically in series as shown in Figure 2.1.

Figure 2.1: Left: TEG concept. Right: One unit of the build TEG excluding one side of

heat pipes.[9]

At an air velocity of 1.1 m/s, the first unit encountered by the flow of hot air reaches

a power output of approximately 1.3W, and decreases slightly for each subsequent unit

for a total maximum power output of 7W. The heat transfer rate was calculated using

the effectiveness of the heat exchanger, the temperature measurements of both cold air

inlet/outlet and hot air inlet/outlet and the mass flow rate. The efficiency of the TEG
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was calculated to be 0.65% was obtained with Th≈ 105◦C and ∆T≈ 30◦C.

The work by Orr et al.[49] uses the same concept but to recover the waste heat from

car engine exhausts. A working prototype was built and tested, using 8 TEMs (62mm

x 62mm each) and copper/water finned heat pipes on each side as shown in Figure 2.2.

The maximum power generated was found to be approximately 38W with a resulting

efficiency of 2.46%. This was achieved with Th≈ 200◦C and ∆T≈ 105◦C.They also varied

the orientation of the TEG, with three different positions according to the waste heat

flow. They found that when the exhaust was located at the bottom (Figure 2.2), a higher

power output was achieved than having it on top and placed horizontally.

Figure 2.2: Top: TEG prototype connected to car exhaust. Bottom: TEG close-up

Aranguren et al.[50] did a computational analysis to compare the effect of the

heat sink on power output of a TEG. They concluded that using heat pipes significantly

increased power output versus a finned heat sink, even by 13% when using optimal fin

spacing. Araiz et al.[51] followed this work through experiment using thermosyphons,
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which are essentially wickless heat pipes, as heat sinks to dissipate heat on the cold-

side of TEMs as shown on the left in Figure 2.3. They used statistical analysis on the

performance of TEG using a thermal resistance network as a model to determine the

influence of key parameters of cold-side heat exchanger. In doing so, the prototype design

was optimized which resulted in 36% more net electrical power compared to a finned heat

sink with a fan.

Figure 2.3: Left: TEG prototype with a thermosyphon, a wickless heat pipe working with

gravity. Right: Power output comparison for different heat sinks

Aranguren et al.[52] further proves the importance of eliminating auxiliary power

from the heat sink system on an industrial-scale application. They do so by using a

more detailed computational model with a finite-difference approach and compare the

passive heat pipe system to a refrigeration based-system. They found that the TEG

can produce a maximum of 119 MWh/year for a given furnace working 350 days/year

using the refrigeration based-system as the cold-side heat exchanger. However, the net

generation is reduced by 40% due to the auxiliary consumption of the pumps and fan-coil

required for the refrigeration based-system. They also suggest a scenario to eliminate the

fan-coil by having a water reservoir nearby, which can lead to a net generation of 121

MWh/year. On the other hand, using a passive system, as the one described [51], they

calculate a net generation of 128 MWh/year, 75% higher than the refrigeration-based

system.
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Lv et al.[53] studied through experimental testing, the cost-performance of three

different cooling systems for TEGs: air-cooled fins, water cooling exchanger and a heat

pipe based exchanger. For each case, forced convection by a fan through a enclosed channel

encompassing the fins as shown on the top of Figure 2.4. Although net power was found

to be higher for the heat-pipe based cooling system, there is still auxiliary power used for

forced convection which was the most for this system. According to their set-up, there is

more work done to maintain the air flow as the pressure drop across the fins is larger for

the heat-pipe system. However, the authors state that natural convection can also be used

instead with larger fins to also dissipate heat efficiently with less auxiliary consumption.

They also compared the experimental results with models based on a thermal resistance

network for the heat exchangers, and a simplified model similar to the one found in [34] for

the TEM. They found good agreement between the model and the experimental results,

with a maximum difference of less than 5%.

Figure 2.4: Top: Schematic of TEG set-up Bottom: Net power output comparison of the

cooling systems

They define the heat exchanger cost in $USD per unit Watt and of temperature.

Although, the heat pipe system has a higher capital cost, it is calculated to be $10.67
W ·K versus

$13.81
W ·K and $15.12

W ·K for the air-cooled and the water-cooled heat exchanger respectively.
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Chapter 3

The TEG development

3.1 Prototype design

A bench-top prototype was designed (as shown in Figure 3.1) and built (as shown in

Figure 3.9) as a proof-of-concept for recycling waste heat into electricity with a TEG.

Figure 3.1: Conceptual design of the TEG prototype [10]

The role of the duct is to contain and conduct the flow of hot air, an inlet was

designed to place the source of waste heat. To ensure the uniform distribution of air

throughout the cross-section, two flow modifiers are used at specific distances from the

inlet. This configuration has been found to have the best outcome compared to difference

designs and placement locations [10]. This was later confirmed using ANSYS R© Fluent

as shown in Figures 3.2 and 3.3, the difference of the fluid flow behaviour using one flow
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modifier versus the use of two. The numerical procedure in section 3.5.3 and the mesh

sensitivity analysis can be found in 5.12 Appendix for the two flow modifier design.

Figure 3.2: The effect of the two flow modifiers on the fluid flow in the system

Figure 3.3: The effect of removing the second flow modifier

The bottom heat pipe serves as a heat exchanger to transfer heat from the hot

air to the bottom thermal spreader which leads to the “hot-side” of the thermoelectric

modules (TEMs). The top heat pipe also serves as another heat exchanger to transfer

heat from the “cold-side” of the TEMs through the top thermal spreader to the sink which

is a reservoir on top. Although not depicted in Figure 3.1, the thermoelectric modules are

placed between the top and bottom thermal spreaders which experience a temperature

gradient across them and thus can generate an electric potential via the Seebeck effect.
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3.2 Design methodology

The objectives in the design phase were the following:

• To be portable and fit on a bench-top

• To demonstrate functionality by powering a device continuously

These criteria were framed around a real-life waste heat recovery scenario and so,

a duct and a source of heat was needed to conduct the flow of hot gases. A rectangular

duct was fitting as it could be easily fabricated to encase a single heat pipe. This would

therefore encompass the modular aspect for industrial applications for which an array

of heat pipes could be used to capture and concentrate a large amount of heat. The

prototype was thus designed to act as one pipe in an array. As for the source of heat, it

needed to be continuous but also temperature-controlled for testing purposes. A variable-

temperature heat gun typically used for drying in paint applications met the necessary

criteria for a source of heat, and the flow rate could be varied to two different settings,

which would become another parameter to test. Since the diameter of the heat guns

available would be significantly smaller than the desired cross-sectional area of the duct,

it was deemed that the hot air stream would be concentrated at a specific area. The

problem was then to ensure the air in the duct would have a relatively constant velocity

throughout its cross-section to better emulate a waste heat stream and therefore what

the heat pipe would be experiencing in a real-life application. The use of flow modifiers

which are essentially obstructions in the flow, were engineered in this case to straighten

the flow for a constant velocity at a set plane in the cross-section just before reaching the

heat pipe, which would be deemed as the bulk velocity. As described previously, different

designs and configurations of flow modifiers were tested and simulated in another work,

and the best outcome came when using two perforated plates with rectangular slits, as

seen in Figure 3.1, at specific distances from the inlet (see Appendix)[10].

The sizes for all the components were chosen based on the first design criteria, and

exact dimensions adjusted based on the availability from suppliers. The choice of material

for the duct was aluminium based on its low weight, cost as well as its thermal properties

compared to other available materials.
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As for the selection of materials and design of the heat pipe components, this would

be crucial in meeting the second criteria. First, although it may be attractive economically

to use a steel alloy as an envelope, this combination has been shown to be incompatible

with water as a working substance as it can react to form a non-condensable hydrogen

gas according to the equation below[54].

Fe+ 2H2O(l)→ Fe(OH)2 +H2(g) (3.1)

The hydrogen gas would create an additional thermal resistance and decrease the

heat transfer to the TEMs. This can be avoided by manufacturing a passive layer or

coating on the inside surface of the pipe and/or using an inhibitor to minimize oxidation,

however this adds an unnecessary level of complexity in terms of the purpose of the

bench-top prototype. Although, the generated gas could be purged over time, the heat

pipe would not meet the requirement of continuous operation. To avoid such issues,

a proven combination of copper as an envelope and water as a working substance was

used.[54]

The choices for the diameter of the copper pipe from the supplier were approxi-

mately 1,2 or 3 inches. There was a trade-off to consider as both the heat captured by

the pipe and the heat transported axially would increase with increasing diameter.

Figure 3.4: Vapor core diameter versus heat transfer rate for vapor Mach Number of 0.2

for water(Inch=0.0254m, 1Btu/h= 0.2929W, 1R=0.5556K)[11]

However, an increased diameter can possibly lead to a compressed vapor flow which

leads to a large axial temperature gradient, decreasing the effective thermal conductivity
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and thus performance of the heat pipe. The 2 inch diameter pipe was chosen for the

bottom heat pipe and the 3 inch diameter pipe was chosen for the top heat pipe. With a

decreased vapor temperature in the top heat pipe, it is less likely to reach a compressed

flow, and so the larger diameter was chosen as a significant increase in area and vapor-core

diameter would allow more heat to be transported from the cold-side of the thermoelectric

modules. [12]

Figure 3.5: Schematic of the working principle of a heat pipe[12]

In order for the heat pipe to perform continuously, it is vital to ensure enough

working fluid returns to the evaporator section after the release of its heat in the condenser

so that the cycle can repeat without reaching a dry out limit. The transport phenomena

being described as the return of liquid is governed by surface tension. It naturally causes

a pressure drop by pulling a liquid at a solid interface which contributes to a contact

angle that forms a meniscus as equilibrium is reached. The effect of vaporization and

condensation causes a varied curvature of the menisci along the length of the heat pipe (as

shown in Figure 3.1) which ultimately contributes to the vapor-liquid pressure difference

in both regions. A capillary structure such as wick is commonly used on the inside of

the pipe to enhance this effect and essentially provide the necessary driving force by

maintaining a net pressure difference between the evaporator and condenser.[34]

There exists different wick structures and the choice depends on the working sub-

stance among other factors [54]. For sake of simplicity in the assembly, cost-effectiveness

of manufacturing and recommended past use, a mesh screen was chosen. The mesh size is

the main design parameters to consider when using this structure. The mesh size or mesh
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Figure 3.6: Top: Variation of meniscus curvature as a function of axial length. Bottom:

Typical liquid and vapor pressure distributions in a heat pipe[13]

number has an effect on the capillary pressure and permeability. As the mesh number

increases, the capillary pressure increases however the permeability decreases. With a de-

crease in permeability, there is a increase in pressure drop due to the increase in resistance

to the liquid flow and the heat transport limit shifts downwards. However, the effect of

permeability has less of an impact in shorter heat pipes, as the trade-off for an increase

in capillary pumping pressure is more beneficial for heat transport. A greater mesh size

number could therefore be used for the prototype as length was limited by the first design

criteria.[12]

Figure 3.7: Schematic of heat transfer limitations on heat pipe performance[13]
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Furthermore, it is critical to consider the effect of boiling on the continuous opera-

tion of a heat pipe especially at higher operating temperature ranges. The radial heat flux

through a surface varies with a temperature difference between the wall of the pipe and

the temperature of the working fluid as seen in Figure 3.8 below. As the radial heat fluxes

increase, there is an increase in bubble formation as seen in Figure 3.8 between point B

and C. The rate of heat transfer increases to a maximum (point C) until the amount of

bubbles increase so high that a insulating layer of vapor forms at the inner surface of the

heat pipe (point C to D). This is known as the boiling limitation. Although, high heat

fluxes are not expected to occur due to the relatively low grade stream of hot air, it is

still important to consider as it can lead to failure through overheating. The use of a flow

modifier in the evaporator section of the heat pipe can overcome this boiling limitation.

The flow modifier can have many different designs with its dual function being to use

centrifugal force to push the vapor bubbles from the wall and to continuously provide a

uniform layer of working substance at inside walls of the heat pipe. This design could

ultimately allow more heat to be captured and thus transferred to the thermoelectric

modules at the condenser. [55, 14]

Figure 3.8: Pool boiling regime; heat flux versus temperature drop (water boiling at 1

atm) [14]
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Although water as working substance in heat pipes can operate from 30◦C to 200◦C

([54]), it is recommended to work below this to avoid reaching its heat transfer limitations

and ensure continuous operation [14]. In selecting the thermoelectric modules (TEMs),

the rated hot-side temperature is a very important factor to consider. According to the

preliminary design, it was assumed that the working temperature of the heat pipe would

be approximately the hot-side temperature of the thermoelectric modules with minimal

thermal resistance between these two components. The temperature at the hot-side of

the module was thus estimated to be below 200C◦ according to the operating range of a

copper-water heat pipe. Therefore, a bismuth telluride(Bi2Te3)-based TEM was the best

choice in terms of performance. According to specifications from a manufacturer, a TEM

with a hot-side temperature of 200C◦ and cold-side temperature of 30◦C, would be able

to output a maximum of 3W at matched load[56]. The material selection for the thermal

spreaders was based on its compatibility to bond with the heat pipe to ensure proper

enclosure of it. Using copper was a good choice as joining similar metals is preferable,

and given the high thermal conductivity of copper, the temperature between the hot-side

of the modules and the bottom heat pipe would be minimized by reducing the thermal

resistance along the path of heat. Furthermore, given that the thermal conductivity of

copper is isotropic, transferring the heat to larger surface area was deemed to have a small

temperature drop from a thermal resistance due to spreading. Therefore, an increase

in the number of TEMs would increase the power output given that the temperature

gradient could be maintained. The thermal spreaders were thus sized to host four TEMs

to maximize power.

The final component to be designed was the reservoir, and using the same method-

ology for the thermal spreaders, a copper plate would be joined to the at the top of

cold-side heat pipe, to effectively reject the heat from the condenser to the sink. Al-

though, a water-ice bath would perform better as a heat sink in the top reservoir, a

water-dry ice combination was used instead for convenience purposes due to the lack of

refrigeration available in the testing area.
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3.3 Prototype assembly

The duct and the flow modifiers were machined and welded from sheets made of aluminium

to specifications that can be found in the Appendix (as shown in Figure 3.9).

Figure 3.9: The fabrication of the duct and placement

Both heat pipes have copper envelopes and use water as a working substance, as

mentioned, an adequate combination due to compatibility [57]. A stainless steel mesh was

point welded around the inside wall of the envelopes to serve as a wick. The wick was

placed between the inside wall and a stainless steel spring for the bottom heat pipe. The

purpose of the spring (shown in Figure 3.10) is to induce a swirling effect which propels

liquid against the inner walls using centrifugal force [58]. Although a spring was used

both on the top and bottom of the bottom heat pipe, this was to maintain the wick in

place. As for the top heat pipe, retainer rings were used instead for this purpose.

Figure 3.10: The inside at the top of the bottom heat pipe
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A copper plate was soldered to the open top of the pipe to serve as the thermal

spreader and a copper cap was soldered to the open bottom of the pipe. A hole was

drilled to place and to solder a quarter inch copper tube at the top of the pipe and just

below the thermal spreader. This serves two purposes, one is to inject the water into the

pipe and the other is to create a vacuum above the water level by removing air using a

pump and a shut-off valve. A similar procedure was used to build the top heat pipe. The

difference is that the thermal spreader is soldered to the bottom of the top heat pipe and

a thinner copper plate soldered to the top of it. The copper plate was contained with

four walls made of PMMA (plexiglass) surrounding it to form a reservoir with an open

top. A The purpose of which was to maintain a temperature of the bath to serve as a

heat sink with a boundary condition for experimental tests and modeling. Next, four

holes were drilled at the corners of each of the thermal spreaders to insert bolts which can

connect the bottom section to the top section and press them together using wingnuts.

Four thermoelectric modules were then connected in series and placed in between the top

and bottom thermal spreaders to finalize the thermoelectric generator assembly. In order

to function, a variable temperature heat gun is used as a heat source and the positive and

negative terminals of the TEMs are connected to a load to use the electricity generated

as shown in Figure 3.11.

Figure 3.11: The assembled prototype powering a computer fan
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3.4 Experimental set-up

The next goal was to measure the power output of the TEG as a function of the inlet

temperature and flow rate from the heat gun. The four modules, connected in series, were

connected to the load (a computer fan - see Appendix for specifications) and a current sen-

sor (INA 219 - see Appendix for specifications). Through I2C software communication, a

Raspberry Pi 3 computer can transmit data of the voltage across a shunt resistor as shown

in the schematic in Figure 3.12. Four type K thermocouples (TCs) were placed at key

locations (bottom and top heat pipe, bottom and top thermal spreader) using thermally

conductive epoxy under a layer of epoxy to hold them in place and ensure the conduction

of heat through the thermocouple tip to avoid heat loss. The thermocouples were con-

nected to a data acquisition device NI-9225 from National Instrument
TM

for continuous

temperature measurements using the data acquisition add-on from MathWorks R©.

Figure 3.12: A schematic of the experimental set-up and the flow of data acquisition

According to the maximum power transfer theorem, the maximum power delivered

to a load is when the resistance of the load would be equal to the internal resistance of the

modules. However, it has been determined that for a thermoelectric generator the ratio

between the load and internal resistance is actually about 1.4 to achieve maximum power

transfer[39]. The load has a rated voltage of 7V to 12V and rated amperage of 0.26A,

the resistance should thus vary according to voltage across the load from around 27Ω to

46Ω. The internal resistance of each module from data provided by the manufacturer

increases linearly as function of hot-side temperature. At an estimated value of around

5Ω, using four modules in series, the internal resistance of the TEG would be 20Ω. Using

the ideal ratio mentioned earlier, the maximum power transferred would be at matched

load of 28Ω, which is in the range of the computer fan’s internal resistance.
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The top box was filled with a mixture of dry ice and water and maintained at

roughly 5◦C (±2) manually by adding/mixing dry ice and monitoring the temperature

using a handheld thermocouple. The inlet temperature of the gun was set to 500F(260◦C)

for the first test and increased by 100F(≈ 56◦C) to 1100F (≈ 593◦C) for subsequent tests.

The volume of water used in the heat pipes was determined by calculating the equivalent

amount water for a 2mm film for the entire inner surface area of the heat pipes. For the

bottom heat pipe and top heat pipe, a total of 135ml of water and 36ml of water was

used respectively. To purge the system, a handheld vacuum pump (see specifications in

Appendix) was used until manually possible and the valve shut. A pressure gauge was

placed between the purging tube and the valve to ensure the vacuum was maintained.

Figure 3.13 shows the experimental set-up during a test run.

Figure 3.13: Pictures of the experimental set-up during a test run

3.5 Modeling techniques

In order to predict the power output of the TEG and then compare this to the experi-

mental results, two models were used: a simplified [34] and detailed one from [15]. Both

models are provided with the hot-side temperature, Th, and the cold-side temperature, Tc

acquired from the experimental data along with the material properties of the TEM. Since

the theoretical power output increases linearly with increasing number of thermocouples,

the result from one n- and p-leg combination is found and multiplied by the number of
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couples in the TEG. A description of each model used will follow.

3.5.1 Simplified TEM model

The model assumptions:

• 1-D, steady-state

• No heat loss

• TE properties are evaluated at the average between the hot and cold-side tempera-

ture

• The heat absorbed at the hot junctions is equal to the heat supplied at the source

• The heat released at the cold junction is equal to the heat rejected to the heat sink

The simplified TEM model is described by a heat balance within a control volume

of one of the legs by applying conservation of energy. The heat balance considers the

conduction by Fourier’s law and Joule heating [34].

Qin −Qout +Qj = 0 (3.2)

At the hot junction for the p-leg, the expression is derived to the following:

Qph(0) = (
κpAp
Lp

)(Th − Tc)−
0.5I2ρpLp

Ap
(3.3)

The expression is expanded to include the Peltier effect.

Qph(0) = −αITh + (
κpAp
Lp

)(Th − Tc)−
0.5I2ρpLp

Ap
(3.4)

The total heat in at the hot-junction is thus the sum of the heat entering the n

and p-leg.

QH = Qph +Qnh (3.5)
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The same applies to find the expression for total heat out at the cold-junction. The

power output is the difference between the total heat out and the total heat in. The op-

timal current can be found by differentiating this expression with respect to current. The

total maximum power output for each thermoelectric module is therefore this multiplied

by the number of couples.

Pmax = QH −QC = N · (αpnIopt(Th − Tc)−RpnI
2
opt) (3.6)

Iopt =
αpn(Th − Tc)

2Rpn

(3.7)

3.5.2 Detailed TEM model

The model assumptions:

• 1-D, steady-state

• Heat loss due to conduction and radiation in the air gaps between legs

• Temperature-dependant TE properties

• Thomson heating is considered, which is the heat absorbed or released depending

on the direction of the current

• Thermal resistance of the substrate and interconnects are considered

• Electrical resistance of the interconnects are considered

Figure 3.14: Left: A schematic of the detailed model. Right: A schematic of the thermal

resistance network [15]
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A 1-D heat balance of a control volume within a leg (as shown on the left of

Figure 5.3) is used to derive the governing equation by Taylor expansion.

Qin −Qout +Qj +Qµ = 0 (3.8)

Q(x)−Q(x+ dx) +Qj +Qµ = 0 (3.9)

For the p-leg:

Q(x)− (Q(x) +
dQ(x)

dx
dx+

I2ρp(Tp(x))

Ap
dx− µp(Tp(x))IdTp(x) = 0 (3.10)

Since temperature is a function of position, and the properties are a function of

temperature, the model cannot be solved analytically. In Matlab, a boundary-value prob-

lem solver (bvp4c) is used to numerically solve a set of first-order ordinary differential

equations [15]. An initialization is first done by providing a 1-D mesh for each leg along

with an initial guess for each point. The temperature-dependant properties are described

as a polynomial using Matlab’s polyfit function from the manufacturer’s data [59]. The

other inputs include the hot-side and cold-side temperature which was determined ex-

perimentally as the deemed steady-state temperature. The thermal resistances of the

interconnect, substrate which includes both the ceramic and graphite portion and the

electrical resistance of interconnect were calculated using a thermal resistance network

based on the manufacturer’s specifications. The heat loss due to radiation is consid-

ered from the ceramic on the hot-side to the ceramic of the cold-side. The equations for

thermal and electrical resistance and the data from the manufacturer are presented in

the appendix. The set of equations and their respective boundary conditions are solved

within a thermal resistance network as shown on the right of Figure 5.3. A tolerance is

set within the solver, the initial guess starts the iteration process until the residual of each

equation reach this tolerance. During the process, the current, I, is recomputed as the

heat absorbed and rejected at the junctions change during the iterations. Once the solu-

tion is converged, the temperature profile along the legs is obtained. The output power

is calculated based on the final value of I and the difference between the final computed
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values of heat absorbed and rejected. This is the power output for one couple and the

total output is proportional to the total number of couples in the system.

3.5.3 Heat captured by the TEG

In order to determine the heat captured by the bottom heat pipe, the temperature of

the pipe wall and air flowing past the pipe as well as the velocity should be known.

Using these values, an empirical relation for a cylinder in a cross flow can be used to

calculate the heat captured by the TEG. In this case, the temperature of the pipe wall

can be estimated with the experimental values obtained from a thermocouple located on

the bottom heat pipe, assuming the exposed surface area of the pipe is at approximately

the same temperature. This is a valid assumption for heat pipes as a two-phase system

remains at a relatively stable temperature. The bulk temperature of the air was measured

using a sheathed ungrounded thermocouple (type J) and placed about 5 cm in front of

the pipe at approximately the center of the duct as shown in Figure 3.15.

Figure 3.15: Thermocouple location for bulk air temperature measurements

Finally, the bulk velocity of the air for both the low and high setting was estimated

based on continuity using the specifications from the manufacturer in cubic feet per minute

(CFM) and the proportion between the cross-sectional area of the duct’s inlet and the

duct itself. However, in order to confirm the values for the estimated bulk velocities as

adequate measurement tools were not available, Ansys R© Fluent, a computational fluid

dynamics (CFD) software was used. CFD is based on the continuum of particles in

motion and is used to solve for variables such as pressure and temperature at any point in
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a domain with numerical methods. In a Eulerian approach, each point is observed within

a fixed space. In this control volume, for incompressible flows where density is considered

constant, both the conservation of total mass and linear momentum are satisfied. The

software describes these conservation equations as partial differential equations (PDEs),

and uses a control volume finite difference technique which discretizes the PDEs into

algebraic equations. The solution domain has different types of boundary conditions such

as a no-slip condition for walls where velocity is considered to be zero. The set of algebraic

equations are formed in such a way that the neighboring points are considered to include

the effect of these boundary conditions by interpolation. Finally, once initialized, the

solver iterates for the coefficients of the algebraic equations in an implicit manner using

the default SIMPLE (semi-implicit method for pressure-linked equations [60]) procedure

until the residual of each conservation equation is satisfied within a tolerance.

The set of conservation equations will vary depends on the type and behaviour

of flow, and whether the problem is a function of time (transient) or steady-state. The

Reynolds number is indication whether the layers in the flow are smooth (laminar) or

mixing (turbulent). It is common practice that if Re is greater than 2100, the flow is

taken as turbulent. In this case, since the maximum Reynolds number was calculated to

be over 2100 for both low and high flow rate setting, the fluid flow was deemed to be in

the turbulent regime and incompressible with a Mach number well below 0.3. The k-ε

model was therefore used to solve for the bulk velocity of the air at the set plane before the

bottom heat pipe. In this model, the Reynolds-averaged Navier-Stokes (RANS) equations

are used with the additional term being the Reynolds-stress. The Boussinesq hypothesis

is commonly used to express the Reynolds-stress in terms of known quantities during the

iteration process such as the mean velocity gradient, however the turbulent viscosity is still

unknown. Thus conservation equations are used in addition to momentum and energy

to solve for the turbulence quantities: the turbulent kinetic energy (k) and turbulence

dissipation rate (ε), which can then be used to calculate the unknown turbulent viscosity.

Finally, this can be used in the RANS equations in order to solve the system of equations.

There are several forms of the turbulent transport equations in the k-ε model, however,

the standard one was used which is set as default in Fluent. [61]
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The geometry was designed using SolidWorks R© and imported to Ansys R© work-

bench. Using Design Modeler in the Ansys R© workbench, the edge to surface tool was

used to place caps at the inlet and outlet. The fill tool was subsequently used to create

the fluid domain in between the two caps. The stability and speed of the solver towards

the set residuals were found to be facilitated by converting the domain to polyhedral

cells. Polyhedral cells have been found to better handle re-circulation flows compared to

hexahedral cells, which is the case due to the effect of the flow modifiers (as shown in Fig-

ure 3.3)[62]. The momentum, continuity, k and ε equations were set a tolerance of 1e−3.

The energy equation was set to a tolerance of 1e−6. The boundary conditions included

the inlet velocity from the specifications of the heat gun, a pressure-outlet with zero gauge

pressure at room temperature, and the pipe and duct walls having a no-slip condition.

Since the energy equation is used, thermal boundary conditions were implemented. The

duct is subject to heat loss to the environment through convection and radiation and so a

mixed boundary condition was used based on the ventilation in the room and the emissiv-

ity of the reflective insulation used. The values used for the boundary conditions can be

found in the Appendix. The properties of air were averaged between the inlet temperature

and the temperature of the pipe which taken from the deemed steady-state temperatures

from experiment. Although it was of interest to determine the bulk temperature of the air

in the duct, it was rather important as previously mentioned to confirm the bulk velocity

of the air in order to better approximate the heat captured by the TEG. A plane was

therefore set as a surface monitor at the same distance from the pipe as the measurement

for the bulk temperature of air was taken as shown in Figure 3.16. The bulk velocity was

computed by selecting to solve for velocity magnitude at the plane using an area-weighted

average. A grid independence test was done for a range of grid sizes by increasing the

relevance (see Tables 5.11 and 5.12). Finally, the computed bulk velocity was compared

to the estimated value from the continuity equation as previously mentioned. As there

are two different settings from inlet velocity from the source of heat, only two cases were

analyzed to confirm the bulk velocity for both flow rate settings. The first being for the

low velocity setting with an inlet temperature of 550F and the second for the high velocity

setting with an inlet temperature of 1100F.
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Figure 3.16: The placement of the surface monitor and the vector field for the velocity of

the high flow rate setting

The following empirical relation (Eq 3.11) has proven to be valid for a Reynolds

number evaluated at the film temperature from 0.4 to 400,000 [63].

Nu =
hd

kf
= C(

u∞d

νf
)nPr

1/3
f (3.11)

where the constants C and n are a function of the Reynolds number (see Table

5.5 in the appendix) and the subscript f represents the properties being evaluated at

film temperature which is approximated as the average of the bulk air temperature and

the temperature of the wall. For all necessary values for air properties, a table for the

properties of air at 1 atm [64] was used and retrieved as a 3rd order polynomial using the

polyfit function in Matlab.

The heat flux is a product of the heat transfer coefficient and the difference between

the air and wall temperature as shown in Eq. 3.12.

Q′′(W/m2) = h∆T = C(
u∞d

νf
)nPr

1/3
f

kf
d

∆T (3.12)

Finally, the heat captured by the TEG is thus a product of the heat flux and

coverage area of the pipe including the surface area under the pipe (Eq. 3.13).

Qin(W ) = Q′′A (3.13)
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3.6 Results

3.6.1 Experimental results

The temperature profiles for two test runs are shown in Figures 5.15 and 5.16 in the

appendix. The flow rate was fixed at the low setting (8.8 CFM) for a set of tests done

for inlet temperatures of 500F(260◦C), 600F(316◦C) and 700F(371◦C). The temperature

profiles for the hot-side and cold-side temperatures were fitted using the curve fitting

toolbox from Matlab. For each profile, the diff function was used to determine the

change in temperature over change in time and a limit was set of 0.001◦C/s to obtain a

temperature range which is deemed as steady-state.

Table 3.17: Mean cold-side temperature and hot-side temperature with standard deviation

for the low flow rate runs

Run Th(
◦C) Tc(

◦C) ∆T (◦C)

1 48.5 std:0.2 27.5 std:0.2 21.0

2 52.4 std:0.1 28.5 std:0.1 23.9

3 55.1 std:0.2 29.4 std:0.6 25.7

The inlet temperature of the heat gun was then varied from 500F(260◦C) to

1100F(≈ 593◦C), in intervals of 100F(≈ 56◦C) and the flow rate was changed to the

high setting (17.7 CFM). The temperature profiles for the hot-side and cold-side temper-

atures were also fitted using the curve fitting toolbox from Matlab. For these tests, the

limit was also set to 0.001◦C/s and the results can be found in Table 3.18.
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Table 3.18: Mean cold-side temperature and hot-side temperature with standard deviation

for the high flow rate runs

Run Th(
◦C) Tc(

◦C) ∆T (◦C)

1 58.4 std:0.1 32.6 std:0.1 25.8

2 67.0 std:0.2 34.5 std:0.2 32.4

3 73.4 std:0.2 38.5 std:0.2 34.8

4 82.2 std:0.4 44.3 std:1.0 37.9

5 86.9 std:0.2 44.2 std:0.3 42.7

6 88.9 std:0.1 46.2 std:0.4 42.7

7 104.9 std:0.1 53.1 std:0.4 51.9

The results for experimental power output as a function of inlet temperature for

the different flow rate settings are plotted in Figure 3.19.

Figure 3.19: Power versus different inlet temperatures (500F to 1100F) in increments of

100F for each run for low (magenta) and high flow rate (black)
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3.6.2 Comparison to modeling results

Figure 3.20 below compares the modeling results from the simplified and detailed TEM

model and the experimental results for three runs at different inlet temperatures and

the low flow rate setting. The values for Th and Tc as input to the model are found in

Table 3.17.

Figure 3.20: Power output comparison versus different inlet temperatures (500F to 700F)

in increments of 100F for each run for low flow rate

Figure 3.21 compares the modeling results from the simplified and detailed TEM

model and the experimental results for three runs at different inlet temperatures and the

high flow rate setting. The values for Th and Tc input to the model are found in Table 3.18.
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Figure 3.21: Power output comparison versus different inlet temperatures (500F to 1100F)

in increments of 100F for each run for high flow rate

3.6.3 TEG efficiency

The mesh size for the computed bulk velocity using Ansys Fluent ranged from 15,909

nodes to 230,997 nodes using five different sizes altogether. The lowest percent difference

was found to be between the two finest mesh sizes at less than 2% for both the low and

high inlet velocity settings. The results are found Tables 5.11 and 5.12 in the Appendix.

The efficiency(using equation 3.14) was then calculated using the average power output

for the deemed steady-state temperature range as shown in Figure 3.19 and the heat

captured by the TEG for the low and high flow rate runs. The heat captured by the TEG

was calculated using the empirical formula as described previously by Equations 3.11.

Table 3.22: Mean bulk temperature of air and mean wall temperature and calculated heat

captured for the low flow rate settings

Run Tair(
◦C) Twall(

◦C) Q′′(W/m2) Qin(W )

1 112.4 std:0.2 62.8 std:0.1 306 15.2

2 128.4 std:0.3 68.5 std:0.1 369 18.3

3 143.3 std:0.0 73.1 std:0.1 432 21.5
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Table 3.23: Mean bulk temperature of air and mean wall temperature and calculated heat

captured for the low flow rate settings

Run Tair(
◦C) Twall(

◦C) Q′′(W/m2) Qin(W )

1 132.1 std:0.3 76.9 std:0.2 470 23.2

2 150.7 std:0.4 87.1 std:0.2 540 26.8

3 168.6 std:0.3 96.4 std:0.2 614 30.5

4 190.8 std:0.4 109.8 std:0.2 689 34.2

5 205.5 std:0.1 117.0 std:0.3 752 37.4

6 222.2 std:0.1 128.7 std:0.1 794 39.4

7 240.7 std:0.7 143.0 std:0.4 830 41.2

η =
Pout
Qin

· 100 (3.14)

Figure 3.24: Efficiency comparison versus different inlet temperatures (500F to 1100F) in

increments of 100F for each run for both low (magenta) and high flow rate (black)
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3.7 Discussion

3.7.1 Experimental results versus modeling results

The detailed model is slightly more accurate relative to the simplified model when com-

pared to the experimental results. There are many factors that may be influencing the

deviation between model and experiment. An attempt will be made to describe them and

to explain how these factors may influence results.

As described in section 1.5, the thermal and electrical contact resistance can affect

TEM performance. This was not taken into account with either model, which could

otherwise be included in the thermal resistance network of the model if these values were

known and accurate. An indication of the influence of thermal contact resistance is the

decrease in the difference between the experimental and modeling values as the average

system temperature increases for almost all of the test runs. Even though, the thermal

contact resistances were not included implicitly, in the thermal resistance network, the

total thermal resistance on the hot-side were aggregated as well as those on the cold-side.

This may have been overestimated which could very well point that some of the differential

value of the unknown overestimation and the actual value can be thought of as allocated

to a thermal contact resistance in an explicit manner according to framework of the model.

If it was underestimated then the results should have been closer to the model for the

initial low system temperature test runs. The surfaces between the thermal spreaders and

the TEMs are actually comprised of micro-asperities interacting with each other based on

the morphology of each material’s surface and external variables affecting it. The thermal

contact resistance has been previously found dependant on parameters such as pressure,

surface roughness and hardness[41]. According to this mathematical relation, the increase

in average system temperature could have decreased the thermal contact resistance by

increasing the pressure on the surface of the TEMs through the thermal expansion of the

thermal spreaders as well as the TEMs. By decreasing the thermal contact resistance,

more heat would be supplied to the TEMs and thus power output can increase. This could

be interpreted as the experimental results becoming closer to the modeling results due to

increase in system temperature as it reaches the value for total thermal resistance in the
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model. The model could be adjusted to account for a varying total thermal resistance on

the hot- and cold- side of the TEMs as a function of temperature, potentially even varied

differently for each side.

The thermal resistances due constriction and spreading (heat transfer from a larger

surface area to a small surface area and vice-versa) were also not taken into account, which

could be also included in the thermal resistance network and together with the thermal

contact resistance can further bridge the gap towards the actual total thermal resistance

at the hot- and cold-side of TEMs. These are only some of the factors to consider to

obtain a closer margin of error between the model and experimental results.

The setup itself has an effect on the repeat-ability of the experimental results.

The bench-top prototype was re-setup after each test period, and although the fasteners

that hold the two thermal spreaders together were tightened to a maximum by hand, the

pressure and thus contact resistance may indeed vary for each test period which can lead

to inconsistent results. The need to include a variability in pressure, when coming up

with a value for thermal contact resistance can be avoided by using a mechanical pressure

gauge in the experimental set-up and ensure a certain value is consistently reached test

for test.

Another influencing factor is the method used to translate the raw data from

the manufacturer into a form that can be easily used as an input to the model. The

temperature-dependant properties were obtained using a webplot digitizer [65] which pro-

vides a table of data points when manually selecting points from the plots of electrical

conductivity, Seebeck coefficient and thermal conductivity. The polyfit function from

Matlab was then used to fit the data using a polynomial. The values for each properties

are thus between the points are interpolated and are extrapolated before the first point

which starts at approximately 50◦C. The issue is that these values therefore may not be

accurate when the model needs to take either a value between two points, before the first

or after the last point according to the raw data set.

Furthermore, the model is based on a uni-couple for the n-type and p-type leg.

Hence, the results for a one couple were simply multiplied to obtain the power output

of 126 couples for each TEM and four TEMs altogether. This may be an inaccurate
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approach given again, the influence of electrical and thermal contact resistances. It is

recommended to further investigate as to how accurate the assumption is that both the

electrical and thermal contact resistances scale linearly with the number of couples in the

device.

Although there is indeed a difference between model and experiment, the results

are not entirely far off from one another (as shown in Figure 3.21). The model can

still be a useful tool to obtain a good estimate of potential power output of a device by

knowing the geometry of the couple, temperature of the hot and cold-side of the TEMs,

the temperature-dependant properties of the thermoelectric materials and the thermal

and electrical properties of the substrate and interconnects.

3.7.2 TEG efficiency

The efficiency is quite low as expected for a TEG in this temperature range, however the

method used to calculate using the semi-empirical method does not fully capture the effect

of the hot-side and cold-side heat exchanger. There can be several reasons to make this

claim, one is particular is the heat captured by the pipe compared to the heat transferred

to the modules. The reason is that there are heat transfer limitations associated with

heat pipes as described in section 3.2. These can be quantified, although several variables

would have to be known, in particular the water vapor temperature and saturated water

vapor pressure as the system reaches a thermal equilibrium or the deemed steady-state

in this case. Given the relationship between temperature and pressure in the Clausius-

Clapeyron equation, with one of these variables known, the other can be as well given

a set of reference temperature and pressure. The wall temperature which was measured

through the experiments, can be used as an initial approximation to determine the heat

transfer limits and compare them to the heat captured by the bottom heat pipe. If the

heat captured is within the limits, then it can be valid to claim that the heat captured is

essentially the heat transferred to the thermoelectric modules. However if not, the heat

transferred to the TEMs is therefore hindered and a return to the design phase for heat

pipes is necessary in order to maximize performance. Also to note, the limitations would

not be the only factor hindering this. There are also heat leakages at the walls of the

condenser, despite insulation being used in this area some of the heat may have been lost
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via condensation on the walls rather than the thermal spreader.

Another factor affecting the calculated efficiency values is the location of the bulk

air temperature measurement which was input to the semi-empirical relation. If the

thermocouple was placed closer to the heat source, the calculated heat into the TEG

would be different than if it was closer to the heat pipe, as what was deemed the bulk

temperature would vary. The choice of placement was due to the size constraint between

the flow modifier and the pipe, and the thermocouple was arbitrarily placed about three

quarters from the flow modifier to the pipe. To avoid this uncertainty, the effect of the

thermocouple placement at different positions along the length of the duct as well as the

cross-section could be closely examined. The same could apply for the bulk velocity of

air. However, in terms of measurements along the length, according to the simulations

(see Figure 3.16), the vector field does not show significant variations around 4-5cm in

either direction from this location, however this is not the case for the variations in the

cross-section as seen in Figure 5.13 in the Appendix.

3.7.3 Thermal losses

The values of temperature obtained in the fluid domain from simulations are assumed to

be inaccurate. The reason being that the temperature measurements of the bulk air are

significantly lower that the values obtained from simulation. The major factor involved in

such a difference must be from the thermal losses in the system which were not adequately

or precisely taken into account.

First, although insulation was used to cover the duct, there are still exposed inner

faces, which can be subject to heat loss due to radiation if at different temperatures which

is likely to be the case. Also, the insulation is also not fully effective, however this was

partly considered based on setting a boundary condition using the ambient temperature

and the emissivity of the reflective insulation used on the outside of the duct. The

convection on the outside walls of the duct and conduction through the duct walls also lead

to heat loss or perhaps even additional heat via conduction by-passed through the support

ring between the duct walls and the bottom thermal spreader. To account for convection

of the outside walls at least, an arbitrary heat transfer coefficient of 10 W
m2K

was used
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in an attempt to account for the heat loss presuming natural convection was occurring,

as well as the ambient temperature, which is again, was also an assumption. Although

the bottom of the duct was placed on a steel bench, a boundary condition for natural

convection was set at 5 W
m2K

, even though the mode of heat transfer is via conduction, in

an attempt to account for heat loss at that surface. As seen in the appendix, the bulk

temperature of air and the contours on the plane in front of the bottom heat pipe are quite

far from the temperature measurements. For example for run 7, the bulk temperature was

measured at 241◦C, where as the simulations result in a bulk temperature of 417◦C at the

plane. Overall, the simulated heat loss was far from accurate, and deemed underestimated,

as too many unknown parameters were assumed as described. Alternatively, another

fluid domain may used to simulate the room, however the level of complexity and the

computational power needed to solve the much larger domain and coupled interfaces

would be greatly increased.

3.7.4 Future considerations

The goal of using computational fluids dynamics was rather to solve for the bulk velocity

of air, instead of having to obtain physical measurements, in order to estimate the heat

captured by the pipe using the empirical relation for a cylinder in a cross-flow. Regardless

of the attempt to take into account the heat loss in the system, from a decoupled point

of view, this goal was achieved. However, the inlet velocity of the air was assumed to be

exactly the given specifications from the manufacturer of the heat gun which should be

verified. Various types of flow-meters can be added to the experimental apparatus used at

both the inlet and moved throughout the duct’s cross-section to obtain a more accurate

value for the bulk velocity of air. This would result in a more independent comparison

between the estimated value and the numerical results for the bulk velocity of air.

In terms of the numerical method used, for the k-ε model, the wall adjacent cell

heights are important to investigate [61], as it effects the solver’s selection for which model

is used to solve turbulence quantities. Although the default mesh used provided adequate

results compared to the estimate, in future work, attention should be given to this when

building a customized mesh as calculations can be done to estimate the cell height based

on the Reynolds number, which can be a good starting approximation [61].
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According to the velocity magnitude contours (see Figure 5.14 in the Appendix),

there is still a greater bulk velocity at the center of the duct and also significantly greater

around the top and bottom areas compared to the rest of the cross section. This is

indication that the flow modifier design can be indeed improved. In this regard, it is

also recommended that the duct is lengthened after the heat pipe to ensure the flow is

fully developed so that the heat transferred to the pipe and thus flow of hot air is not

significantly affected by the outlet due to proximity.

The empirical relation for a cylinder in a cross-flow does not capture the full extent

of the heat pipe as a two-phase system and its ability to act as a superconductor. It is

therefore proposed to use computational heat transfer and fluid dynamics to solve for the

heat captured by the pipe by taking heat loss into account and without using the pipe

wall temperature obtained from experiment. In addition, the cold-side heat exchanger

should be added to fully couple the effect of the TEG on the temperature and velocity in

the fluid domain. There is indeed an added complexity with using a multi-phase model

for inside the heat pipe, however a simplification can be made by assigning an effective

thermal conductivity to a solid pipe in a cross-flow using a thermal resistance network

[66].

Overall, the efficiency of the TEG could be increased if the heat pipe parameters

were optimized according the amount of heat captured initially, that is if the threshold

of the lowest quantified limit surpasses the heat captured, and is consequently increased

so that the heat transferred to the TEMs is maximized. To achieve a valid result, is it

necessary that the heat captured by the pipe be accurately simulated as well the variables

associated to the heat transfer limitations accurately estimated.

To increase the performance of the TEG, other than supplying more heat to the

TEMs, the TEM materials and geometry as well as the occupancy ratio can be optimized

for a certain temperature-range as described in section 1.4. The occupancy ratio is the

covered area of TEMS over the thermal spreader area. A lower occupancy ratio can

increase the heat supplied to the TEMs but comprises the power output [67]. Also, a

maximum power point tracker (MPPT) algorithm in a power conditioning circuit can

be used increase the power output by varying the load resistance to fulfill the maximum

power transfer theorem according to the TEMs electrical configuration and variables such
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as temperature fluctuations [68].

There are indeed a major design issue that should be addressed in terms of using

this concept as a practical solution. It would be necessary that the cold-side heat ex-

changer be re-conceptualized as it was not completely passive. An ideal approach would

to use forced convection with air or better yet, a heat transfer fluid, however that would

require a parasitic load through the need to pump or circulate a fluid. Another option

would be to increase the height of the top heat pipe in order to increase the condenser

area and reject as much heat as possible. The increase in axial length however will need to

be analyzed to determine its effect on the heat transfer limitations while considering the

heat being supplied by the cold-side of the TEMs. It therefore recommended to further

this work through the design of a fully or almost fully passive heat dissipation unit using

natural or mixed convection. This may be difficult to achieve, however, it is crucial step

towards a self-reliable, sustainable solution.

Although not reported or investigated in this work, error analysis is an important

topic to include in this type of work. With physical measurements, the errors lead to

uncertainty in results and thus should be properly reported [69]. In this case, the exper-

imental power output using a circuit that include the shunt resistor, the mini computer,

there is a propagation of uncertainties than can be estimated. As well as the modeling re-

sults which include temperature measurements from thermocouples and a data acquisition

device. The calculation of efficiency can also to be considered, which also uses thermo-

couples, data acquisition, flow rate from the heat gun specifications and the empirical

formula used to obtain the heat captured by the TEG.
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Chapter 4

Recommendations for application

In order to implement this solution for industrial processes, The TEG should fulfill the

following criteria:

• must be designed for safety on the existing structure in the case of a retrofit

• is cost-effective over its’ lifetime

• is a sustainable technology compared to alternative solutions

To address these points; computational software tools that include mechanical

stress analysis, optimization algorithms and life-cycle analysis are recommended to be

used in the planning phase. For example, in the case of a retrofit, all necessary constraints

such as the maximum load allowed on the existing structure and the space available for

the TEG can be input to a software to output key parameters of possible solutions such

as geometry and number of heat exchanger sections in a modular design. The structural

and thermal analysis as well as material selection for safety purposes should be done to

provide adequate design solutions in a case-specific manner. This can be completed with

commercially available software that use the finite-element method such as Matlab or

Ansys. Some general guidelines however for cost-performance and life-cycle analysis will

be provided.

4.1 Cost-performance analysis

The performance of thermoelectric devices depends primarily on geometry and the temperature-

dependant properties of materials used. Thus, for the modular solution to be optimized

for maximum performance, the array of heat pipes to capture and concentrate the heat

can be split into sections for industrial applications [25]. In this sectioned design (as

shown in Figure 4.1, when extracting heat in the flow of exhaust gases, the temperature
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would decrease along the length as the available heat is extracted. Therefore, each sec-

tion can then be optimized for its’ respective temperature range and use thermoelectric

materials accordingly. The objective is to be cost-effective, so in this method, the number

of sections and preliminary design of each can be determined to both maximize the total

power produces and minimize the overall cost. This will discard sections that are worth

adding based on the minimal power they produce, and the cost associated to them.

Figure 4.1: Schematic of a sectioned design for a TEG with a gradient of color that

represents a decrease in average system temperature

This can be done using Matlab or Simulink with the optimization toolbox. In

this case, the problem can be described using heat transfer correlations to determine the

cumulative heat captured by the sections coupled with a TEM model as described in

the previous section to calculate the cumulative efficiency. The main components can

also be prescribed a cost function in terms of geometry, density and cost per weight.

Matlab’s function fmincon can then be used by formulating objective functions with the

mathematical description to minimize power output over cost in terms of the desired

variables to solve for, such as number of sections, pipe spacing and both TEM occupancy

ratio and geometry. The user finally provides initial guesses for the variables along with

a set of equations to describe the constraints such as the space available, and geometric

size range of components, allowable hoop stress for the pipes, the allowable pressure drop

in the duct, a threshold for the power output over cost etc.
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4.2 Life-cycle analysis

A life-cycle analysis (LCA) comprises of scientific and technical analysis of potential im-

pacts associated with a product or system. It is usually combined with a life-cycle as-

sessment, which is used for decision-makers to evaluate political decisions based on the

analysis. Specifically, LCA is unique as it includes in-direct impacts such as those embod-

ied in materials and equipment, and materials/facilities used to manufacture tools and

equipment for the processes in question. In general, the impacts are expressed relative to

a functional unit and integrated over space and time. [70]

It is rather difficult to acquire all the necessary data required for a considerable

time to do a credible LCA. However, there has been developments in the field as a result

of standards from independent, international bodies such as ISO to create systematic

frameworks.

LCA is not a tool used to determine the ultimate solution, but when done with

careful interpretation, no bias and an uncertainty analysis, is it useful in providing more

information to decision-makers and/or stakeholders for products or systems. It is used

rather as a comparative tool, for example when analyzing energy systems, it can be used

to compare technologies that are components of the system, the system itself altogether

or even different scenarios in the energy sector as a whole.

The purpose of the analysis must be first formulated through the development of

both a goal such as the intended application and a scope such as describing the function,

initial choices on system boundaries and the quality of data.

Energy systems can be described by a single chain of energy conversions can be

analyzed based on site- and technology specific components which includes side-chains

as described earlier by indirect impacts [70]. For a TEG retrofit to recycle waste heat,

a partial system analysis can be done, which would compare different state-of-the art

products that provide the same function. This can be done by using a unit energy of say

1 kWh as a functional unit, and focus on part of the system or chain such as only the

conversion, transmission part taking into account indirect impacts.
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This can become complicated as there are many types of impacts besides environ-

mental impacts that can be included in an LCA and many impacts are difficult/complex

to quantify through models. There are economic impacts, such as evaluating net-present

values of expenses, and imports/exports and employment on the national economy. En-

vironmental impacts are also detailed which include and not limited to: land use, noise,

visual, local pollution of soil, water, air and biota, regional and global pollution’s and

other impacts on the Earth at a larger scale such as the atmospheric system. There are

also social impacts, impacts on security and resilience, impacts on developmental and

political impacts that can be considered. [70]

What to include depends on the context of the study which could be a function of

the development of a energy technology or energy system. For example, a more general

LCA can be used for choosing a technology in the planning phase by comparing different

products in different scenarios. In the case of a TEG, the LCA can be used to compare

to technologies with the same purpose such as heat recovery steam generators (HRSG)

and organic Rankine cycle (ORC) for different scenarios such as space available for a

retrofit or the quality (temperature of waste heat) taking into account social, economic

and environmental impacts.

After finding the better scenarios or technologies best suited for a scenario, this

can be followed by a more specific LCA for the implementation phase, for scaling and/or

choosing a location. For example, in energy systems with emissions, dispersion models

are typically used to estimate the fate of emissions in terms of the concentration of each

species in space. This could take into account population density around the origin of

these emissions and how they would change each species total concentrations compared

to a predefined threshold. This specificity can lead to complicated analysis and perhaps

inaccuracy as uncertainty can accumulate through allocation and accounting when quan-

tifying impacts. It is therefore suggested to use scenarios, to make valid assumptions on

what to include as impacts according to the purpose of the study and present and ana-

lyze/interpret the results in an unbiased manner, potentially according to impacts that

are heavily weighted by the stakeholders involved and/or decision makers.
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Chapter 5

Outlook

The proposed direction of this work is based on a bottom-up approach to further develop

this concept from thermoelectric materials to thermoelectric generators at a systems level.

The use of artificial intelligence (AI) can be a useful tool for the discovery of new

candidates. A recent study demonstrates the ability to predict materials with potentially

good thermoelectric properties. They did so by using abstracts as the data set, and an

algorithm based on combinations of words in a mathematical manner to find potential

candidates without the author implying anything about thermoelectricity or its appli-

cations. When observing a large set of abstracts only before 2008, the algorithm was

able to predict potential candidates, which happened to be in good correlation with the

thermoelectric materials actually being studied in the period after this [71].

With a range of possibilities, what to test can be assess by advanced computational

techniques that can accurately predict the performance of materials without any prior

testing. This can be a low-cost step, depending the availability of the simulation tools, to

verify and confirm their potential. A life-cycle analysis of these candidates is recommended

to be done at the early stages as opposed to the application stage. The best performing

thermoelectric materials in the low temperature range are known to be compounds mainly

composed of bismuth (Bi) and tellurium (Te). These are scarce elements as seen in

Figure 5.1, inherently costly and also have been found to have high relative emissions

in the mineral processing stages [72]. The research and development of materials using

abundant elements/compounds is a key aspect in forming a sustainable TEG for industrial

applications with potentially low environmental impact and positive economic impact.
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Figure 5.1: Estimated abundance of elements in the earth’s crust [1]

Some candidates currently being studied are oxide-based thermoelectrics such as

zinc oxide (ZnO) as an n-type and nickel oxide (NiO) as a p-type, which can have good

thermoelectric properties when doped with aluminium (Al) and lithium (Li) respectively,

for high temperature applications. In order to investigate their potential, samples were

synthesized and properties measured as a function of temperature. Using the detailed

semi-empirical model without any thermal resistances, the power per area was deter-

mined for a ZnO-NiO based couple by implementing Matlab’s polyfit function on the

property data obtained. The samples were synthesized using a sol-gel method, however

different processing methods could lead to variations in properties, as influencing the mi-

crostructure. The Probostat was used to measure the Seebeck coefficient and electrical

conductivity. The Seebeck coefficient was measured by suspending the sample between

two thermocouple tips to measure temperature at both ends and the voltage between the

positive and negative lead of the thermocouples. The electrical conductivity was measured

using the Van der Pauw 4-point conductivity method using platinum (Pt) electrodes at

four opposite faces positions on one face of the sample. The placement of the thermocou-

ples and electrodes on the sample can influence the results so repeatable testing with these

methods are recommended. The thermal conductivity was measured using NETZCH’s

laser flash technique which follows ASTM standards.

The temperature-dependent properties were then treated similarly to those used in
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Figure 5.2: Electrical conductivity, Seebeck coefficient and thermal conductivity (left to

right, respectively) for samples of Ni0.98Li0.02O (top) and Zn0.98Al0.02O (bottom)

the detailed TEM model in section 3.5.2. Based on a fixed cross-sectional area of 25mm2

for each leg, the height of the leg was varied and the power output calculated using the

detail model. The hot-side temperature and cold-side temperature was (Th=950◦C and

Tc=500◦C) in order to compare to the performance of a state-of-the-art device found in

the literature.

Figure 5.3: Left: Power output per unit area for a NiO-ZnO-based couple . Right: Power

output per unit area for a SiGe-based couple modeled based on the devices used in NASA’s

TEG on Cassini [15]

Although the power output per unit area is found to be around two orders of

magnitude greater than the NiO-ZnO couple, the cost per kg however is also around two

orders of magnitude greater for bulk SiGe-based materials compared to Zn0.98Al0.02O
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[73]. With the goal of improving the figure-of-merit as mentioned in section 1.3, in-

depth research is required, which can strategically use the process-microstructure-property

relationship in engineering materials that pass the materials design stage. This can be

coupled with synthesizing samples and testing temperature-dependant properties as done

in Figure 5.2 in order to model the performance of a device using bulk materials in a

simplified manner.

The next stage in research and development would be on the device level, for

thermoelectric modules (TEMs) in this case. This can involve using accurate models with

optimization and compatibility factors, to design practical and efficient TEMs and test

them over time using reliable apparatuses to study important degradation mechanisms

that affect long-term performance and efficiency. This stage could then be fed back to the

materials development stage in order to engineer solutions which can overcome the issues

found and work towards the overall goal of producing low-cost, long-lasting and efficient

devices that are well-suited for a range of conditions.

The coupling of TEMs with heat exchangers in a modular approach is a crucial

aspect as to maintain the temperature gradient in a cost-effective manner. Although this

thesis demonstrates a concept that can be viable as modular approach for industrial waste

heat recovery, there is a need for further work on the systems level. A step towards a

realistic solution on the industrial scale can involve the development of a pilot derived

from this works’ concept. However, the factors limiting the performance of this prototype

must first be addressed. The goal of a pilot would be then to validate modeling techniques

with experiment to form a testing rig that could be used to predict the benefits of different

waste heat scenarios in terms of cost-performance. The developed pilot and software can

include other important aspects that were touched upon in section 1.5 to develop a cost-

effective TEG. This entire systems approach can then be added as a viable option to a

decision-support tool which altogether can further bridge the gap towards the industrial

application of TEGs as a state-of-the-art waste heat recovery technology.

There may indeed be different perspectives as to what is the best path to take to

realize this concept. Although a bottom-up approach has been described, however it may

be, the goal should remain the same: to provide a sustainable technology that is truly

beneficial to our society within the ecosystem.
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Appendix

The materials for both duct and pipe fabrication were acquired from supplier “Metaux

Solution”. The mesh and spring were purchased online from “Mcmaster-Carr”.

The dimensions of the main components are as following:

• duct: 18.25”x 12.25”x 2.625”

• duct wall thickness: 1/8”

• duct height: 12.25”

• flow modifier distance inlet: 3” and 6”

• bottom pipe diameter and thickness: 2.125” and 0.058”

• bottom pipe height: 12”

• top pipe diameter and thickness: 3.125” and 0.058”

• top pipe height: 4”

• compression spring outer diameter and length: 1.938” and 2”[74]

• retainer ring outer diameter: 3”[75]

• mesh size: 150x150[76]

• thermal spreaders: 4”x 4”x 1/4”

• reservoir: 5”x 5”x 4”

• reservoir bottom plate thickness: 1/8”
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Table 5.4: Devices and equipment used for the experimental set-up

Item Model Reference

Computer fan Corsair Air SeriesTM AF140 [77]

Current sensor Adafruit INA219 Current Sensor Breakout [78]

Thermally conductive epoxy OMEGABONDTM 200 Two Part Epoxy [79]

Hand pump Mityvac MV8010 [80]

TEMs TEG2-126LDT [56]

Table 5.5: Constants for equation 3.11

ReD C n

0.4-4 0.989 0.33

4-40 0.911 0.385

40-4000 0.683 0.466

4000-40,000 0.193 0.618

40,000-400,000 0.027 0.805

Figure 5.6: Example code for thermal resistance calculations
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Table 5.7: Boundary conditions for the low velocity case used in Fluent

BC location value

velocity inlet 3.1 m/s

temperature inlet 561K

heat transfer coefficient bottom 5 W/m2-K

heat transfer coefficient outer surfaces 10 W/m2-K

emissivity outer surfaces 0.04

temperature ambient 298K

temperature wall 336K

Table 5.8: Boundary conditions for the high velocity case used in Fluent

BC location value

velocity inlet 6.24 m/s

temperature inlet 866K

heat transfer coefficient bottom 5 W/m(2)K

heat transfer coefficient outer surfaces 10 W/m(2)K

emissivity outer surfaces 0.04[81]

temperature ambient 298K

temperature wall 416K

Figure 5.9: Left: Coarse mesh used in first case. Right: Finest mesh used in first case
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Figure 5.10: Residuals of transport equations (top) and total heat transfer rate (bottom)

for the first case at low velocity setting

Table 5.11: Computed average bulk velocity of air for run 1 of the low velocity setting

and heat captured by the pipe

Cells Nodes u∞(low) T∞ Qin

6503 (rel-100) 15,909 0.172 189(◦C) 61.2W

13440 (rel-50) 43,057 0.184 187(◦C) 71.9W

31332 (rel0) 130,618 0.193 181(◦C) 83.5W

49047 (rel50) 210,771 0.197 178(◦C) 94.8W

52124 (rel60) 230,997 0.201 176(◦C) 95.8W

Table 5.12: Computed average bulk velocity of air for run 7 of the high velocity setting

and heat captured by the pipe

Cells Nodes u∞(high) T∞ Qin

6503 (rel-100) 15,909 0.347 445(◦C) 201W

20708 (rel-25) 78,870 0.382 431(◦C) 258W

38938 (rel25) 162,743 0.392 427(◦C) 294W

49047 (rel50) 210,771 0.399 420(◦C) 309W

52124 (rel60) 230,997 0.406 417(◦C) 313W

64



Figure 5.13: Top: Temperature contours for low velocity case. Bottom: Streamlines for

particles starting at inlet for the low velocity case

Figure 5.14: Top: Temperature contours at plane before the bottom heat pipe Bottom:

velocity magnitude contours at plane before the bottom heat pipe
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Figure 5.15: Temperature profile for run 5

Figure 5.16: Temperature profile for run 7
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