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Abstract

More than half of the energy created by humanity is lost as waste heat into the
environment. Over 75 % of this dissipated energy is classified as low grade waste
heat and its temperature lies below 100 °C. By recovering part of this waste en-
ergy, the primary energy usage could be significantly reduced and thus the ecolo-
gical footprint decreased. However, most technologies fail to produce electrical
power at these low temperature levels. A possible solution is offered by ther-
moelectricity, where power can be generated starting from thermal gradients at
arbitrary low temperatures.

There is a significant push to increase the output performance of thermoelec-

tric generators (TEGs) in order to make them more competitive energy harvesters.
The thermal coupling of TEGs has a major impact on the effective temperature
gradient across the generator and therefore the power output achieved. This
work reports on a novel approach combining efficient microfluidic thermal coup-
ling and thin film generators in order to contribute to a significant thermoelectric
output performance enhancement.
The proposed thermoelectric heat exchanger (TEHEX) for low temperature waste
heat recovery consist of UTEGs in between multi-layer micro heat transfer sys-
tems (UHTSs) featuring very low heat transfer resistances and small pumping
powers. The implementation of efficient thermal coupling allows for the applic-
ation of thin film generators for a thermally matched system and thus maximal
power output. Additionally, very compact systems and therefore high power
densities can be achieved.

The TEHEXSs are fabricated in two different size scales and characterized with
respect to their net output performance. By means of a small size 8 x 8 mm device
featuring high aspect ratio copper microchannels, the influence of the most rel-
evant system parameters, i.e. the microchannel width, applied fluid flow rates
and the uTEG thickness on the system net output performance is investigated. It
is shown that dimensions of the yTEG and pHTS can be optimized for specific
temperature ranges applied, and the maximum net power can be tracked by ad-
justing the heat transfer resistance during operation. With the compact system,
a total of 63mW /cm? at a fluid inlet temperature difference of 60 K is measured.
This corresponds to a net volumetric efficiency factor (VEF) of 37 W/ m3K2, which
is by a factor of 4.8 higher than reported elsewhere. The fabricated 9x9 cm large
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TEHEX demonstrates the feasibility of a scalable low-cost technology and repres-
ents a successful proof of concept for a commercial application in waste heat re-
covery. The system characterization yields a net power of 0.44 W for one TEHEX
unit at an applied fluid thermal gradient of 50K, corresponding to a net VEF of
5.1 W/m3K? per active TEG area, also being the highest among reported net val-
ues.

With the characterized systems, the established 1D TEHEX model could be veri-
fied and used as a powerful tool for further system analysis and optimizations.
By optimizing the geometric parameters of the system as well as the operating
conditions, an output power enhancement of up to 65 % could be achieved at an
applied thermal gradient of 50 K.
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Zusammenfassung

Mehr als die Hélfte der von Menschen erzeugten Energie geht in Form von Ab-
wirme verloren. Uber 75 % dieser ungenutzten Energie wird als niedriggradige
Abwiérme klassifiziert, da ihre Temperatur unterhalb von 100 °C liegt. Durch eine
teilweise Riickgewinnung dieser verlorenen Energie konnte der Primérenergie-
verbrauch sowie der tkologische Fussabdruck signifikant reduziert werden. Im
Niedertemperaturbereich versagen jedoch konventionelle Technologien der Ener-
giegewinnung. Eine mogliche Losung bietet die Thermoelektrizitit, dank der be-
reits bei beliebig kleinen Temperaturgradienten Energie erzeugt werden kann.

Es besteht ein grosses Interesse die Leistung von thermoelektrischen Genera-

toren (TEG) zu steigern, um sie zu kompetitiveren Energiewandlern zu machen.
Die thermische Ankopplung der TEG hat einen wesentlichen Einfluss auf den ef-
fektiven Temperaturgradienten iiber dem Generator und dementsprechend auf
dessen Ausgangsleistung. Im Rahmen dieser Arbeit wird ein neuartiges Konzept
entwickelt, welches eine effiziente thermische Ankopplung mittels Mikrofluidik
mit Diinnschichtgeneratoren verbindet. Dieser Ansatz fiihrt zu einer erheblichen
thermoelektrischen Leistungssteigerung des Systems.
Der vorgeschlagene Aufbau eines thermoelektrischen Warmetauschers (TEHEX)
fir Abwarmertickgewinnung bei niedrigen Temperaturgradienten, besteht aus
alternierend gestapelten UTEG und mehrschichtigen Mikrow&drmetibertragungs-
systemen (LHTS). Die entwickelten pHTS weisen sehr tiefe Warmetibergangswi-
derstinde sowie eine kleine Pumpleistungen auf. Diese Implementierung der ef-
fizienten thermischen Ankopplung erlaubt die Verwendung von Diinnschichtge-
neratoren fiir thermisch abgeglichene Systeme, was zu einer Leistungsmaximie-
rung fiihrt. Zusétzlich konnen sehr kompakte Systeme mit hoher Leistungsdichte
erreicht werden.

Die TEHEX werden in zwei verschiedenen Grossenordnungen hergestellt und
beziiglich ihrer Nettoausgangsleistung charakterisiert. Mit dem kleinen 8 x § mm
System, welches Mikrokupferkanédle mit hohem Aspektverhiltnis aufweist, wer-
den die Einfliisse der wichtigsten Systemparameter (i.e. Breite der Mikrokandle,
applizierte Durchflussrate sowie Dicke der Generatoren) auf den Nettoleistungs-
ertrag untersucht. Es wird gezeigt, dass die Dimensionen der pTEG und pHTS
fiir spezifische Temperaturbereiche optimiert werden kénnen und dass die ma-
ximale Nettoleistung wahrend dem Betrieb mittels Anpassung der Warmetiber-
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gangswiderstdnde verfolgt werden kann. Mit dem kompakten System konnte
eine Nettoleistung von 63mW /cm? bei einem angelegten Fluidtemperaturgra-
dienten von 60K gemessen werden. Dies entspricht einem netto Volumeneffizi-
enzfaktor (VEF) von 37 W/m3K? und ist damit 4.8 Mal hoher als anderweitig
berichtet. Der fabrizierte 9x9 cm grosse TEHEX demonstriert die Realisierbar-
keit einer skalierbaren und kostengtinstigen Technologie und liefert den Mach-
barkeitsnachweis fiir eine kommerzielle Anwendung im Bereich der Abwérme-
riickgewinnung. Die Charakterisierung des Systems ergibt bei einem angelegten
Temperaurgradienten von 50K eine Nettoleistung von 0.44 W fiir eine TEHEX-
Einheit. Dies entspricht einem netto VEF von 5.1 W/ m3K? pro aktive TEG Flache,
was ebenfalls einer der hochsten publizierten Nettowerte darstellt.

Anhand der charakterisierten Systeme konnte das aufgestellte eindimensionale
Model des TEHEX validiert und als wichtiges Werkzeug fiir eine weiterfithren-
de Systemanalyse und Optimierung verwendet werden. Durch Optimierung der
geometrischen Systemparameter und der Betriebsbedingungen konnte eine theo-
retische Leistungssteigerung von bis zu 65 % bei einem angelegten Temperatur-
gradienten von 50K aufgezeigt werden.



Contents

41

X1



Contents

[o_Processing | 103
[B_Measurement and Simulation Data_| 109
lc_cul 121
[Bibliography | 125
|Acknowledgement | 141
[Publications | 143
IStudent Projects | 145

ICurriculum Vitae | 147

xii



List of Symbols

Symbol Units Description

o V/K Relative Seebeck coefficient of thermocouple
i V/K Absolute Seebeck coefficient of a material
A m? Surface area

AV — Active to inactive TEG area ratio

Cp J/kgK Specific heat capacity

C. — Constriction loss coefficients

C. — Expansion loss coefficients

dey, m Characteristic channel length

Ayd m Hydraulic diameter

dreg m Thermocouple diameter

1 - Efficiency

fc - Carnot efficiency

Nond — Second order efficiency

f - Fanning friction factor

¢ \% Electrical potential

Heono W/m2K Convective heat transfer coefficient
I A Electrical current

KT V/K Thomson coefficient

Keon cm?K/W Total contact thermal resistance
KyTs cm?K/W Thermal resistance of the heat transfer system
K7EG cm?K/W Thermal resistance of the generator
A W/mK Thermal conductivity of TE material
l m Length

Iy m Hydrodynamic entrance length

ITeG m Thermocouple length

U Pas Dynamic viscosity

m - Number of thermocouples

Nu — Nusselt number

IT A% Peltier coefficient

Ap Pa Pressure drop

Pyt Y Output power

Pout_net W Net output power

PF W/mK? Power factor

xiii



Contents

PF,
Q
el
Oc
Pf
Rel
Reff
R;
Re

s

o

Tay
t

T
T

AT
ATreg
ATy
vT

ARARARRARRE |

=4

Module power factor

Thermal flux

Electrical resistivity

Specific contact resistivity

Density of the fluid

Electrical resistance of the generator
Effective el. resistance of the generator
Electrical load resistance

Reynolds number

Distance between Thermocouples
Electrical conductivity

Normalized shear stress

Thickness

Temperature

Average temperature

Temperature difference

Temperature difference across the generator
External temperature difference
Temperature gradient

Fluid velocity

System volume

Open circuit voltage

Seebeck voltage

Volumetric flow rate

Material figure of merit
Dimensionless figure of merit
Module figure of merit
Dimensionless module figure of merit

Xiv



Contents

Abbreviations
Abbreviation Description
1D One-dimensional
BCB Benzocyclobutene
CWC Cylinder water cooler
DFR Dry film resist
DI Distilled water
DOS Density of states
ECD Electrochemical deposition
FEM Finite element method
GBL v-butyrolactone
GUI Graphical user interface
HCL Hydrochloric acid
HES Heat exchange system
HNO;3; Nitric acid
HTS Heat transfer system
IPA Isopropanol
LOR Lift-Off resist
MC Microchannel
MF Manifold
PF Power factor
PMMA Poly(methyl methacrylate)
TC Thermocouple
TE Thermoelectric
TEG Thermoelectric generator
TEHEX Thermoelectric heat exchanger
us Ultrasound
[OAY Ultraviolet
VEF Volumetric efficiency factor
WHR Waste heat recovery
WLI White light interferometry

XV






1 Introduction

The simultaneous rise in energy consumption and environmental awareness cre-
ates a worldwide growing demand for more efficient and clean energy systems.
One promising approach to improve a system’s efficiency is to reduce the thermal
losses by recovering a part of the produced waste heat. At least half of the energy
created by humanity is dissipated as waste heat into the environment [1,2]. Con-
temporary vehicle engines, for example, lose more than 60 % of their fuel energy
in the form of heat [3]. Also most of today’s steam generator based electrical
power plants run on a very low average net efficiency below 36 %, and are there-
fore creating enormous amounts of waste heat [2,4]. Thus, with the perspective
of reducing primary energy usage and decreasing environmental impacts, the
interest in waste heat recovery has gained more and more attention [2, 5, l6]. A
potential correlation between global warming and produced waste heat has even
been discussed [7, 8].

Apart from established technologies to convert waste heat into electricity by
means of combined turbine cycles or recuperative heating [2], thermoelectricity
has been identified as a promising approach to recover energy [9-11]. Thermo-
electric generators (TEGs) convert an applied thermal gradient directly into elec-
trical energy by taking advantage of the Seebeck effect. Although thermoelectric
power generation cannot compete with the existing thermodynamic cycles with
respect to conversion efficiency [12], it offers several other advantages such as
device simplicity, compactness, scalability and an arbitrarily low operating tem-
perature range. The last point is of particular importance, since most of the waste
heat is available in the range below 100 °C [2], where other technologies fail to
produce electrical power. Therefore, the most attractive applications for thermo-
electric power generation lie in low temperature waste heat recovery from tech-
nical or natural sources [9, [11, [13, 14], transportation [15, [16] as well as energy
harvesting for small autonomous systems [17-19].

1.1 Rationale

So far, the commercial applications of TEGs have been limited to niche markets
such as aerospace [20, 21] and power supply in remote or hazardous places
[22, 23]. The main reasons for this are (1) the relatively low thermoelectric
conversion efficiency, (2) high fabrication costs of thermoelectric modules, (3)
suboptimal exploitation of the available temperature gradients and (4) neglecting
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the importance of a thorough system level optimization. While much effort
is spent to improve the thermoelectric figure of merit ZT by nanostructuring

] as well as to develop low-cost fabrication technologies [Iﬂ—@], less atten-
tion has been paid to maximizing the thermal gradient exploitation and system
level optimization. This in particular relates to the thermal coupling of the
thermoelectric device to the heat source and the heat sink, an optimal matching
of the thermal contact and TEG resistances [@], as well as the consideration of
the net system performance.

By decreasing the thermal contact resistance to the cold and hot reservoir, a
significant enhancement of the generator’s output power can be achieved. The
impact of the thermal contact resistance on the output performance of a thermo-
electric generator is illustrated in Figure[ll and compared to the effect of the
figure of merit ZT. While the output power exhibits a close to linear dependency
on ZT, it is inversely proportional to the thermal contact resistance squared.

uTEG output power [mW/cm?]

Figure 1.1: Simulated output power of a 215um thick BiyTes pTEG
(Keon =2.65 cm?K /W) with respect to the ZT-value and the thermal contact res-
istance Ko, at an applied temperature difference of 20K.

In the so far presented approaches of thermoelectric heat exchangers (TEHEX)
for waste heat recovery applications, only large conventional heat exchangers
have been applied (see Chap.[2 for details). These systems feature large heat
transfer resistances and are operated at high fluid flow rates [@]. Thus, large



1.2 Concept of compact TEHEX enabled by microfluidic coupling

pumping powers are needed, which are mostly neglected in the overall systems
characterization.

By applying microfluidic heat transfer systems (uWHTSs), the thermal contact
resistance can be significantly reduced. uHTSs can achieve very high heat fluxes
at small fluid flow rates as a result of an increased convective heat transfer coef-
ficient and heat transfer surface area [32]. Additionally, more compact systems
with reduced size and weight can be built, leading to improved applicability and
modularity of the system. Many efficient uHTSs have been developed mainly
for cooling applications of integrated circuits and optoelectronic devices. The
system designs and methods include simple microchannels [32-34], multilayer
manifold structures [35438], porous media [34,139], pin fin structures [40-42] and
jet impingement [34, 43]. While most devices exhibit a similar heat dissipation
capacity, manifold structures in particular show a superior hydrodynamic per-
formance [34].

Apart from an enhanced thermal gradient, a reduction of thermal contact resist-
ances to the heat source and sink bears an additional important advantage: by
applying thermal resistance matching for maximal power output, the thickness
of the generators can be decreased to the micrometer range, leading to a signific-
ant reduction in size, weight, and cost.

Therefore, a systematic analysis and optimization of a TEHEX system including
the development of a pHTS enabling reduced thermal resistance with low pump-
ing powers is necessary to overcome the present limitations. The following sub-
section introduces the proposed concept in more detail.

1.2 Concept of compact TEHEX enabled by microfluidic coupling

The presented approach combines thin film Bi, Te; generators with efficient micro-
fluidic heat transfer systems. In Figure[l.2] the schematic view of the proposed
thermoelectric heat exchanger is depicted. Each pHTS consists of three functional
layers: two copper layers featuring high aspect ratio microchannels for efficient
heat dissipation or supply, and a polymer manifold layer for the fluid distribu-
tion. The manifold channels are tapered in order to generate a constant pressure
drop across the microchannels, ensuring a homogeneous fluid distribution and
thus uniform heat transfer over the entire device [44]. By choosing a thermally
isolating polymer as the manifold material, the thermal crosstalk between the
manifold and the copper channels is limited, and therefore the fluid temperat-
ure change along the inlet channels reduced. This configuration combines the
advantages of very low heat transfer resistances enabled by the microchannels,
and small pressure losses due to the short fluid paths inside the microchannels.
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Polymer

Manifold channels ’

p-type Bi,Te,
n-type Bi,Te,

Manifold
.. channels

Copper
microchannels

Figure 1.2: Schematic drawing of the proposed thermoelectric heat exchanger
with enlarged view of the multilayer heat transfer system.

The reduced hydrodynamic resistance offers a significant advantage over conven-
tional one layer heat transfer systems, since the necessary pumping power needs
to be subtracted from the TEHEX output power for an overall system perform-
ance evaluation.

The thin film TEGs are fabricated by means of a low-cost process based on elec-
trochemical deposition into a polymer mould [Iﬁ, @]. The fabrication method
allows for a variable generator design with respect to TEG thickness and pile
size, making system level optimization feasible.
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1.3 Objective and outline of this work

Based on the proposed compact stacked thermoelectric heat exchanger system,
the following objectives are pursued within the framework of this thesis:

1. Investigation of the impact of microscopic features on the system level per-
formance of macroscopic thermoelectric heat exchangers. The objective
is to show how the combination of optimized microfluidic concepts and
matched thin film generators will enhance the net performance of TEHEXSs.

2. Development of suitable fabrication processes for the implementation of
highly efficient micro heat transfer systems on two different size scales:
one small size approach to investigate the different parameter dependen-
cies and achievable net system performance, and a large size approach to
show the feasibility of a scalable low-cost technology as well as to demon-
strate the potential for low temperature waste heat recovery. The focus is
set on the technology developed for high aspect ratio microchannels and
on the implementation of optimal material combinations.

3. A systematic analysis, characterization and modelling of the TEHEX in or-
der to investigate the most important system parameters and to allow for a
profound system understanding and model validation.

4. Application of the verified model for a detailed optimization study, as well
as the demonstration of the systems potential and technological limitations
with respect to specific applications in low temperature waste heat recov-

ery.

The thesis is structured as fallows:

In Chapter[2] the state of the art of existing liquid-liquid and gas-liquid thermo-
electric heat exchangers is discussed and compared by means of an introduced
system comparison factor, the volumetric efficiency factor (VEF). Further, first
systems of thermoelectric generators combined with microfluidic approaches are
reviewed.

In Chapter 3] the theory and model of the two main components of the ther-
moelectric heat exchanger, the TEG and the ptHTS, are introduced and discussed
separately. Important design aspects and parameter interdependencies are high-
lighted and fist system improvements are proposed. The final combined TEHEX
model is presented and the computation routine is outlined.
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In Chapter [4] the developed fabrication process of the small and large size
puHTS is documented and the advantages and limitations of the applied techno-
logies are discussed. Furthermore, the assemblies of the two TEHEXs, the corres-
ponding measurement setups and measurement conditions are explained.

In Chapter 5 the fabricated small and large size TEHEXs are characterized
and the impact of different design parameters and boundary conditions on the
net performance is investigated. The characterization results are compared to the
1D model developed in parallel, and related to the current state of the art.

In Chapter[6] the verified model is used for a systematic analysis of the most
important TEHEX design parameters and for a system level optimization. Ad-
ditionally, the performance and profitability of the optimized system design is
estimated for the specific application in a marine propulsion engine.

In Chapter[7, the most important results are summarized and corresponding
conclusions are drawn. Further, a brief outlook is given in perspective of poten-
tial applications.



2 State of the Art

In the first part of this chapter, a review of existing concepts of large size thermo-
electric heat exchangers for industrial and automotive applications is presented
and discussed. The second part of the review focuses on TEGs combined with
microfluidic heat transfer systems.

2.1 Large size thermoelectric heat exchangers

Several large size fluidic systems have been modelled, developed and tested for
the use in industrial and automotive waste heat recovery (WHR). Waste heat
produced by machines, engines, electrical equipment or industrial processes that
cannot be recycled effectively by conventional methods, is usually dissipated
into the environment. Additional to this human created waste heat, naturally
occurring heat from solar irradiation, geothermics and ocean thermics can also
be a potential source for thermoelectric energy production. The heat from
industrial processes and natural sources with a temperature below 100°C is
considered as low temperature waste heat and is usually carried in form of
liquids. The specific application scenarios for low temperature WHR in marine
engines will be discussed in more detailed in Chapter [l In applications related
to combustion engines for transportation or power generation, where the heat is
mostly available as exhaust gas, much higher temperatures are present.

In order to compare the performance of different thermoelectric heat exchange
systems with different dimensions and applied temperature gradients, a volumet-
ric efficiency factor VEF is introduced

Pout
V AT?

VEF = (2.1)
where P, is the generated output power, V is the system volume and AT is the
applied inlet temperature gradient of the hot and cold working fluids. For the
volume calculations, only the effective TEHEX dimensions were considered, ex-
cluding the connecting fluid pipes and manifolds. The net volumetric efficiency
factor can be computed by inserting the net output power Py;_p.t of the system
into Eq.2Il The volumetric efficiency factor combines the performance of the
generator (thermoelectric efficiency and power density) with the performance of
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the heat exchanger (heat transfer resistance and compactness).

The reported waste heat recovery systems are summarized in TableZ]] and
in Figure2.] the corresponding VEFs are plotted against the applied fluid inlet
temperature difference.

1

10! T :

......................................

Matsubara 2002 Q oCrane
Anatychuk 201 19, 2012_

..........................

Gou 2010

..............................

O /0O VEF / Net VEF of liquid-liquid TEHEX
- O /9 VEF / Net VEF of gas-liquid/gas TEHEX E 5 Ikoma 1998
10 I .

10 10° 103

AT fluid inlet [K]

Figure 2.1: Volumetric efficiency factors VEFs for published liquid-liquid and
gas/liquid-gas TEHEXSs as a function of the applied fluid inlet temperature dif-
ference. More detailed information about the corresponding publications can be
found in Tab.21]

Liquid-liquid TEHEX

First development of thermoelectric heat exchangers for industrial large scale
waste heat recovery started in 1994 within the framework of the NEDO project (Ja-
panese New Energy and Industrial Technology Development Organisation) [45].
The project was based on a previously conducted feasibility study [46]. Due to
a large dependency on fossil fuel and nuclear power, vast occurrence of natural



Table 2.1: Comparison of state of the art TEHEXSs for industrial and automotive applications.

Liquid-liquid systems

Author Group Year | Working Media TE mat (ZT) AT | P Net P | Volume | VEF Net Ref
VEF

KT [ W] [ W [0 w] | [l | 5]
Rowe UW Cardiff | 1998 | water/water - 70 100 | - 54 3.8 - [45]
Tsuyoshi et. al KCCT 2002 | oil/water BipTes 130 | 170 100 2.84 3.54 2.08 [47]
Niu et al. XJTU 2009 | glycol-water/g-w | BiyTes(~0.75) 120 | 146.5]| - 3.34 3.04 - [48]
Crane et al. BSSTLLC | 2009 | oil/water-ethyl. Bi, Tes 207 | 500 | - 411 296! | - [49]
Crane et al. BSST LLC 2009 | oil/water-ethyl. BiyTes 180 | 105 | - 0.42 7.7 - [49]
Sasaki et al. Toshiba 2013 | water/water - 80 | 900 | 9002 | 167 0.842 | - [50]
Gas-liquid/gas systems
Birkholz et. al Porsche 1988 | exhaust/coolant FeSiy - 58 - - - - [51]
Bass et. al Hi-Z Tech. 1995 | exhaust/coolant Biy Tes 500° | 1068 | - 19! 02313 | - [15,552,153]
Ikoma et. al Nissan 1998 | exhaust/coolant Si,Ge 563 | 36 - 55 0.02 - [54]
Matsubara SUT 2002 | exhaust/coolant | seg. (0.7-1) 510 | 266 | - 6.41 016! | - [55]
Crane et. al UMD 2004 | coolant/air Biy Tes 64 054 | - - - - [56]
Thacher et al. CUGM 2007 | exhaust/coolant | BiTes 550 | 250 | 230 13.71 0.06! | 0.055! [57]
Gou et al. CQU 2010 | water/air - 56 | 0.85 | - 0.641 0.042! | - [58]
Hsu et al. NTHU 2010 | exhaust/air BiyTes; (0.9/1) | 253 | 433 | - 10.8 0.064 | - [59]
Kumar et al. VIT Uni. 2011 | exhaust/coolant | BipTes 500° | 71 - 13.5! 0.02119 - [60]
Anatychuk et al. | INTS UA 2011 | exhaust/water - 440 | 2100 | - - - - l61]
Anatychuk etal. | INTS UA 2011 | exhaust/water Bi, Tes 510% | 600 | - 221 0113 | - [62763]
Mori et al. Honda 2011 | exhaust/coolant (0.8-1.1) 605 | 450 | - 3.6 0.34 - [64]
Crane et al. Gentherm 2013 | exhaust/coolant BiyTez/h-Heusler | 600 | 704 - 14.5 0.135 - [65:67]

1Estimated volume based on reported dimensions and drawings.
2Use of potential energy.
3Estimated temperature, since cold side not stated in the publication.
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hot springs and strong environmental awareness, Japan has been proactive in
the development of new energy sources in perspective of future micro grid
power supply systems [68]. In the course of the project, high power density
modules with smaller thermocouples and reduced spacing have been produced
and integrated into fluidic heat exchangers. The developed WATT (Waste heat
Alternative Thermoelectric Technology) modules were capable of delivering up
to 100W power at an applied fluid temperature difference of 80K, reaching a
power density of 18.5kW/m3 [45]. A cost analysis of the system yielded a pay
back time of approximately two years.

In 2005, a TEHEX employing 329 Bi;Tes modules was installed at the Kusatsu
hot springs, where a constant hot water supply at 369K is available [14]. By
2009, the plant generated more than 1360 kWh and was used for powering TV
displays and lighting units. Tsuyoshi and Matsuura [47] reported modelling
and experimental results of a thermoelectric engine composed of TEGs stacked
between parallel plate heat exchangers using oil and water as active media. At
an applied temperature gradient of 130K, an output power of 170 W total and
100 W net could be reached. Niu et al. [48] built a similar parallel plate heat
exchanger with commercially available BiyTe; modules, reaching 140 W at an
inlet temperature difference of 120K. Crane et al. [49] constructed a TEG - heat
exchange assembly with a stack of 6 TEG modules producing 500W at an
inlet temperature difference of 205K. A second generation high-power-density
system reached a VEF of 7.7, mainly due to the increase of the thermopile density.
Toshiba [50] built and installed a thermoelectric plant that runs by the thermal
energy of natural hot spring water, reaching 900 W peak power (AT =80K). The
gained energy was used to power LED lights in a hotel lobby. Commissioned
in 2011, it has generated a total energy of 1927 kWh after a operating time of
1.5 years. The water system was run by a potential energy difference, thus no
pumping power was required.

Although the achieved output power values from the reported experimental
studies are remarkable, the systems are very large and heavy, resulting in a max-
imal VEF of 7.7 (see Fig.2T). In most cases, thick commercially available TEGs
and standard large size heat exchangers are applied, where high amounts of
the working fluid are pumped through the system and the consumed pumping
power is neglected. Furthermore, the reported systems work without an optim-
ized thermal contact resistance as well as overall system design.

Gas-liquid/gas TEHEX

Due to low conversion efficiencies of internal combustion engines (30-43 % [69])
as well as the high energy consumption in the transportation sector, automotive

10



engines are predestined for thermal waste heat recovery. With the exhaust
temperatures ranging from 500-1200K and the cooling cycle temperature below
350K, high thermal gradients and moving fluids are available.

As early as 1914, the possibility of scavenging energy from the car exhaust has
been investigated [70] and a first prototype was built in 1964 [71]. In 1988, a ther-
moelectric generator using 90 FeSi, thermoelements was installed in a Porsche
944 engine and delivered up to 58 W at full power [51]. Starting form 1991, Hi-Z
Technology Inc. started developing a thermoelectric recovery system for heavy
duty trucks, reaching over 1kW power on a test engine [15, /52, 53]. In the last
decade, the interest in thermoelectric waste heat recovery in passenger cars has
exploded and an international workshop was dedicated exclusively to this topic
[72]. All the main car companies inducing General Motors [57, 73], BMW [65-
67,(74] or Toyota [55] are involved in thermoelectric projects. The best perform-
ing TEHEX for passenger vehicles has been developed within the framework of
a seven-year program started in 2004, in a collaboration between Amerigon (now
Gentherm), BMW and Ford. The result was a system integrated into a BMW X6
and a Lincoln MKT reaching over 700 W on the test bench and over 600 W in on-
vehicle tests (BMW). A net fuel efficiency increase of 1.2 % was reported [65-67].
Not only vehicle exhaust gas, but also car radiators [56] or stationary diesel
power plants [61] have been identified as potential fields for thermoelectric heat
exchange applications. In the latter example, up to 2.1 kW could be recovered,
corresponding to 4.4 % of the total electric power produced by the diesel plant.

Despite the large development efforts towards automotive waste heat re-
covery, several challenges need to be solved in order to enable a commercial
breakthrough of the technology. Next to reliability and long-term durability
issues triggered by frequent thermal cycling, as well as the induced weight
penalty, the cost efficiency has been identified as the most critical criterion. To
meet market requirements and be competitive with other emerging technologies,
it is estimated that TE modules must be produced and assembled at a fraction of
today’s cost [75]. To enhance the output power per cost, new fabrication techno-
logies, higher ZT materials and optimization at the system level will be necessary.

Analogous to the liquid-liquid TEHEXSs, the existing solutions work with thick
and heavy commercial modules and do not take thermal optimization aspects
into consideration. The calculated and estimated VEFs of the reported gas-liquid
systems are significantly lower compared to the liquid solutions. This is mainly
due to a lower thermal conductivity and heat capacity of the gases, i.e. lower heat
transfer coefficients, as well as important dimensional constrains related to back
pressure issues of the engine exhaust pipe.



2 State of the Art

2.2 Thermoelectric generators in combination with microfluidics

Although the importance of reduced thermal coupling resistances and system
level optimization has been identified and confirmed by simulations [30, 76-78],
only few groups have started experimental investigations towards the integra-
tion of TEGs with microfluidic heat transfer systems.

Reziana et al. simulated [79,I80] and published first experimental results [81] of

TEGs cooled by a parallel microchannel heat sink. The focus of the experimental
study was to explore the optimum coolant flow rate for a maximal net power
performance of the system. With a setup consisting of a heater, a 56 x56 mm
TEG (G2-56-0375, Tellurex) and twenty plate-fin aluminium microchannels
having a hydraulic diameter of 0.93mm and an aspect ratio of approximately
1, a maximal net power of 2W was generated at a temperature difference of
80K directly across the TEG. The author concluded that the optimal coolant
flow rate increases with increasing applied temperature gradient. Due to the
simple parallel microchannel structure, large pressure losses and a decrease of
the thermal gradient along the channel flow would limit the device performance
in a scaled up system.
An interesting theoretical and experimental study of a phase change MEMS-
based capillary heat exchanger designed as a heat sink for thermoelectric waste
energy harvesting has been published by Mathew et al. [82]. The fabricated
prototypes consisted of silicon and SU-8 based heat exchangers with rectangular
100 pm wide and up to 375 pum high microchannels (total footprint of 38 x 13 mm).
A minimal thermal contact resistance of 33 m?K /W was reached operating at the
boiling point of the working fluid.

Concluding from the discussed experimental works, the possible approaches
for improving the integration of microfluidic features mainly involve a system
design enabling efficient and homogeneous fluid distribution with low pumping
power as well as smaller microchannels. Additionally, a sufficient heat capacity
and corresponding flow rates of the working fluid must be achieved in order to
allow efficient heat transfer.
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3 Theory and Modelling

The first part of this chapter will introduce the fundamentals of thermoelectricity
and TE modelling, as well as highlight important aspects and conclusions related
to the module design and application. In the second part, theory and modelling
of microfluidic heat transfer systems will be discussed. The final part will com-
bine both fields and introduce the thermoelectric heat exchanger model.

3.1 Thermoelectric generators

3.1.1 Fundamentals of thermoelectricity

Three thermoelectric effects, the Seebeck [83], the Peltier and the Thomson effect,
contribute to the direct conversion of heat into electricity and vice-versa. They
are based on the interaction between heat and charge carriers and are thermody-
namically reversible.

Seebeck effect

When a temperature gradient is applied to a conductor or semiconductor, an elec-
tromotive force is generated, leading to the build up of electrical potential V¢

Vo = —ay(T)VT (3.1)

where a,,(T) is the absolute temperature dependent Seebeck coefficient and VT
is the temperature gradient. For small temperature differences applied, a;; can be
assumed constant and the integration over the material will yield an expression
for the generated Seebeck voltage

Vs = —am (Ty—T.) = —am AT (3.2)

where Tj, and T. are the applied temperatures at the hot and cold side of the
material, respectively. In practice, the Seebeck voltage can only be exploited by
combining two materials with different (preferably opposite signed) Seebeck coef-
ficients

Vsi2 = (am1 — am2) (Ty — Tc) = « AT (3.3)

where « is the relative Seebeck coefficient of a thermocouple (TC). Applying the
same material would results in the cancellation of the electric potential.

13



3 Theory and Modelling

The Seebeck effect is based on the combination of several physical phenomena
which will be briefly discussed [84]. The main contribution to the Seebeck effect
in semiconductors is thermodiffusion [85]. The kinetic energy of the charge
carriers is temperature dependent. Therefore, the charge carriers on the hot
side (electrons for n-type and holes for p-type semiconductors) have a higher
kinetic energy and thus higher local thermal velocity than the carriers on the
cold side. As a result, more carriers diffuse in average from the hot to the
cold side than vice-versa, causing a charge accumulation at the cold end. The
carrier concentration of semiconductors also strongly varies with temperature.
A thermal gradient results in a carrier concentration gradient and therefore
gradient based diffusion towards lower concentrations (cold side). Changes of
the band gap with temperature can also lead to a carrier flow between the two
ends of the semiconductor. In metals and semiconductors with approximately
equal concentration of holes and electrons, the dependence of the diffusion
coefficient or the charge carrier mobility on temperature can lead to negative
as well as positive Seebeck coefficients. The Fermi level also reduces with
increasing temperature, resulting in an carrier movement from the cold to the
hot side. Additionally, phonons follow the temperature gradient from the hot
to the cold end. Due to phonon-charge carriers interactions, the carriers can be
pushed along with the lattice vibrations by the so called phonon drag effect. The
combination of all those effect leads to a final charge accumulation at either end
of the conductor. The resulting electric field counteracts a further charge build
up and an equilibrium is reached.

Several approaches to physically model the Seebeck coefficient with different
levels of complexities have been reported in literature [84, 86-88].

Peltier effect

When an electric current is flowing through a junction of two conducting ma-
terials, heat is generated or absorbed. This heat current Qp originates from the
Peltier effect

Qp= (Il —ILp) [ =T1I=aTI (3.4)

where IT,, is the absolute Peltier coefficient of one material, IT is the relative coef-
ficient of the two conductors (i.e. the TC) and I is the electric current. The first
Thomson relation links the Peltier with the Seebeck effect. In thermoelectric gen-
erators, the Peltier heat is supplied by the hot side heat source and delivers the
energy for the electric current to run [89] .
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3.1 Thermoelectric generators

Thomson effect

When an electric current is flowing through a homogeneous conductor with an
applied thermal gradient, heat is generated or absorbed (additional to the Joule
heat). This Thomson heat originates from the temperature dependent Seebeck
coefficient. If a current is driven through a conductor with an applied thermal
gradient, a continuous Peltier effect will occur. The Thomson heat can be ex-

pressed as

. d
QT:KTIATzﬁTIAT (3.5)

where «7 is the Thomson coefficient. The second Thomson relation links the See-
beck with the Thomson effect. Since the Thomson effect is small in comparison
to the other two thermoelectric effects, it is often neglected in the device mod-
elling. Especially for small temperature gradients and thin-film TEGs, this is a
reasonable model simplification.

3.1.2 Thermoelectric materials and modules

The suitability of a material for thermoelectric conversion can be expressed with
the figure of merit [90]

w? Ol a?
A A Pel

where A is the thermal conductivity, o,; is the electrical conductivity and p,; is
the electrical resistivity of the material. For efficient energy conversion, a low
thermal conductivity for high temperature gradients and low electrical resistiv-
ity for low ohmic losses are desired. All three parameters of Z depend on the
charge carrier concentrations of the material (see Fig.3.I). Therefore, an optimal
carrier concentration for high Z-values can be found between 10'® and 102°cm~3,
corresponding to highly doped semiconductors and semi-metals.

The more commonly used dimensionless figure of merit ZT is obtained by
multiplication with the average system temperature T. FigureB.2 gives an over-
view of the state of the art and state of the practice thermoelectric materials
and their ZT values. Next to the well established compound semiconductors
(e.g. PbTe, BiyTez) with a maximum ZT around unity, new engineered materials
have emerged in the recent decade. This boost of ZT has been achieved through
(1) enhancement of the electron density of states (DOS) near the Fermi level by
quantum confinement or band gap engineering [91-96] and (2) an enhancement
of phonon scattering by increasing the presence of interfaces [24, 25,197-102] (e.g.
grain boundaries, defects, dislocations, or acoustic mismatch). The latter can sig-
nificantly reduce the phonon mean free path and thus the thermal conductivity
A of the TE material. Quantum confinement potentially leads to a simultaneous

7 =

(3.6)
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Figure 3.1: Correlation between the thermoelectric figure of merit Z, the Seebeck
coefficient «, the thermal conductivity A and the electrical conductivity o on the
charge carrier concentrations # of a material. Reproduced according to [84].

increase of the Seebeck coefficient «, a reduction of the electrical resistivity p,;
and, as a side effect, also to a decrease of A by boundary scattering effects. While
working with nano confined structures like nanowires has shown to be difficult
to scale up and impracticable for large scale power generation [26], the focus has
shifted to engineering bulk materials that mimic the local DOS of nano structures
(e.g. resonant impurity doping [103]).

Analogous to the material figure of merit, a TEG module figure of merit Z;, (or
ZT) can be expressed as

(ma)® Kreg

Re

where m is the number of in series connected TC of the module, Ktgg is the
thermal and R,; the electrical resistance of the generator. Additional to the ma-
terial properties in Z, Z,, includes parasitic thermal losses through the isolating
material and electric losses through the contact and interconnect resistances.
Refer to Eq.[B.Il- Eq.[B.6lin Appendix[Blfor detailed definitions of Krgg and R,;.

Zom = (3.7)

The open circuit voltage V,. of a thermoelectric module is defined as

Voe = TI’ZDCATTEG (38)
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Figure 3.2: ZT versus T for state of the practice (gray lines) and state of the art
materials (black lines). Reproduced according to [16] (2009).

where ATrEg is the temperature gradient directly over the generator. Figure[3.3]
shows the schematic thermoelectric network of a TEG. The output power of the
module Py,; can be expressed as

R;

R;
Pout = VI = V2
ot (Rl + Rel)2

S ) m D‘ATTEG 2
. (Rl + Rel) ( )

(3.9)
where R; is the applied load resistance. The thermal efficiency of a module can
be calculated by dividing Py, by the input power P;,, i.e. the incoming heat flux
Qin
— Pout o Pout Qm Qout
1 Piy an Qin

The 2"? order efficiency can be formulated in terms of the Carnot efficiency #¢

(3.10)

Ty,

7
=L =y 3.11
and fc T -1 G.11)

If the thermoelectric cycle would be entirely reversible, #¢ could be reached. In
practice, the efficiency is strongly limited by irreversible heat losses from Joule
heating and thermal conduction.
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Figure 3.3: Schematics of a thermoelectric network including the thermal and
electric components.

3.1.3 Thermoelectric generator modelling

To compute the temperature gradient ATt across the generator, the basic heat
balance equations at the hot and cold junctions of the generator must be solved.
Neglecting the Thomson effect and assuming that thermoelectric material prop-
erties remain constant over the operating temperature range, the incoming and
outgoing heat current Qi and Qoyt can be expressed as [90,104-107]

. 1 T, —
Qin:mszhI—fRelIZ—i—i( h = Tc)

(3.12
2 KtEG )

Quut = ma Tl 4+ Ry 24 T =Te)
2 KrEG
including the energy supply and removal by the Peltier effect, Joule heating
(equally divided between the hot and cold junctions) and heat conduction losses
through the generator. The electric current generated under applied load is given

as

(3.13)

ma (T, — T¢)

I:
R;+ R,

(3.14)
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3.1 Thermoelectric generators

The incoming and outgoing heat flux through the thermal contacts can be ex-
pressed by Fourier’s law of heat conduction as

. 1

Qin = X, (To_n — Tp) (3.15)
Yout = T. — T, 1
Qout = K ( c— O_C) (3 6)

where Kj, and K, are the cold and hot thermal contact resistances, respectively.
Solving Equations B.12-B.16 after ATrpg=T,-T. leads to a complex cubic
equation which is analytically solvable [27, 189, 106, [108], however impractical
to handle. Therefore, the set of transformed equations (see Eq.[B.7] and [B.8] in
App.B) was implemented to be solved numerically using the fsolve function
provided by Matlab. This allows, apart from easy handling, for more flexibility
in extending the model by adding arbitrary thermal resistances and also for
modelling multilayer TEG stacking.

For the comprehension of the following impedance matching section and fur-
ther illustrations, two approximate analytical solutions for AT7gc will be briefly
presented. By neglecting second and third order terms from the cubic ATrrg
solution and assuming small temperature gradients across the generator (T}, and
T, ~ T), ATrgc can be expressed as [89]

AT,
ATrpg =

3.17
KCOH ( )

KtEg

1

1+ —
R;+ Ry

+ (ma)2 T Keon

with Keon = Kj, + K corresponding to the entire thermal contact resistance and
ATy = Ty_j, — Tp_c to the externally applied temperature gradient.

An approximate and more straightforward relation between ATrr; and ATy can
be formulated by assuming a constant heat flux through the system (analogous
to the voltage divider formula), neglecting the Joule heating and Peltier effect.

Kreg
ATrpg = ————AT, 3.18
TG KrEG + Keon 0 ( )
This last simplification implies that the produced power is small in comparison to
the heat flux entering the generator (actually that no current is running) and holds
only for small temperature gradients, TEGs with low conversion efficiencies and
small Kcoy,. In this simplified case, the output power will become

Pout = (ma ATy)? Kres  \* __Ri (3.19)
out = 0 KTEG + Kcon (Rl + Rel)z '
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3 Theory and Modelling

and the efficiency will be given by

(KTEG)? R
Kreg + Keon (Rl + Rgl)z

n = (ma)®AT, (3.20)

3.1.4 Impedance matching

The output power (Eq.[3.9) and the efficiency (Eq.3.I0) of a generator can be max-
imized by matching the electrical and thermal impedances. However, differen-
tiating each equation separately will lead to different optimal impedance para-
meters, resulting in a maximal value for one or the other. For thin-film TEGs in
low temperature waste heat applications, where the supply energy is free, max-
imizing the output power is of higher interest [9]. A comparison of power versus
efficiency will be discussed in Section[3.1.5

Electrical impedance matching

Maximizing the TEG output power dP,;/dR; = 0 results in the matching of the
external load to the impedance of the generator

R; =Ry (3.21)

However, Eq. is only valid under open circuit conditions. When a load is
applied and current is flowing, an effective electrical TEG resistance R,rr must
be considered [104,109,110]

Keon
KTEG + Keon

o Keon )
=Ry (1+ZTy—m—— 3.22
o < " KTEG + Kcan ( )

which can be derived from inserting Eq.B.17/in Eq.8.9]and taking the derivative
with respect to R;. This is a result of the current dependence of Q;, and Qout,
and therefore ATrgg caused by the Peltier effect. Note that R.¢f is also depend-
ent on the TEG and contact thermal resistances Krrg and K, respectively. By
introducing the ratio X = Keon/KrEG, R, £ can be rewritten as

Refr = Rey + (ma)*Krpg T

= X

If X — 0 then Re f — Relr if X — oo then Re f — Rel(l —+ ZTm)
Figure[3.4]la) shows the TEG output power with respect to the load resistance for
ZTn=1and X=1. The maximum power point in the graph corresponds to the
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Figure 3.4: a) TEG output power as a function of the load resistance R for ZT,, =1
and X =1. b) TEG output power as a function of the generator’s thermal resist-
ance Krgg. For the change of Krgg, the TC length ITr; was varied. The simu-
lations were performed for a Ko, =2.35 cm?K/W and ATy =10K, the remaining
parameters are found in Tab.[B.Ilin App.[Bl The optimal load and thermal TEG
resistance differ from the impedance matching of the open circuit solution.

maximal TEG output power under matched effective electrical load

KrEG S| (ma ATo)2 /1 \?
Prax = ATy)? = 24
max = (1o ATo) (KTEG+KCO,1> 4R ¢ IRyr \1+X (324)

To show the impact of R,ss in comparison to the often used load matching for
open circuit conditions [111’1—‘114] from Eq.B.21] the relative increase of the out-
put power AP,y for R; =R, Ff is calculated for different ZT,, and X values and
summarized in TableB.I]l The parameter combination closest to the experimental

Table 3.1: Impact of R.¢ on Py, for different ZT, and X (R, =0.62 Q). Bold val-
ues mark the parameter combination closest to the experimental measurements

in Chap.Bl

ZTull | X[ | Repf [Q1 | APous [%]
1 1 0.93 4.2

0.5 1 0.78 1.2

0.2 1 0.68 0.2

1 20 1.21 11.6

0.5 20 0.91 3.9

0.2 20 0.74 0.8
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measurements performed in this thesis is marked in bold. It can be concluded
that at this operating point, the introduced error is negligible. However, for
higher ZT,, and X values, e.g. in energy harvesting applications for autonomous
systems, R,¢s should be considered as a relevant parameter for system optimiza-
tion.

Thermal impedance matching

Equivalent to the electrical load matching, also thermal resistance matching can
be applied. If a certain thermal contact resistance Koy, is given, the TEG thermal
resistance K1 can be adapted to further maximize the output power of a TEG.

In the simplified model under open circuit conditions, the maximal power can
be expressed by replacing R; = R,y with m? a? Krgg / Z according to Eq.B.7Z1

AT Z Krec

P, = 3.25
out 4 (KTEG + Kcon)2 ( )

Maximizing the TEG output power dP,,:/0Krgg =0 yields [30, 115]
KTEG = Keon (3-26)

If a current is running and the effective ATy is reduced by the Peltier effect, the
optimal K1 can be calculated from [78,189,(110]

KreG_opt = Keon\/ 1+ ZTw (3.27)

and the optimal R, s becomes in the case of a thermally matched system

Reff_opt =Ry \V 1+ ZTm (3.28)

resulting in a maximal output power

AT Zyy 1

Prax_opt = —
max—opt 4K7eG (1+ ﬁ—I—ZTm)Z

Figure[3.4b) shows the output power with respect to the thermal TEG resistance
for a module with ZT,, =1. For small ZT,,, the difference between the power at
K1EG =Keon and Krpg_opt will again become negligibly small.

(3.29)

Note that the thermal impedance matching works only by adapting Krgc to
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3.1 Thermoelectric generators

Keon and not vice-versa. Reducing K., independent of Ktrg will always lead to
a higher output power.

3.1.5 TEG model conclusions and considerations

The above presented model allows us to highlight important design aspects rel-
evant for this work. In the following section, the impact of the thermal contact
resistance, the geometric parameters of the module and the different thermoelec-
tric material parameters on the TEG output performance will be discussed.

Impact of thermal contact resistance

For waste heat recovery applications where fluidic heat transfer systems (HTSs)
can be applied, low thermal contact resistances are feasible (see system compar-
ison in Sec.[.2). FigureB.5] shows the impact and interdependence of K., and
Krgg on the TEG output power. By reducing Ko, the output power enhance-
ment benefits in two ways. First, a higher effective gradient across the generator
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Figure 3.5: TEG output power as a function of the generator’s thermal resist-
ance Kt for different contact resistances Kco, (1-10 cm?K/W, in steps of 1 until
4cm?K/W and steps of 2 above) at ATy =10K. For the change of Krgg, the TC
length I7pg was varied. Relevant simulation parameters are found in Tab.Blin
App.[Bl With decreasing K, and reducing ITr¢ for thermal impedance matching,
Py is significantly enhanced.
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thus a higher power output (see Eq.[3.18land Eq.[3.29) can be reached, correspond-
ing to the vertical arrow in the center of Figure@ Second, it allows for a re-
duction of Krgg by decreasing the TC length, i.e. generator thickness, to reach a
thermally matched system (diagonal arrow to upper left). By decreasing the thick-
ness of the TEG to the micrometer range, the heat flux through the generator is
significantly increased. This enables the application of thin-film generators, sav-
ing material, weight and cost.

Optimal TEG geometrical parameters

The thermal and electrical resistance of a generator depends not only on material
properties, but also on geometrical parameters (see Eq.[B.Il- Eq.B.6l in App.[B).
The two main geometrical parameters, the TC length Itpc and TC diameter
dTeG, can be adjusted to maximize the power output by electrical and thermal
impedance matching. Additionally, the spacing between the piles s, i.e. the pile
density must be considered. This can be expressed with the ratio between the
inactive (e.g. air or polymer mold) and active (TC) material of the generator AV.
For a fixed area of the TEG, the corresponding number of thermocouples can be
calculated from the diameter and the AV-ratio (see Eq.[B.2lin App.[B).

When the interconnect resistance R;. of the module is neglected, the output
power per area for a fixed AV-ratio is independent of the diameter as shown
in [27, 114] (see dashed green line in Fig.3.6la)). In this ideal case, only a
reduction of the AV-ratio will lead to a power increase. In a more realistic case,
where interconnect resistances are considered, minimizing the diameter (i.e.
maximizing the number of TCs) will enhance the output power as indicated by
the dotted green line in Figure[3.6la). This can be explained with a smaller R;, per
TC for smaller diameters, resulting from a shorter spacing between the piles for
a constant AV-ratio. With increasing thickness of the interconnect, i.e. reduction
of R, this effect will become less pronounced.

In practice, however, it is difficult to maintain a constant AV when the diameter

is reduced. The limiting factor caused by fabrication constrains is the minimal
distance between the pile s. By fixing s to a certain minimal value, an optimal
diameter can be found, as shown by the green solid line in FigureB3.6la). For
a specific contact resistance, geometric constrains of s and material properties
of the module, an optimal combination of the TC length Irrc and diameter
drec will result in an optimal output power as indicated in FigureB.6lb). With
decreasing TC length, the electrical resistance of the module R,; will decrease
and thus its negative impact on the output power will be reduced. Therefore,
smaller TC diameters and thus a larger amount of TCs will be favorable.
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Figure 3.6: a) TEG output power (green lines) and AV-ratio (red lines) as a func-
tion of the TC diameter drgg for a fixed AV-ratio (dotted and dashed lines) and
fixed minimal pile distance s (solid line). b) TEG output power as a function
of the TC diameter drrg and length g at a fixed s =330 um. The simulations
were performed for a Ko, =2.35 cm?K/W and ATy =10K, the remaining paramet-
ers are found in Tab.[BIlin App.[Bl When the minimal pile distance is the limiting
fabrication parameter, an optimal TC diameter in combination with an optimal
TC length exists.

Note that for energy harvesting applications, where X >>1, working with a
fixed area of the generator is not advisable, therefore different sets of optimal
parameters will be valid.
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Impact of thermal conductivity

The figure of merit ZT is a well established value to compare thermoelectric
materials. However, in applications with low contact resistances and high heat
fluxes, this standard value should be reconsidered. When working with very
small K., the importance of low thermal conductivities is reduced.

FigureB.7] shows the relative TEG output power plotted as a function of the
thermal conductivity A of the thermoelectric material for different thermal con-
tact resistances. The relative power is normalized to a generator output power
value potentially achieved with a very low thermal conductivity of A =0.2 W/mK
(e.g. in a superlattice structure [IZ_AI]). The relative impact of an increase in A de-
creases with reduced K,,;,. In the ideal case of Ko, =0, ATTgg becomes AT (see
Eq.BI7) and the output power becomes a function of only the thermopower ma,
the electrical resistance R,; (also R; if not matched) and the externally applied
ATy (see Eq.B9). Therefore, when working with very low contact resistances,
the material optimization efforts should shift from the increase of the figure of
merit ZT to the enhancement of the power factor PF =a?/p,;. This would in par-
ticular refer to nanostructured composites ,1117] and superlattice structures
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Figure 3.7: Relative TEG output power as a function of the thermal conductivity
A and the thermal contact resistance Kco (0-10 cm?K/W, in steps of 0.5 cm?K/W),
referring to the value of A =0.2 W/mK. Relevant simulation parameters are found
in Tab.B.Jlin App.[Bl With K¢o, — 0, the impact of A on the output power — 0.
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3.1 Thermoelectric generators

[24,125,[118], where an improvement of ZT is mainly achieved by the reduction of
A. This conclusion is in agreement with [119], where the much higher relevance
of the power factors over the ZT value, especially for high heat flux applications,
was also emphasized.

Maximal power vs. efficiency

As mentioned above, the optimal TEG parameters will vary for maximal power
or maximal efficiency. Figure[3.8 shows the TEG output power (green lines) and
TE conversion efficiency (red lines, see Eq.B.10) with respect to the generator’s
thermal resistance K7 for two cases: (1) the ideal external load that is matched
to the TEG electrical resistance for maximal power (R,fs) and maximal efficiency
(Ry_max [89]) (solid line) and (2) a fixed load resistance as imposed by the system’s
application (dotted line). In the first case, the load resistance is a linear function
of the TC length and therefore increases with increasing Krgg. A maximal out-
put power will be found at an optimal Krgg (i.e. ITpg) matching the thermal
contact resistance (as discussed in Sec.B.1.4l and B.1.5). The efficiency, however,
is continuously growing with increased thermal resistance of the generator. This
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Figure 3.8: TEG output power (green lines), efficiency 7 and 2™ order effi-
ciency 7,4 (red lines) as a function of the generator’s thermal resistance Krrg
for the electric load R; optimally match to the TEG’s resistance (solid lines)
and for a fixed R;=1.35Q) (dashed lines). The simulations were performed for
a Keon =2.35cm?K/W and ATy =10K, the remaining parameters are found in
Tab.[B1l in App.[Bl The optimal R; and Krgg for maximal power and maximal
efficiency due not coincide.
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3 Theory and Modelling

can be explained most directly with the basic open circuit model. By entering
R; =R (Eq.B.21) in Eq.B.20 and replacing R; with m? a? Kreg / Zm (Eq.B2), the
efficiency can be simplified to

_ ZmATy _ Kreg
4 KTEG + Kcon

(3.30)

Therefore, with increasing Krgg, 7 will asymptotically converge to the maximal
theoretical value of Z,,ATy/4. For a given load resistance, an optimal Krrg or
TEG thickness will exist, where the efficiency is maximal. This, however, does
not correspond to the optimal thickness for maximal power.

To put the thermal efficiency in perspective with the theoretically reachable
value limited by the Carnot efficiency, the scale of the 2" order efficiency #7124
(see Eq.B.11) is added in Figure3.8l Since the Carnot efficiency is dependent on
ATrEg, the scales of 17 and 175,47 are not linear.

3.2 Micro heat transfer system

The second component of the thermoelectric heat exchanger is the micro heat
transfer system (LWHTS), which is responsible for the thermal coupling of the TEG
to the hot and cold fluid. The following section will review the basic fluid dy-
namic theory as well as describe the modelling of the system.

3.2.1 Fluid dynamics in confined ducts

As a basis for the micro heat transfer system model, the fundamental theory
behind convective heat transfer and hydrodynamic losses in confined ducts will
be introduced.

In order to characterize the relevant flow regimes, i.e. distinguish between
laminar and turbulent flow, the dimensionless Reynolds number (Re) is used.
The Reynolds number describes the balance between viscous and inertial forces,
and therefore relates to flow instability

Re = 2 ifh (3.31)

where u is the mean velocity of the fluid, d., is the characteristic length of
the channel and v is the kinematic viscosity of the fluid. In circular ducts, the
transition from laminar to turbulent flow starts at Re ~ 2300, but fully turbulent
conditions are reached at much higher Reynolds numbers (Re ~ 10000) [120].

28



3.2 Micro heat transfer system

For rectangular ducts, the transition depends on the channel aspect ratio and
can vary between 1850 and 2800 [121]. In microsystems, where the characteristic
length scales are typically very small (d,, ~ 107°), the Reynolds number usually
lies well below this transition point.

Another important consideration is to distinguish between a developing flow
in the duct entrance region, and a fully developed flow. This distinction is relev-
ant for the selection of an appropriate heat transfer model, as well as a friction
model for pressure drop calculations. In short channels as in the discussed pHTS,
the total channel length can be smaller than the hydrodynamic and thermal en-
trance region.

Hydrodynamics

The fluid entering a duct has a uniform velocity profile over the cross section.
Imposed by viscous forces at the walls of the duct (no-slip condition), a hydro-
dynamic (momentum) boundary layer starts to grow along the flow directions
(see Fig.3.9). The hydrodynamic entrance length I, is the region where the flow
develops from the inlet velocity to 99 % of the free-stream bulk velocity. From
this point on, the flow is fully developed and the velocity profile stays constant
along the flow direction [122].

u(r,x) T
% Boundary layer
U _ /
< Ih L
- L)
L x Hydrodynamic entrance region Fully developed region

Figure 3.9: Hydrodynamic boundary development in a duct with laminar flow.
Reproduced according to [120].

Solving Poisson’s equation (reduced Navier-Stokes) for laminar flow and in-
compressible fluids, the general expression for the pressure loss in a straight duct
with a constant arbitrary cross section can be expressed by [120]

op _ _4f1 5 pr g,
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3 Theory and Modelling

where ., is the mean fluid velocity, ps is the density of the fluid and f is
the Fanning friction factor. In non-circular ducts, the characteristic length d,
corresponds to the hydraulic diameter. It has been shown, however, that in a
laminar flow regime it is more precise to use the square root of the cross sectional
area rather than the hydraulic diameter [123].

In order to distinguish the friction factor in developing flow (f) from the one
in the fully developed flow, an apparent friction factor f,,, was introduced [122].
Additionally to shear stress at the wall, the pressure drop in a developing flow
is also caused by fluid acceleration. An expression of the apparent friction factor
for laminar developing flow in non-circular ducts is provided by [124, [125] (see

Eq.BITlin App.[B).

Convective heat transfer

Convection is a heat transfer mechanism by a fluid in motion. It describes the
combined effects of heat conduction due to molecular interactions (i.e. diffusion)
and energy transport by the bulk fluid flow motion [120].

Similar to the hydrodynamic boundary layer, a thermal boundary layer builds
up. Figure[3.10/shows the development of the thermal boundary layer in a duct
with constant wall temperature T;, and laminar fluid flow. The initially uniform
fluid temperature T gradually evolves to a temperature profile with a Ty adja-
cent to the wall equal to Ty, and a bulk fluid temperature in the middle of the
duct. In the thermal entrance region, the boundary layer thickness is small and
thus the temperature gradient between the wall and the fluid is large, resulting
in an enhanced heat transfer compared to a thermally fully developed region.
The hydrodynamic and the thermal boundary layers can affect each other, how-
ever the lengths of the entrance regions are often different.

Analogous to Fourier’s law of heat conduction (see Eq.B.15), convective heat
transfer can be expressed by Newton’s law of cooling [126]

Qeonv = Meonw (Tf - Tw) (3.33)

where h0,15 1s the convection heat transfer coefficient defined as

AfNu

conv —
dch

(3.34)

with A ¢ being the thermal conductivity of the fluid and Nu the Nusselt number.
The Nusselt number describes the ratio between convective and conductive heat
transfer. For simultaneously developing flow in a duct under constant wall heat
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Figure 3.10: Thermal boundary development in a heated duct with constant wall
temperature and laminar flow. Reproduced according to [120].

flux boundary condition, a Nusselt number correlation was provided by [127]
(see Eq.BI2lin App.[Blfor exact Nu definition).

Microfluidic considerations

From Eq.[3.32] and Eq.B.34] it can be deducted that reducing the channel dimen-
sions to the micrometre scale will significantly increase the heat transfer coef-
ficient as well as the pressure losses. Additionally, an increase of the effective
heat exchange area by high aspect ratio microchannels will further enhance the
thermal performance. By decreasing the microchannel dimensions, the question
arises until which point the classic theory based on thermodynamic equilibrium
and continuum, formulated from the observation of macroscopic flow and heat
transfer processes, is still valid. The onset of its failure has been widely discussed;
however it is not well defined for liquids in microchannels. Many authors report
large deviation from the conventional theory [128-130] attributing it to several mi-
croscale phenomena such as surface roughness [131-133], viscous heating effects
[134], electrokinetic forces [135] or an early transition from laminar to turbulent
flow [131, 136]. On the other hand, various papers confirm the validity of the
classic theory [32,(137-144] for channel length scales as low as 4.5 um [145].
Concluding from the inconsistent published results, potential microscale effects
must be kept in mind.

3.2.2 Basic micro heat transfer system model

The generic part of the one-dimensional utHTS model is based on [44, 146].
Therefore, only the basic concept will be described in this section, further details
can be found in [44, 146]. The introduced model extensions and optimizations
will be covered in more detail in the following section.
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3 Theory and Modelling

Analogous to the theory section above, the model is divided in two parts: a
thermal and a hydrodynamic model. FigureB.I1]depicts the schematic cross sec-
tion of the pHTS and of a periodic microchannel unit cell showing the thermal
and hydrodynamic model contributions and relevant design parameters.

Manifold inl\et ,

outlet

Manifold _

channels Manifold
base

Cu micro-

channels

Periodic unit cell
side view

Periodic unit cell

tbase

Figure 3.11: Schematics of the uHTS with an enlargement of the microchannel
unit cell showing the thermal and hydrodynamic model contributions and relev-
ant design parameters.
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3.2 Micro heat transfer system

Thermal model

The thermal model of the pHTS is based on the concept of a thermal resistance
network simplified to one-dimensional heat transfer. It is assumed that the heat
transfer takes place only inside the copper microchannels and that no heat ex-
change occurs between the channels and the polymer manifold (i.e. adiabatic
boundary conditions).

The total heat transfer resistance Kgyrg of the uHTS consists of the conductive
resistance through the microchannels K4, the convective resistance at the fluid-
channel interface K., and the fluid resistance due to its limited heat capacity Kj,
(compare unit cell in Fig.3.17)

Kurs = Keng + Keno + Kie (3.35)

The conductive resistance term is given by

t
Kepd = /\buse (3.36)
Cu
where ty,, is the thickness of the microchannel chip base and A¢,, is the thermal
conductivity of copper. Due to the a large value of A¢,,, the contribution of K4
to Kyrg is small.

The convective thermal resistance is composed of three main parts: convection
at (1) the base, (2) at the fins and (3) at the fin top in the channel entrance region.
The last term was added to the original version in [44, [146], based on findings
from 3D-FEM simulation results of the microchannel unit cell (see Sec.B.2.4] for
more details).

Ko — Auc
cnv = = = =
Mpase Avase +2 nf hfin Afin + hfin_topAfin_top

(3.37)

where Ty, Eﬂ-n and Efin_top are the average convective heat transfer coeffi-
cients of the base, fin and the fin top, respectively, Ay, are the corresponding
surface areas and 7y is the fin efficiency (see Eq.B.I4 in App.Bl for the exact
definition). The Nusselt number correlation for laminar developing flow are im-
plemented according to [127] and for laminar jet impingement according to [147].

The bulk fluid resistance Kj,. caused by the heating up of the fluid as it absorbs
energy flowing through the channel, is expressed as

AL{C

Kh I ——
¢ cpprmC

(3.38)
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where ¢), is the mean specific heat capacity of the fluid, p is the fluid density and
Vine is the volumetric flow rate through the microchannel.

Hydrodynamic model

The pressure losses in the pHTS are composed of the losses inside the microchan-
nel unit cell Apy,c and the tapered manifold distribution channels Apya,. In the
unit cell, several pressure drops contribute to the overall Apy,.: the frictional pres-
sure losses in the straight microchannel Ap., as well as in the inlet and outlet
nozzles Apyoz, and the pressure losses induced by sudden expansion and con-
striction at the microchannel entrance Ap, and exit Ap. (see microchannel unit
cell in Fig.[3.17).

Apme = Apep + 2 Apnoz + Apc + Ape (3.39)

The expressions for the different pressure drop contributions in straight parts of
the microchannel are based on Eq.3.32 from Section[3.2.T]and are defined as [148]

2 fapp_ch ﬁf ”gh Len

Apa = - (3.40)
c
Zfapp_nozﬁ u? lnoz
Apnoz = dnoj:. o (3.41)
(3.42)

The losses related to sudden expansion and constriction can be formulated as
[149]

1 1. _
Ape = Epf (”rzmrrow - urzzoz) + ECC P ”%arrow (3.43)
1 1 _
Ape = Epf (u%mrrow - M%zoz) + ECE P Z’lrzzoz (3.44)

where #4700 i the mean velocity right at the channel entrance after leaving
the nozzle and C. and C, are the loss coefficients associated with the abrupt
contraction and expansion according to [149, 150].

The pressure drop in the tapered manifold is a function of the channel posi-
tion, due to the varying channel width and continuous fluid outflow along the
manifold channel

Lnlﬂn 7 2
AP = _2/ fapp_mam(x) or Upyan (X) dx (3.45)
0 an (x)

To solve the integral numerically, the manifold channel is divided into N,
subdivisions with the length of w, + wyy.
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3.2 Micro heat transfer system

The pumping power of the pHTS was computed by multiplying the total hy-
drodynamic resistance Apprs by the volumetric fluid flow 1%

PP = ApHTs V= (Apmc + Apman) 1% (3.46)

3.2.3 Model extensions

In order to model the uHTS more precisely, temperature changes inside mi-
crochannel and the manifold channel were added to the existing model.

Temperature profile inside the microchannels

Changes of the fluid temperature inside the microchannel have an impact on
the fluid properties (in particular the fluid viscosity) and therefore the hydro-
dynamic and thermal performance of the system. Additionally, by introducing a
temperature profile, the microchannel outlet temperature can be computed and
used for the estimation of the inlet fluid temperature change along the manifold
channel (see next section).

For this purpose, the microchannel unit cell was divided into an entrance re-
gion underneath the inlet nozzle (dark gray area in inset of Fig.[3.12la)), a hori-
zontal flow region along the microchannel (light gray area in insert of Fig.[3.12]a))
and an exit region (white area in inset of Fig.3.12la)). The regions are discret-
ized into horizontal and vertical elements, respectively. The temperature of each
element is calculated according to

1 Ajdxhi (Tw — T))

T =Ti+q——=T+ .
i+1 iT i micp,i i Vch 0i Cp,i

(3.47)

where T; is the local fluid temperature, g; is the local heat flux from the channel
base and fins, A; is the local heat transfer area, dx is the length of the subdivision
and h; is the local convective heat transfer coefficient. A constant temperature at
the copper channel walls T, is assumed, corresponding to the temperature at the
channel base. For the calculations of K.,, the average convective heat transfer
coefficient of all elements is used.

Figure[3.12la) shows the temperature profile along the flow path inside a
microchannel unit cell computed by 3D-FEM simulations and by the one-
dimensional model. The first region corresponds to the nozzle inlet, where
the heat flux from the manifold base is negligible. The heat transfer in the
entrance region is affected by jet impingement at the fin top and channel base,
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Figure 3.12: a) Comparison of the temperature increase inside the microchannel
unit cell between the 1D model (symbols with line) and the 3D-FEM simulation
(line only) for a small size uHTS with a w; =80 pm at a fluid flow of 0.041/min.
Inset: Division and discretization of the unit cell in the 1D model. b) Measure-
ment and simulations of the temperature increase inside the ptHTS microchannels
for different channel widths and flow rates. The remaining ptHTS parameters
used for measurement and simulations are found in Tab.[B.2lin App.[B (MF I).

as well as by convection from the fin wall. Inside the developing microchannel
flow region, the temperature steadily increases. In the region underneath the
nozzle outlet, no heat exchange is assumed in the 1D model. A good agreement
between the 1D and 3D-FEM models can be found. Figure[3.12]b) compares the
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3.2 Micro heat transfer system

1D model with the measured temperature increase between the inlet and outlet
of 3 uHTSs with different channel sizes (see Sec.l1.2.T] for experimental settings).
Considering the complexity of the complete system used and the influence of
the measurement setup, the measurement results are in good agreement with
the 1D model simulations. The uHTS measurements show a weaker fluid flow
dependency indicated by a more linear trend compared to the 1D model.

Further comparison data of the temperature deviations for the 8 x 8§ mm pHTS
can be found in Table[B.3]in Appendix[Bl

Inlet fluid temperature change

The initial model assumes a constant microchannel inlet temperature corres-
ponding to the measured temperature at the manifold inlet. However, due to
heat exchange from the copper microchannels and the manifold outlet channels,
this assumption of adiabatic manifold boundary conditions leads to inaccurate
performance predictions, in particular for low fluid flow rates.

The temperature change along the manifold inlet channel was calculated

for N, subdivisions according to Eq.B.47] The heat flux g; into the manifold
fluid consists of the heat coming from the manifold channel base and from the
manifold outlet channel, where the microchannel fluid outlet temperature is
used. The inset of Figure[3.13a) shows the schematic thermal resistance model
of the manifold inlet channel. The effective microchannel fluid inlet temperature
is calculated by taking the average manifold inlet temperature. In Figure[3.13la),
the measured temperature differences between the manifold entrance and the
channel end is compared to the computed values for different fluid flow rates.
A good agreement between the measured and computed values can be found.
The deviation can be related to the not precisely controllable location of the
temperature sensing TC at the channel ends, large measurement error induced
by the TC and possible parasitic heat fluxes (mainly from the cover of the
manifold channels).
Figure[3.13b) shows the impact of the manifold inlet fluid temperature on the
heat transfer resistance of the pHTS with two different microchannel sizes.
While the model with adiabatic manifold boundary conditions (dashed lines)
displays substantial deviations from the measurements at lower fluid flow rates,
the corrected model agrees much better with the measurement results.

Further comparison data of the 1D model to measurements of the §x8 mm
uHTS can be found in Table[B.3lin Appendix[Bl
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Figure 3.13: a) Measurement and simulations of the temperature increase inside
the manifold channels of a small ptHTS as a function of the flow rate for different
ATyrs applied (wg, =80 um). Inset: Schematic view of the heat fluxes contrib-
uting to the temperature change of the manifold inlet temperature. b) Compar-
ison of the computed heat transfer resistance with adiabatic manifold conditions
(dashed lines) and heat exchange in the manifold fluid inlet (solid line) to meas-
urements of the small pHTS with two different channel sizes. The remaining
nHTS parameters used for measurement and simulations are found in Tab.[B.2lin
App.BI(MFI).
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3.2.4 3D FEM unit cell model

In order to compare and optimize the heat transfer and hydrodynamic properties
of the 1D model as well as to evaluate the potential of different ptHTS design
improvements, a 3D finite element method (FEM) model of the microchannel
unit cell (see Fig.B.11) was implemented in COMSOL Multiphysics ®.

The coupled physics interfaces of the 3D model consist of (1) steady-state
incompressible Navier-Stokes with temperature dependent fluid variables and
(2) general heat transfer for thermal conduction and convection. The major
part of the simulations are performed with a symmetric half unit cell in order
to reduce computational time. For channels with asymmetric structures, the
entire unit cell was simulated. The fluid boundary conditions are set to a fixed
fluid velocity at the nozzle inlet, an open boundary at the outlet (equal to zero
pressure) and no slip at the channel walls. For the thermal boundaries, a constant
fluid inlet and channel base temperature (Ty) is set and isolation/symmetry are
used for all remaining boundaries. The heat transfer resistance is calculated by
dividing the applied temperature between the inlet and the base by the total
dissipated heat flux. The pressure losses are extracted from the average pressure
at the nozzle inlet.

The parameter comparison between the 3D-FEM and the 1D model of the un-
structured microchannels are found in Table[B.3]in Appendix[Bl

UHTS design optimization

By introducing microstructures and optimizing the fluid flow path inside the
microchannel unit cell, a reduction of the thermal and hydrodynamic resistances
can be achieved, leading to an overall increase in the power output of the
thermoelectric heat exchanger (TEHEX).

Heat transfer enhancements can be achieved by increasing the convective
surface area, augmenting the flow vorticity and limiting the growth of fluidic
and thermal boundary layers [152]. For this purpose, two different microstruc-
tures are integrated into the microchannels: an additional pin-fin structure and
triangular protrusions on the sidewall. While the first approach is expected to
yield lower heat transfer resistances due to a higher convective surface area, the
second one benefits from a simpler and more robust fabrication.

Pressure losses can be reduced by a smart fluid path design. Avoiding abrupt

! The content of the tHTS design optimization by 3D-FEM simulations was published in the pro-
ceedings of Transducers 2013 [151] and was reproduced with permission. Copyright (© 2013 IEEE.
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expansions and constrictions at the microchannel entrance region can decrease
the pressure drop without affecting the heat transfer inside the microchannels.
Therefore, the geometry of the fluid inlet and outlet nozzle between the manifold
and the microchannels is optimized, as well.

The 3D-FEM model of a microchannel unit cell introduced above is used to
investigate the impact of the different design changes on the thermal and hydro-
dynamic performance of the pHTS. For this purpose, the dimensions and spacing
of the introduced microstructures, the widths of the microchannels and the fluid
flow rates were varied. In Figure[3.14] the temperature and velocity profiles for a
microchannel with a) no additional structures (reference), b) pin-fin arrays, and c)
with the rounded inlet/outlet nozzle design are depicted. In FigureB.14lb) and c),
the corresponding maximal change in heat transfer and pressure losses is shown
with respect to the reference (Fig.B.14la)) at a fixed flow rate of 0.11/min. The
temperature distribution of the pin-fin structures (Fig.3.14]b)) shows a clear in-
crease in heat exchange compared to an unstructured unit cell (Fig.B.14la)). The

a) b) c)
Standard unit cell Unit cell with pin-fins Unit cell with rounded nozzle
305
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Pressure losses increase 32% Heat transfer reduction: 0.5%

Figure 3.14: 3D-FEM simulations of a microchannel unit cell showing the temper-
ature profile and velocity profile at ATp=5K and a flow rate of 0.11/min for a)
a reference microchannel structure, b) a cell with pin-fins and ¢) with rounded
nozzle. The exact microchannel dimensions and boundary conditions used for
the simulations are found in Tab.[B.4in App.[Bl Copyright (©) 2013 IEEE.
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cross cut of the velocity profile indicates an enhanced flow velocity in the constric-
tions around the pin-fins. Therefore, for the pin and the protrusion structures,
the enhanced heat transfer results from the larger convective surface area, the in-
creased fluid flow velocity around the introduced microstructures and resulting
vortices at higher flow rates. The thermal resistance, however, is reduced at the
expense of an increased hydrodynamic resistance. For the unit cell with roun-
ded inlet/outlet nozzles (Fig.3.14lc)), no significant change of the temperature
profile is noticeable. However, a reduction of the flow velocity enabled by the
smoother fluid path is achieved. This way, large pressure losses during expan-
sion and constriction can be avoided, resulting in a significantly lower pumping
power consumption.

Figure[3.15] shows the increase in heat flux (green solid lines) and pressure
losses Ap (black dashed lines) of a microchannel unit cell with integrated pin-fin
structures compared to an unstructured unit cell with equal dimensions and
fluid flow rates. In Figure[3.15la), the percentage increase is plotted as a function
of the flow rate for one pin-fin per microchannel unit cell. With increasing
flow rates, the relative increase in heat transfer rises, while Ap decreases. The
first can be explained with an enhanced impact of the additional heat transfer
surface and potential vortices formation at higher flow rates. Since the absolute
pressure difference increase with increasing flow rates, the shown reduction
in pressure losses can be mainly contributed to a reduced relative influence
at higher pressure values. FigureB.I5b) shows that the optimal pin-fin pitch
approximately equals to one unit cell length. Denser spacing of the pin-fin
results in a small additional enhancement in heat transfer but large increase
in pressure losses. In Figure[38.15c) and d), the impact of the pin diameter is
depicted for four different microchannel widths. The largest difference between
the increase in heat transfer and Ap is found at a pin-fin diameter between 30 %
and 40 % of the microchannel width (decreasing with reducing channel size).

The most relevant simulation results are summarized in FigureB.16l In or-
der to show the interdependency between the heat transfer resistance and the
corresponding pressure losses, both values are plotted for increasing flow rates
between 0.02 and 0.121/min (from left to right). Microchannels of varying sizes
without the optimization features are shown as a reference (black lines). With
decreasing channel width, the curves progress from large Kyrs and low pres-
sure loss (100 pm channels) to low Kprs and large pressure loss (40 um channels).
For the channels with the introduced pin-fins structures (green lines), the curves
shift towards a regime with low KgTs and low pressure loss, demonstrating an
overall system performance enhancement. The results also show that larger chan-
nels with pin-fin structures outperform the smaller unstructured channels. The
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Figure 3.15: 3D-FEM simulations of a microchannel unit cell with integrated pin-
fin structures showing the increase in heat flux (green solid lines) and pressure
losses (black dashed lines) compared to an unstructured unit cell with same di-
mensions and flow rates for a) different fluid flow rates (w.;, =80 um, 1 pin-fin), b)
different pin-fin numbers (w.y, =80 um, V =0.11/min) and c), d) different pin-fin
diameters and channel widths (V =0.11/min, 1 pin-fin). The exact microchan-
nel dimensions and boundary conditions used for the simulations are found in

Tab.B4in App.[Bl

introduction of pin-fins inside channels below 80 um results in a minor system
improvement, mainly due to a large pressure loss increase (see Fig.B.15d)). The
best results can be achieved by combing the microstructures with the rounded in-
let/outlet nozzles (red dashed line). The microchannels with protrusions on the
sidewalls (gray line) also show a system improvement compared to unstructured
devices; however, the effect is not as pronounced as with the pin-fin structures.
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Figure 3.16: Summarized 3D-FEM simulations results showing heat transfer res-
istance versus pressure losses in a microchannel unit cell without structuring
(black lines), with pin-fins (green lines), with sidewall protrusions (gray line) and
with rounded nozzles (red lines) for fluid flow rates between 0.02-0.121/min.
The channel height is 200 pm, the pin-fin diameter is 30 um and the pitch is equal
to one unit cell. Copyright (© 2013 IEEE.

3.3 Thermoelectric heat exchanger model

The TEG and uHTS models are combined to a thermoelectric heat exchanger
model. Figure[3.I7lshows the equivalent thermal resistance network of a TEHEX
unit cell with ptHTSs at the cold and hot fluid sides and a generator in between.

Since the thermal resistance of the ptHTS Kpts is also a function of the initially
unknown temperature at the microchannel base and wall Ty_j /., the system
equations are solved iteratively to converge towards the actual temperature
distribution. Figure[3.18 illustrates the computational routine of the combined
TEHEX model. After calculating the total TEG thermal and electrical resistances
from initial geometric and material parameters, the average microchannel inlet
temperature Tj,_j /. is computed in two steps. First, T;,_j, /. and the microchan-
nel fluid outlet temperature T,y:_j/. are found under a constant heat flux
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Figure 3.17: Equivalent thermal resistance network of a thermoelectric heat ex-
changer unit cell.

assumption through the TEHEX (see Eq.m. Second, based on these values,
the temperature change inside the manifold inlet channel is estimated and thus
the new average Tj,_j . extracted. The corrected Kyrs_j/. is now computed
and used to solve the heat balance equations for the TEG (see Eq.B.12- Eq.3.16).
With the resulting AT7gg, the generator’s total output power and, by further
subtracting the pumping power, net power can be calculated.

The implemented model allows for the analysis and optimization of most geo-

metric parameters and material properties of the TEG and uHTS by an integrated
parameter sweep function.

3.4 Conclusions
The theoretical background necessary for a better understanding of the device

modelling and measurement results is introduced.
By means of the 1D TEG model, the electrical and thermal impedance matching,
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impacts of the reduced thermal contact resistances on the TEG performance as
well as important parameter correlations are discussed. Moreover, the reduced
relevance of the thermal conductivity in the thermoelectric material with decreas-
ing contact resistances is highlighted.

The existing thermal and hydrodynamic pHTS is extended with a discrete tem-
perature profile inside the microchannels in order to account for the influence
of temperature dependent fluid parameters as well as to correctly model the
gradual fluid temperature change along the manifold channels. This extension
significantly improves the agreement between measurements and model, in par-
ticular for the thermal performance at lower fluid flow rates.

Investigations on the improvement of the pHTS design by means of a 3D-FEM
unit cell model yield an overall system performance enhancement by introducing
high aspect ratio pin-fin structures and implementing a smoother fluid flow path.
Finally, the iterative computational procedure of the combined TEHEX model is
described and reveals the necessary complexity for accurate system modelling.
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The small and large size TEGs used for the measurements are provided by green-
TEG AG and are fabricated and characterized according to [28]. The fabrication
of the corresponding 8 x8 mm and 9x9 cm pHTSs are described in the first part
of this chapter. In the second part, the experimental settings are explained.

4.1 Thermoelectric heat exchanger fabrication

For the fabrication of the small and large size tHTSs, two different approaches
are used. The objective of the small pHTS is to develop a high performance sys-
tem featuring high aspect ratio microchannels in order to demonstrate the tech-
nological feasibility and limits of the thermoelectric heat exchanger. The focus of
the large size fabrication is set on a straight forward, fast and reliable process in
perspective of future commercialization.

4.1.1 Small size micro heat transfer system

[fThe two functional layers of the uHTS, the microchannel and the manifold struc-
ture are fabricated in separate processes and assembled on chip level.

Microchannel fabrication

The microchannels are fabricated by means of SU-8 based high aspect ratio pho-
tolithography and subsequent electrochemical deposition. The detailed process
flow is illustrated in Figure[.Il In the first step, 1 pum of Lift-Off resist (LOR) is
spin coated on the wafer for a later release of the microchannels from the sup-
port. Next, a copper seed layer (1 pm) and a chromium adhesion layer (10 nm)
are deposited by e-beam evaporation (Fig.id.Ila)). The prepared seed wafer is
coated with a 200 um thick SU-83050 film. To improve the layer thickness ho-
mogeneity, the spin coating is performed in two steps of 100pum with an edge
bead removal by y-butyrolactone (GBL) after each step. In the subsequent pho-
tolithography (Fig.[4.Ilb)), reduced baking temperatures as well as long cooling
and additional relaxation times are applied for stress reduction in the SU-8. Due
to the high aspect ratio and extended length of the mold structures, a reduced

! The main content of the small microchannel fabrication process was published in [153] and was
reproduced with permission. Copyright (©) 2012 Elsevier B.V.
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Figure 4.1: Fabrication process flow of the small size uHTS.

intrinsic stress level of SU-8 is crucial for the adhesion to the substrate. The struc-
tures are pre-developed in GBL for 5 minutes followed by an extended devel-
opment (Dmr-Dev 600, micro resist technology GmbH) in an ultrasound bath in
order to improve convection inside the high aspect ratio trenches. Figure[.2la)
shows the results of a not optimized process based on the recommendation of
the SU-83000 data sheet. The intrinsic stress inside the developed SU-8 leads to
delamination from the substrate and lateral sticking of the thin and long beams.
After process optimization, good adhesion of the microbeams to the substrate is
achieved (Fig.ld.2b)). Prior to the electrochemical deposition of copper, the struc-
tured mold is wetted by IPA, rinsed with DI water and immersed in 10 % nitric
acid (HNO:s3) for substrate cleaning and removal of a possible native oxide on the
Cu seed layer. The copper microchannels are electrochemically grown in an acid
copper sulfate bath (see bath composition in Tab.[A.4lin App.[A) at an applied cur-
rent density of 3 A/dm? resulting in an average growth rate of 0.3 um/min. The
mold is overgrown in order to form the base of the microchannels (Fig.B.Ilc)).
After a top surface planarization by mechanical polishing, the wafer is released
from the support by sacrificial layer etching of the Lift-Off resist and separated
into 8x8 mm chips (Fig.l.1ld)). The seed layer peels off during the release pro-
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Figure 4.2: Optical microscopy pictures of the photolithographically structured
SU-8 mold with beam widths of 35 um. a) Delaminated/sticking beams fabric-
ated with a not optimized fabrication process and b) good beam adhesion after
process optimization.

cess. Finally, the SU-8 mold is removed by wet chemical etching and DI water
ultrasound cleaning (Fig.B.Jle)). The runsheet for the optimized microchannel
fabrication process can be found Table[Alin Appendix[Al Figure.3la) shows the
top view and b) a cross section view of a 30 &5 um microchannel chip. The de-
picted channels have an aspect ratio of 7 at a total height of 210 £ 10 um. The
microchannel profile shows a narrowing at the bottom of the fins, which can be
explained by UV light scattering at the mask edge during wafer exposure. The
average surface roughness of the fin side walls measured by white light interfer-
ometry (WLI) is Ra=0.57 0.1 pm. Microchannels with widths between 30 and
80 um and a fin to channel width ratio of 1 were successfully fabricated for the
experimental measurements.

Microchannels with integrated microstructures

The basic fabrication of microchannels with integrated microstructures for heat
transfer enhancement (see Sec.B.24) followed the process flow depicted in
Figureld1l Additional process optimization and adaptations had to be made
in order to address the challenges due to critical feature sizes for the mold
preparation and electrochemical deposition of the high aspect ratio structures, in
particular the pin-fins.

The copper structures are designed to have excess material after electroplating
and are therefore isotropically etched after the SU-8 release in order to obtain
the targeted dimensions. The wetting before the electrochemical deposition
was improved with an additional deaeration step inside a desiccator with the
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Figure 4.3: Optical microscopy pictures of a copper microchannel chip featuring
30 um wide channels. a) Top view of entire chip, b) cross section view.

purpose of removing the remaining air bubbles inside the high aspect ratio
features. Additionally, a reduced convection and consequently reduced ion
supply inside the high aspect ratio pin-fin mold results in a slower growth rate
than inside the long microchannels. Thus, the copper deposition is performed
in two steps, with a wafer top surface grinding in between. This ensures a
strong mechanical linkage between the pin-fins and the chip base during the
overgrowth of the microchannels. In order to assure a total removal of the SU-8
mold during the wet chemical etch, the top 50 um of the polymer are pre-etched
by reactive-ion etching.

The fabricated microchannels with heat transfer enhancement structures are

shown in Figured4 A microchannel and fin width of 80 +5um and a chan-
nel height of 200 & 10 pm were set as standard design parameters. Figureld.4la)
shows the top view and £4Ib) the side view of the pin-fin microstructures. Pin-
fins with a diameter of 30 &4 um and an average and maximal aspect ratio of 7
and 8.1 were achieved, respectively.
In Figure@.4lc), the top views of the microchannels with sidewall protrusions are
depicted. The protrusions are designed to have a width of 50 um and a height of
30 um. Samples with a varying microstructure pitch from one to four per unit-cell
were fabricated (see Tab.[B.4lin App.[Blfor exact dimensions).

Manifold channel fabrication

The first generation of the manifold distribution channels are fabricated out of
PMMA by micro milling. The dimensions are designed based on a parameter
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Figure 4.4: Microscope images of 80 pm copper microchannels with heat enhance-
ment structures: a) top view and b) side view of pin-fin structures with a pin dia-
meter of 30 pm, c) top view of channels with sidewall protrusions with a width
of 50 um and a height of 30 um.
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optimization study performed by means of the 1D model introduced in Sec-
tion3.3] with the aim to maximise net power output, while still complying with
fabrication limits (see Tab.[B.2] in App.[Bl for the dimensions). The samples are
closed by GBL solvent bonding of a 200 pm PMMA foil. Figure[.5la) shows
the top view of a channel end and .0b) the cross section view of the PMMA
channels with the corresponding dimensions. Due the long processing times

Figure 4.5: Microscope images of manifold distribution channels a) top view and
b) cross section view of PMMA channels fabricated by micro milling (MF I). c)
Cross section view of epoxy based channels fabricated by microstereolithography
(MF II, Accura Xtreme, Proform AG).

and high fabrication costs of the PMMA based structures, they are replaced
in a second device generation by epoxy manifold channels (Accura Xtreme,
T, =335K) fabricated by means of microstereolithography (Proform AG). No
cover bonding step is needed, since the entire device can be produced in one run.
The main differences to the PMMA samples are the thicker base and channel
walls resulting in slightly higher pressure losses and thicker uHTSs.

The two different manifold channel designs will be labelled as MF I and MF II
for the first and second generation, respectively. The first generation was used
for the main small size TEHEX characterization in Section5.1] while the second
was applied for the pHTS design optimization study (Sec.[5.1.1) as well as for the
double sided ptHTS implemented in the double layer TEHEX (Sec.5.1.3).

UHTS bonding

The assembly of the copper microchannels with the polymer manifold channels
poses the challenge of bonding two structured surfaces of different materials.
For the first generation manifold channels, a 10 um thin double-sided adhesive
tape is used as the bond material. Fist, the tape is laminated to the manifold and
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4.1 Thermoelectric heat exchanger fabrication

the connecting slots at the bottom of the manifold structure are opened by micro
laser milling (Fig.l.1lf)). In a second step, the microchannel chip is mounted
onto the manifold by means of an alignment structure (Fig.[4.1lg)).

For the second generation manifolds, a bonding process based on the transfer
of a two component epoxy (EPO-TEK 301-2) is developed. Prior to bonding, the
surface of the polymer is pre-treated by mechanical polishing and ultrasound
cleaning in order to enhance the adhesion. The correlation of bonding strength
and surface roughness is shown in Figurel.6] The mixed epoxy is spin coated
on a PMMA disc substrate to achieve an uniform thickness distribution. The
manifold structure is pressed onto the thin adhesive layer in order to wet the
bottom surface without covering the nozzle slots. Finally, the manifold is bonded
to the copper microchannels by means of an alignment structure and cured at
60 °C for 4 hours under an applied pressure of 25 + 5kPa.
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Figure 4.6: a) Epoxy (EPO-TEK 301-2) bond strength between polymer and cop-
per and b) the corresponding polymer surface roughness as a function of the
grinding paper grit. The bond strength was measured by a tensile pull-off test
(Microtester ™, Instron®)) conformable to DIN ISO 4624 (test setup used accord-

ing to [154]). The error bars correspond to the standard deviation of three meas-
ured samples.

Figure[d.7la) shows the microchannel top view with bonded epoxy adhesive
stripes, after the manifold has been removed. A continuous film without clog-
ging of the nozzle slots is achieved with the developed transfer process. In Fig-
urefL.7b), the cross section of a bond is shown, where the epoxy boundary is
indicated by the white dotted line. Due to the bonding pressure applied during
the curing, the epoxy partly enters the top of the microchannels. On one hand,
this improves the bonding strength and prevents leaks other than through the
microchannels. On the other hand, it also slightly reduces the heat transfer area
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Figure 4.7: Microscope images of microchannel-manifold interface epoxy bond.
a) Top view of the microchannels with remaining epoxy stripes after manifold
removal and b) bond cross section with epoxy partly entering the microchannels.

and increases the pressure losses inside the microchannels.

TEHEX assembly

The geometric and thermoelectric properties of the UTEG used for the TEHEX
measurements are found in Table[B.5 in Appendix[Bl The generators are electric-
ally passivated by spin coating 3 um photoresist (Microposit 51813). To minimize
the interface resistance between the UTEG and the pHTS, the passivated gener-
ator was additionally covered with a thin layer of silicone thermal compound
(Dow Corning TC-5026) prior to assembly. Figure[d.8] shows a first generation
uHTS mounted on a uTEG.

4.1.2 Large size micro heat transfer system

In the scaling up from the small 8x8 mm to a 9x9 cm puHTS, the same material
combination for the two components is maintained, but the microchannel fabric-
ation process is adapted.

Microchannel fabrication

For the fabrication of a large area microchannel layer, two approaches are evalu-
ated: a bottom-up approach based on electroplating into a dry film resist mold
and a top-down approach based on photolithography and wet etching. While the
first approach has the advantage of producing higher aspect ratio channels, the
second approach benefits from simple, fast and low-cost processing. Figure[4.9]
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Figure 4.8: Picture of an assembled first generation tHTS/uTEG stack.

shows the two process flows of the microchannel fabrication.

In the bottom-up approach, a 300 um thin 10x10cm copper plate is used
as a base substrate. Prior to resist lamination, the plate is ground (2400 grit
sandpaper), shortly etched in copper etchant and cleaned in a 10 % hydrochloric
acid (HCL) solution in order to remove the top copper layer and enhance
adhesion. Three layers of the 75um thick dry film photoresist (Ordyl AM
175) are laminated (Walter Lemmer RLM 419p laminator) on top of each other
(Fig.49la) 1)). Special attention must be paid not to trap air bubbles between
the layers. After the photolithography process (Fig.4.J9la)2)), the substrate is
cleaned with a 10% HNOj3 solution in order to remove the native oxide and
possible contaminants. The microchannels are grown in an acid copper bath
(electrolyte AC-80 P, ERNE surface AG) optimized for trench filling at a current
density of 1.4 A/dm?(Fig.E39la)3)). The excess overgrown material is ground
down (Fig.[£90a) 4)) and the dry film photoresist is removed with an 5% Ordyl
stripping solution. The final process parameters are found in Table[A.2] in
Appendix[Al

The top-down approach starts with a 500 um thin 10x10cm copper plate
which is pretreated same as the plate used in the bottom-up process. A layer of
30 um thick dry film resist (Photec H-6230, Enthon) is laminated on both sides of
the copper plate (Fig.l.9b) 1)). The back side photoresist is used as a protective
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Figure 4.9: Fabrication process flows of the large area microchannels showing the
two evaluated approaches: a) bottom-up approach based on electroplating into a
dry film resist mold and b) top-down approach based on wet etching.

layer for the subsequent etching step. The channel slots are opened by photo-
lithography (Fig.[49b) 2)) and the plate is etched by spraying the etchant with a
continuous rotation movement (Walter Lemmer S21). To ensure homogeneous
etching over the large sample area, its position is turned by 90°every 2 minutes.
The average measured etch rate is 15 um/min (Fig.d9b) 3)). In the last step, the
photoresist is stripped (Fig.l.9Ib) 4)). The final process parameters can be found
in Table[A.3]in Appendix[Al

Figure[.I0a) shows a WLI image of microchannels fabricated by the top-down
approach and Figuref.I0lb) the cross section view of etched microchannels.
Table[.T] summarizes the achieved aspect ratios for test samples and the final
fabricated 9x9cm microchannel plates. The test samples are the result of a
feasibility study to investigate the limits of the fabrication technology. The final
devices used for measurements are designed in a more conservative way in
order to assure high yield. The advantages of the fabrication approach based
on electroplating are the better process and dimension control as well as higher
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Figure 4.10: a) WLI image of microchannels fabricated by the top-down approach
and b) cross section view of microchannels from the top-down fabrication pro-
cess.

Table 4.1: Dimensions and aspect ratios of test samples and final microchannel
plates for the two fabrication approaches.

Electroplating Etching
Bottom-up Top-down
| Test samples Final MC | Test samples Final MC
Channel width [um] 140 200 290 220
Channel height [um] 210 180 190 170
Channel aspect ratio 1.5 0.9 0.7 0.77
Fin aspect ratio 1.8 0.9 4.2 1.55
Fin to channel ratio 0.8 1 0.2 0.5

channel aspect ratios. However, the process flow is more complex and takes
significantly longer to complete, compared to the etching based approach. An
additional important advantage ot the top-down process is the lower fin to chan-
nel width ratio, resulting in smaller pressure losses due to wider microchannels.

An alternative approach for the fabrication of high aspect ratio microchannels
would be the application of micro deformation technologies, e.g. as used in micro
coolers offered by Wolverine Tube Inc.

Manifold fabrication

The large size manifold channels are fabricated by stereolithography (Pro-
form AG) out of a temperature resistant epoxy (DSM 12120 HT, T, =393 K). The
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optimal number of manifold channels is investigated by 1D simulations and the
remaining dimensions are set to match the measurement setup and to comply
with the fabrication constrains. The final design parameters can be found in
Table[B.6in the Appendix[Bl

For potential future batch fabrication, the rapid prototyping method could be
replaced by injection moulding.

In contrast to the small size pHTS, the large size microchannel plate is not bon-
ded to the manifold channels. The clamping pressure applied in the measure-
ment setup is sufficient for a leak tight operation.

TEHEX assembly

Two different types of large area TEGs are characterized in the scaled up TEHEX.
Both samples consist of smaller generators connected electrically in series. The
main difference between the applied modules is the total number of thermo-

couples inside the polymer matrix. The geometrical and TE parameters of both
TEGs (labelled MTEG I and MTEG 1II) can be found in Table[B.7lin Appendix[Bl

The TEGs used for measurements are passivated with a 10 um epoxy film.
Nevertheless, electrical breakthroughs have occurred and an additional protec-
tion layer is needed. Therefore, the microchannel base is coated with Al,O3
deposited by e-beam evaporation and additionally covered by Benzocyclobutene
(BCB) applied by spin coating. This double layer ensures a reliable protection
during handling and operation combined with a low thermal interface resistance
(see Tab.[B.8lin App.[Blfor estimated interface resistance values).

Thermal paste is used to reduce the contact resistance between the microchannel
plate and the generator. In order to avoid water leakage, the edges of the
uHTS/TEG/uHTS stack are sealed with silicone.

An assembled single layer TEHEX is shown in FiguredITlIts total
weight is 114g, of which the manifold channels account for 46g and the
TEG/microchannel stack for 68 g.

4.2 Experimental

4.2.1 Small size thermoelectric heat exchanger

The characterization of the 8x8mm thermoelectric heat exchanger was per-
formed in different levels of complexity. The fixture assemblies of the four dif-
ferent test modules are schematically depicted in Figureld12l First, the thermal
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Figure 4.11: Assembled single unit of a large size TEHEX.

and hydrodynamic performance of the ptHTS was analysed (Fig.4.12la)). Second,
a pHTS/uTEG stack (Fig.[.12Ib)) and finally, a TEHEX with one (Fig.4.12lc)) and
two unit stacks (Fig.d.12/d)) were characterized with respect to the thermoelec-
tric net output power. The corresponding systems were mounted in a clamping
fixture and connected to a controlled fluid loop measurement setup.

The uHTS and pHTS/puTEG stack are mounted on a temperature-controlled
heat source, consisting of a resistive heater (platinum meander on Al,O3 sub-
strate) and a BCB-bonded copper block for homogenous heat distribution. The
Cu block temperature is controlled by means of an integrated thermocouple
located at the center of the block. The side surface area of the Cu block exposed
to ambient air is additionally isolated by polyimide in order to minimize thermal
losses through convection. For an improved thermal interface between the Cu
block and the pHTS or uTEG, a thermal paste is used and a constant clamping
pressure of 660 = 30kPa applied. The heat flux through the device is assumed
to be equivalent to the necessary heating power of the resistive heater to hold
a specific steady state condition (convective thermal losses are neglected). The
heat transfer resistance is calculated from the measured heat flux and the applied
temperature difference ATy. The pHTSs are connected to the fluid loop by
a flexible tube at the manifold fluid inlet and outlet. Figure[d.13] shows the
schematics of the cold and hot fluid loop measurement setup for the TEHEX
characterization. Only the cold loop was needed for the pHTS and pHTS/uTEG
stack characterization.

59



4 Fabrication and Experimental

a) UHTS b) UHTS/UTEG stack
P
|11 L
Teow Fluid Fluid
Fluid Fluid Outlet Pressure Sensor Inlet
Outlet ™ Pressure Sensor | et B — 47.
—nems < IR
Copper ® Block LT, Paste ™| @C —
F Heater T opp|e_|r:ate roc *THOT
v—® ( T
v—®
C) Single layer TEHEX d) Double layer TEHEX

RERLERD

VLV, e

Inlet Pressure Sensor Outlet

Fluid Fluid —
Outlet [~ Pressure Sensor | Inlet O
-« -« TCOLD

==, |, IO -
NI RN A — et
Inlet Outlet THOT —
Fi = | [ ..
THOT Outlet

Inlet

Figure 4.12: Measurement fixtures of a) a ptHTS b) a ptHTS/uTEG stack and c) a
single layer and d) double layer TEHEX test module.

The hot and cold water (deionized) flow is controlled by means of two flow
meters (error cold: £1% of reading, error hot: +2ml/min) and gear pumps.
The pressure drop over the uHTSs is measured with differential pressure sensors
(error cold: =+ 0.13 mbar, error hot: £ 1mbar). The cold water inlet temperature
is kept at 293 £ 0.1 K. For the ptHTS/uUTEG and TEHEX system characterization,
the thermoelectric power output is calculated from the measured open circuit
voltage of the U TEG under electrically matched loads and therefore corresponds
to the maximal achievable power output.

The control of the measurement setup and the data acquisition is performed
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Figure 4.13: Schematic view of the cold and hot fluid loop measurement setup.

by a LabVIEW program, Keithley sourcemeters (Keithley 2400) and a data
acquisition board (NI 6259). A measurement duration of 120s and a sampling
frequency of 0.76 s~ 1 are defined as standard acquisition conditions for one data
point under steady state.

The measurement uncertainty was calculated according to ISO/IEC 17025
standards [155]. The resulting standard deviation from the time averaged meas-
urement signals (random error) was combined with measurement equipment er-
rors (systematic errors). The Gauss propagation of uncertainty was used for error
calculations of indirectly measured values. The measurement repeatability of the
clamping structure was tested by multiple mountings of the same pHTSs and
uHTS/UTEG devices. The maximum measured standard deviation errors were
below 5.3 % and 0.52 % for the measured heat transfer resistance Kyrs and open
circuit voltage V., respectively. This measured standard deviations of the clamp-
ing influence are all below the calculated measurement uncertainty plotted as
error bars in the figures.

4.2.2 Large size thermoelectric heat exchanger

The measurement setup for the large size thermoelectric heat exchanger is
provided by greenTEG. Figureld.14l shows the clamping fixture for a single unit
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Figure 4.14: Clamping fixture of the large size thermoelectric heat exchanger.

layer TEHEX.

The temperature of the cold and hot fluid flow is measured directly at the inlet
and outlet of the manifold channels. The volumetric flow rates and the pressure
losses are recorded with an accuracy of £ 0.761/min and 4 60 mbar, respectively.
In order to extract the pressure losses directly over the uHTS, the measurement
setup is characterized without the inserted TEHEX and calibrated correspond-

ingly.

4.3 Conclusions

The fabrication technology of the small size pHTS is based on copper electro-
plating into a SU-8 mould for the microchannels and on micro milling or micro
stereolithography for the manifold distribution channels. The key fabrication
challenges include the fabrication of stress free high aspect ratio moulds as well
as the development of a reliable bonding technique for the joining of copper mi-
crochannels and manifold channels. Microchannel widths and pin-fin structures
with dimensions down to 30 pm and aspect ratios up to 7 and 8.1 are achieved,
respectively.
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4.3 Conclusions

For the scaled up device, two fabrication approaches are evaluated and com-
pared: a bottom-up approach similar to the small size fabrication process based
on electroplating and a top-down approach based on photolithography and etch-
ing. With the first approach, higher aspect ratio channels are feasible, while the
second method benefits from fast and simple processing as well as low fin to
channel ratios and is thus selected for device implementation.

The assembled small and large size devices are mounted in corresponding clamp-
ing structures and characterized in controlled fluid loop measurement setups.
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5 Device Characterisation

Many different sets of parameters influence the performance of the thermoelec-
tric heat exchanger; namely the dimensions of the pHTS itself, the properties and
dimensions of the thermoelectric generator as well as the applied boundary or
working conditions.

The 8 x 8 mm systems are used to investigate and understand the different para-
meter dependencies with the aim of optimizing the overall system’s net output
performance. The goal of the large 9 x 9 cm TEHEX is to show the feasibility of the
device upscaling and to demonstrate its potential for large scale low temperature
waste heat recovery.

5.1 Small size thermoelectric heat exchanger

[fThis section focuses on the investigation and characterization of the most import-
ant TEHEX system parameters. For this purpose, the complex system is divided
into individual subsystems. In the first part, the uHTS itself is characterized with
respect to the system’s dimensions, flow rates and applied temperature gradi-
ents. In the second part, the output performance of the pHTS/uTEG systems
is analysed with regard to the microchannel dimensions of the tHTS, boundary
conditions, UTEG thermal resistance and thermoelectric properties. In the last
section, a complete TEHEX consisting of one and two unit cells is studied. The
advantages of variable thermal resistances are discussed and practical aspects of
thermal resistance matching are evaluated.

5.1.1 Micro heat transfer system

Figureb.Il shows the measured and computed thermal and hydrodynamic
performance of ptHTSs with different microchannel widths relative to the fluid
flow rate. Figureb.I]a) depicts the removed heat flux and Figure[5.1lb) shows the
corresponding heat transfer resistance Kyrs. The heat flux increases strongly
with increasing flow rates, mainly due to the corresponding rise in the heat
capacity rate of the fluid. However, towards higher flow rates, the influence
of the increasing mass flow on the heat flux is limited by the convective heat
transfer. With decreasing channel widths, the heat flux is enhanced mainly due

! The results of the pHTS and uHTS/uTEG system were published in [156] and were reproduced
with permission. Copyright (©) 2013 Elsevier B.V.
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Figure 5.1: Measured (markers) and computed (lines) performance of ptHTSs
with different microchannel widths as a function of the fluid flow rate at an ap-
plied ATy of 5K. a) Heat flux, b) heat transfer resistance Kys, c) pressure losses
and d) pumping power. The uHTS parameters used for measurements and sim-
ulations are found in Tab.[B.2lin App.[Bl(MF I).

to an increase in the convective heat transfer. At smaller microchannel widths,
the thermal boundary layer is thinner and therefore the heat convection inside
the channel is improved. Additionally, the effective heat transfer area per chip is
increased. The heat transfer resistance Kyrs resulting from the measured heat
flux and applied AT is shown in Figure[5.lb). In agreement with the heat flux,
Kprs decreases with increasing fluid flow due to an increase in the heat capacity
rate of the fluid. With the smallest channel size of 35 um, a minimal heat transfer
resistance of 0.175 cm?K/W could be reached at a fluid flow of 0.131/min. The
measured Kprg also includes the interface resistance of the thermal paste located
between the pHTS and the heater. The resistance corresponding to a thermal
paste layer thickness of approximately 25 pm is estimated to be 0.07 cm?K/W.
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5.1 Small size thermoelectric heat exchanger

The pressure losses and the corresponding power necessary to pump the fluid
through the uHTS are plotted in Figureb.dlc) and d), respectively. The pressure
losses increase with larger fluid flows as well as with smaller microchannel
dimensions. The former is a result of an increased hydrodynamic resistance due
to the increased flow velocity. The latter can be explained by larger shear forces
induced by an increased surface area to volume ratio.

The experimental results are in good agreement with the simulation results.
The measured thermal properties (Fig.5.Ila) and b)) show minor deviations with
respect to the computed values. These deviations can be attributed to slight
variations of the thermal paste layer thickness, since the exact thickness is hard
to control. The deviations of the pressure losses and pumping power from the
computed values (Fig.5Tlc) and d)) can be explained by the limited fabrication
accuracy of the device. Especially the connecting slots between the top manifold
layer and bottom microchannels are likely sources of geometric variations, due
to the bonding and slot release processes (see Sec. LTI MF I).

In order to quantify the influence of the boundary conditions on the thermal
and hydrodynamic properties of the uHTS, the fluid inlet temperature and the
heater temperature were varied as well. By increasing the fluid temperature, an
improvement of the overall system performance was observed. As a result of an
inlet temperature increase of 2K (T}, =295K), the Kyyrs measured at a fluid flow
of 0.041/min decreases by 6 % and the pumping power by 7 % (averaged over
3 different samples). The reduction in Kyrs originates from the increase of the
thermal conductivity of the fluid, resulting in an increased thermal convection
at the microchannel walls and thus reduced convective resistance. The higher
inlet temperatures of the fluid also reduce the mean fluid density and mean fluid
kinetic viscosity. This decreases the hydrodynamic resistance, leading to a smal-
ler pressure drop and consequently smaller pumping powers. The same trend is
observed when the heater temperature is increased. However, the effect is less
pronounced, since the fluid is heated up indirectly. In this case, an average im-
provement of 1% of the heat transfer resistance and 6 % of P, was measured for
a heater temperature increase by 10K (Tj,,; = 308 K) and a fluid flow of 0.041/min
(averaged over 3 different samples). The measurement results demonstrate an
improved thermal and hydrodynamic ptHTS performance at higher operation
temperatures. However, the influence on the pHTS parameters is rather small
in the limited ranges of the investigated temperatures. Additionally, due to the
measurement uncertainties, the given changes should be regarded as qualitative
trends.
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UHTS design optimization

[|As the 3D FEM simulations of the microchannel unit cell have shown in Sec-
tion3.2.4] microchannels with integrated microstructures and an optimized flow
path can enhance the thermal and hydrodynamic performance of the pHTS. In
order to validate the simulations, ptHTSs featuring microchannels with different
microstructures and spacings as well as manifolds with rounded nozzles are
characterized.

In Figure[5.2] the measured heat transfer resistance Kyrgs is plotted with respect
to the corresponding pressure losses for four different ptHTSs. The fluid flow rate
is swept between 0.02 and 0.121/min in steps of 0.021/min. Table[5.Tladditionally
summarizes the performance of all measured devices relative to the unstructured
reference sample at a fixed fluid flow rate of 0.11/min.

Table 5.1: Relative ptHTS performance with respect to the unstructured sample
measured at a flow rate of 0.11/min.

Sampel Type Microstr. Pitch  AKpyrs Ap

[pm] [%]  [%]
Pin-fins 390 -17 19
Pin-fins 195 -22 32
Pin-fins 130 -21 38
Protrusions 390 -5 3
Protrusions 195 -8 16
Protrusions 97.5 -12 34
Pin-fins+nozzle 390 -18 -8

Both results confirm the trends showed in the simulations. All measured devices
result in a reduction of the heat transfer resistance, represented by a downwards
shift of the coloured lines compared to the black line. The simultaneous increase
in pressure losses (shift to the left side) caused by the introduced microstruc-
tures could be effectively counterbalanced by the rounded manifold inlet/outlet
nozzles (dashed dark red line).

The slight increase in Kyrg of the measured samples compared to the simula-
tion data (see Fig.[3.16)) can be attributed to the thermal paste between the pHTS
and the copper block (see Fig.4.12b)) that introduces an additional thermal inter-
face resistance (estimated to be 0.07 4+ 0.02 cm?K/W corresponding to a thermal
paste thickness of 2545 um). Furthermore, the effective microchannel dimen-
sions, in particular the microchannel height, might slightly vary from the values

! The major part of the pHTS design optimization content was published in the proceedings of
Transducers 2013 [151] and was reproduced with permission. Copyright (© 2013 IEEE.
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Figure 5.2: Measured heat transfer resistance Kyrs and corresponding pressure
losses of different uHTSs as a function of the fluid flow rate at and applied
ATy =5K. The ptHTS parameters used for the measurements are found in Tab.[B.4]
(microchannels) and in Tab.[B2](MF II) in App.[Bl Copyright (©) 2013 IEEE.

used in the simulations. This is mainly due the change in the bonding process
(Sec.E10) and possible variations of the channel height related to fabrication tol-
erances. The increase in pressure losses of the measured pHTSs compared to
the computed unit cell results from the additional pressure drop inside the man-
ifold distribution channels (not modelled in the 3D-FEM simulations) as well as
a larger nozzle height and reduced effective channel heights. The deviations in
manifold dimension and corresponding boding process (MF II instead of MF I)
is also a reason for a pressure loss increase compared to the pHTSs characterized
in the section above (Fig.5.I). Additionally, potential influences from microscale
effects, such as an increased surface roughness introduced by the copper etching
step, must also be kept in mind (see Sec.B.2.1).

5.1.2 uWHTS/UTEG system

In order to evaluate the optimal pHTS/uTEG system performance, the influence
of the working conditions, the microchannel widths, the W'TEG thickness and TE
properties were investigated.
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5 Device Characterisation

Influence of working conditions

Figure5.3la) shows the measured Seebeck voltage and the output power of
the pHTS/uTEG system with respect to the applied temperature gradient and
different fluid flow rates. In FigureB.3Jb), the corresponding net output power is
depicted. The slope of the Seebeck voltage (solid line) increases with increasing
flow rates, i.e. decreasing heat transfer resistance Kyrg, due to an increased
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urements of the ptHTS/UTEG system and b) net output power as a function of
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5.1 Small size thermoelectric heat exchanger

heat flux and therefore larger actual temperature gradient across the generator.
However, the differences in the slopes are relatively small. This is due to a large
UTEG thermal resistance of 5.1cm?K/W compared to the Kpyrs variations of
AKprs =0.37 cm?K /W, thus resulting in a small influence of the overall heat
transfer. Correspondingly, the differences in the UTEG output power (dashed
lines) show only small deviations between different flow rates. The specific
influence of the Krrg to Kyrg ratio and the associated thermal matching will be
discussed in more detail in Section[5.1.21

If the consumed pumping power is subtracted from the output power
(Fig.5.3lb)), the influence of the flow rates increases significantly. Larger flows,
consuming higher pumping powers, need higher temperature gradients to
achieve a positive net output power. However, their slopes are steeper and
therefore, at larger applied AT, higher flow rates outperform lower ones. The
transition points for this system are marked in the graph by vertical dashed lines
(point 1 and 2). This means that the system performance can be adapted to dif-
ferent operating conditions by varying the fluid flow rate. For operating condi-
tions with small temperature gradients, small flow rates, i.e. large heat transfer
resistances and small pumping powers, are advantageous. With increasing tem-
perature gradients, the flow must be increased in order to track the maximal net
output power of the system.

Influence of microchannel dimensions

As discussed in SectionB.1.1] a decrease in the microchannel width reduces the
heat transfer resistance and increases the consumed pumping power of the pHTS.

The influence of the microchannel dimensions on the Seebeck voltage and the
net output power of the generator is plotted for different flow rates in Figure5.4l
A reduction in channel width directly leads to an enhancement of the actual
temperature gradient across the uTEG and therefore an increase in the uTEG's
performance. However, in the investigated dimension range, the impact of
a reduced microchannel width on the Seebeck voltage (and output power) is
smaller than the influence of the fluid flow rate. This can be explained with
the smaller difference in the heat transfer resistance Kyrg, also illustrated in

Figure[5.1lb).

When the net uTEG output power is considered (Fig.5.4]b)), the positive effect
of smaller microchannel width is counterbalanced by the simultaneous increase
in required pumping power Pp. Therefore, at higher fluid flow rates, where
higher pumping powers are needed (e.g. black lines at V' =0.11/min), P, out-

71



5 Device Characterisation

D
~

()
iy
o

=2

~
o

W
w
o
(6}

ZT,, = 0.047
PF,, = 1.4E-5 WK’

W
N
o
EN

w
o
o
N

L
+ -
K
-

pa —e— V = 0.02 l/min, K,;s= 0.48 cm’K/W

Seebeck voltage [mV/cmz]
Q
o

e
4
4

----- Meas. / Sim. w,, = 60um
m/——Meas. / Sim. w,, = 80uym

N

©

S
~
2

Net TEG output power [mW/cmZ]
- &)

/ — =V = 040 Umin, K.yo= 0.1 crK/W
280 0
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 20 40 60 80 100
Fluid flow [\min] Channel width [um]

Figure 5.4: a) Measured (markers) and computed (lines) Seebeck voltage of the
uHTS/ uTEG system for different microchannel widths versus the fluid flow rate.
b) Measured and computed net output power as a function of the microchannel
width for different fluid flow rates at a ATy of 30 K. The uTEG (STEGI) and uHTS
(MF I) parameters used for measurements and simulations are found in Tab.[B.5
and Tab.[B.2lin App.[B] respectively.

weighs the reduced Kyrs for small microchannel widths, and larger channel
widths yield better net power results. With decreasing flow rates the optimal
channel width shifts towards smaller microchannel dimensions. At ATy =30K,
a fluid flow of 0.041/min and a channel width of 50 um results in the maximal
net output power. Considering the decreasing relative influence of the pumping
power for increasing temperature differences applied, the impact of a reduced
KgTs will be more pronounced at higher ATy. According to simulations, at an ap-
plied temperature gradient of 90 K, the maximal net power output is reached for
this system with a channel width of 35 um, at a volumetric flow rate of 0.06 1/ min.
Therefore, by knowing the steady state operating conditions of the system, a cus-
tom microchannel design can be applied to achieve an optimal output perform-
ance.

Influence of UTEG thermal resistance

As shown in Figure[5.3]a), the influence of the varying heat transfer resistances, i.e.
varying fluid flow, on the uTEG output power is small. This can be attributed to
the fact that the thermal resistance of the LTEG is significantly larger than the vari-
ation in the heat transfer resistance of the tHTS for this specific set-up. To invest-
igate the effect of smaller differences in thermal resistance, the pTEG thickness is
reduced in two consecutive steps. The measurement results and corresponding
simulations are summarized in Figure5.5l The Seebeck voltage decreases with
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Figure 5.5: Measured (markers) and computed (lines) a) Seebeck voltage and
b) output power of the pHTS/UTEG system as a function of the pTEG
thickness at an applied ATy of 30K and a w., =35um. The uTEG thermal
resistances are Krpc (90 um)=2.1cm?K/W, Krgc (145 um)=3.4cm’K/W and
Krec 215 um) =5.1cm?K/W. The total contact resistance K., lies between
0.55cm?K/W (0.11/min) - 0.92cm?K/W (0.021/min). The uTEG (STEG I) and
pHTS (MF I) parameters used for measurements and simulations are found in
Tab.[B5and Tab.[B2lin App.[Bl respectively.

decreasing uTEG thickness as well as with reduced flow rates (Fig.5.5a)). This
is a direct consequence of the reduced temperature gradient across the generator.
Under constant heat flux assumptions, the Seebeck voltage of a generator can be
expressed in a simplified model by inserting Eq.B.18in Eq.3.8]

KtEg

Voe=mao———"—
o KTEG + Keon

ATy (5.1)
where K¢y, is defined as the sum of all thermal contact resistances, including the
heat transfer resistance of the ptHTS Kp7s and the interface resistances Kiyter face
at both sides of the TEG (electrical passivation and thermal paste, see Fig.L.12b)).
Each Kipserface is estimated to be approximately 0.22 cm?K/W, resulting in a
total contact resistance Ko, between 0.55 cm?K/W (0.11/min) and 0.92 cm?K/W
(0.021/min). At a uTEG thickness below 50 pum, the slope of the Seebeck voltage
is very steep, since the pfTEG thermal resistance is smaller than the total contact
resistance (Ktgg < Keon ). Therefore, a small increase in the uTEG thickness results
in a relative large increase in ATrgg. With increasing thicknesses (Krrg > Keon),
the curve becomes progressively flat due to the reduced influence of the yTEG
thickness on ATtrs. At the same time, the influence of varying Kyrs becomes
smaller with increasing WTEG thickness, which is indicated by the smaller
spreading of the Seebeck voltage measurements for the different fluid flows.
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This effect is more pronounced for the uTEG output power (Fig.5.5b)), where
the Seebeck voltage is squared (see Eq.3.19). The uTEG output power also
increases with increasing LTEG thickness, it reaches a maximum and decreases
again. In the first section, the power increase is again attributed to the increase
of ATTpg. At the maximum point, the thermal resistances of the pTEG and the
sum of the contacts are approximately matched (see Sec.3.1.4). On the right side
of the maxima, the negative influence of the increased electrical resistance of the
generator dominates over the increase in the Seebeck voltage. With an increased
applied fluid flow, i.e. reduced Kprg, the point of maximal output power shifts
towards higher values and smaller uTEG thicknesses. A reduced heat transfer
resistance results in higher AT7rs and smaller uTEG thicknesses to achieve
thermally matched resistances (see Sec.38.1.5).

For each temperature operating point of the system, an optimal uTEG thick-
ness can be defined to maximize the power output. For applications with lower
AT available, where smaller fluid flows can be applied to reach the maximum
net output power, the optimal UTEG thickness is around 90 um. With increasing
external temperature gradient and therefore increasing required fluid flows for
optimal power exploitation, the uTEG thickness can be reduced even further.
The presented optimal pTEG thicknesses are specific values for the n'TEG used
in this study. Changes in thermal and electrical properties of the generator will
result in a shift of the maximal power points to different uTEG thicknesses.

Small thicknesses enabled by the very low heat transfer resistance of the pHTS
are of particular interest for waste heat recovery. For example in industrial heat
exchanger systems, where high heat fluxes are required to sustain the necessary
heat dissipation, a low thermal resistance of the generator is favourable. Addi-
tionally, a reduced pTEG thickness brings the advantages of smaller material and
fabrication costs, as well reductions in system size and weight.

Influence of UTEG thermoelectric properties

In order to investigate the influence of the generator’s TE properties on the
performance of the uHTS/uTEG system, different TEGs were mounded in the
measurement setup and compared to each other. In addition to the above ap-
plied STEG I, two other generators provided by greenTEG and two commercial
available modules (Laird Technology, Nextreme) are integrated and character-
ized. The uTEG TE and geometric specifications can be found in Table[B.5 in
Appendix[Bl FigureB.6] shows the net output power per active uHTS area for
the different uTEGs as a function of the applied temperature gradient. The
STEG II/1III originate from a different fabrication generation than STEG I, where
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Figure 5.6: Measured net output power of W”TEG/uHTS with different TE mod-
ules as a function of the applied ATj at a fluid flow rate of 0.071/min and
W, =35 pm.

the thermoelectric material properties, the matrix material and the contacting
process have changed.

Although having a slightly smaller module ZT,,, mainly due to the signi-
ficantly reduced TEG thermal resistance Krpg, STEG II outperforms STEG L
The STEG II performance improvement can be attributed to the higher module
power factor PF,, in particular the reduced electrical resistance. This confirms
the conclusions drawn in SectionB.1.5] where the reduced impact of the material
thermal conductivity on the output performance of TEG systems with small
thermal coupling resistances is shown. The increase in net output power of the
STEG III compared to STEG II is a result of an enhanced Seebeck voltage and
thus higher PF,,.

The commercially available Laird TEG (OT20) is a standard Pelier module with
a total thickness of 2.18 mm and therefore significantly higher thermal resistance
than the remaining TEGs (approx. 6.7 x higher than STEG III). Therefore, the net
output increase compared to the STEGs can be accredited to the much higher
ZT,, mainly due to the very large Krgg, as well as to a slightly larger TEG
footprint.
The thermoelectric generator provided by Nextreme (HV56) is based on supper-
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lattice thin film materials [24] and is optimized to provide power for high heat
flux applications (>20 W /cm?). The company claims to have the highest output
power density. With the largest ZT,, and PF,, it is the best performing device
within the investigated modules. It is important to note that the total footprint
of the Nextreme generator is 4.8 x smaller than the one of the STEGs. If the net
output power is calculated per active uTEG area instead of per active pHTS area,
the power is further increased as shown by the dotted line in the plot (funnelling
effects are neglected).

The impact of all TE and geometric parameters on the net output power of the
large size TEHEX will be systematically discussed in Section[6.1]

5.1.3 Thermoelectric heat exchanger

[In the final investigation of the small 8 x8 mm system, the entire TEHEX is as-
sembled in a single and double layer thermoelectric unit stack and characterized
with respect to the applied thermal gradients and fluid flow rates.

Figure[.7] shows the measured (markers) and computed (lines) pTEG output
performance for a single layer thermoelectric heat exchange system. In Fig-
ure[5.7la), the y”TEG output power is plotted as a function of the varying cold and
hot fluid flow rates for an applied ATy of 30 K. Analogous to the above discussed
uHTS/uTEG system, the total output power increases with increasing flow due
to a reduction of the heat transfer resistance Kyrs. When the pumping power
is subtracted, an optimal flow rate can be found (Fig.5.7b)). In Figure5.7lc), the
Seebeck voltage and in d), the net output power are plotted with respect to the
flow rates for fluid inlet temperatures differences between 10K and 60 K. Unlike
in Figure[5.3] the effect of the fluid flow rates on the Seebeck voltage is more pro-
nounced. This originates form two main facts: First, the ptHTS is used for heat
supply and dissipation at both sides of the TEG. Therefore, the fluid flow has
a double impact compared to the one-sided system before. Second, the applied
UTEG has a smaller thermal resistance K1gg and thus the relative influence of the
nHTS is enhanced (see Fig.5.5). At the lowest applied AT of 10K, no positive net
power can be reached with this system, since the pumping power outweighs the
uTEG output (Fig.5.71d)). Thus, there is a critical minimal temperature difference,
where the TEHEX can be applied in order to produce a net gain. With increasing
ATy, the power gain and the optimal flow rate are increasing.

1 The main content of this section was published in [157] and was reproduced with kind permission
from Springer Science and Business Media.
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Figure 5.7: Measurements (markers) and simulations (lines) of a single layer
small thermoelectric heat exchange system. a) Total and b) net output power
at different hot and cold fluid flow rates for a fluid inlet temperature difference
of ATy=30K. c) Seebeck voltage and d) net output power for different ATy and
different fluid flow rates, where the hot and cold flow rates are equal. The
pHTS and uTEG parameters used for the experimental measurements and cor-
responding simulations can be found in Tab.[B.5] (STEG IV) and Tab.[B2] (MF I
with w,;, =45 um) in App.[Bl

Figure[5.8| shows the total and net output power of a double layer system
in dependence of the applied fluid inlet temperature difference for different
fluid flow rates. The power output was approximately doubled compared to a
single layer system. The slight differences in the performance result from not
identical system parameters, since different TEGs and double sided heat transfer
systems are used. The reduced manifold channel height in a double sided tHTS
(limited by the fabrication process) caused a significant increase in pumping
power, showing its biggest impact at low temperatures and high flow rates. On
the other hand, the improved net power at higher temperatures is a result of the
higher Seebeck coefficient of the pTEGs used.
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Figure 5.8: Measurements (markers) and simulations (lines) of a small double
layer TEHEX. a) Total and b) net output power for different fluid flow rates
with respect to the applied ATyp. The pHTS and UTEG parameters used for
the experimental measurements and corresponding simulations can be found in
Tab.[B.5] (STEG V) and Tab.[B.2 (MF I and MF 1I for the double sided pHTS with
W, =45 pm) in App.[Bl

The measurement results are in good agreement with the computed values.
The present deviations might be attributed to inaccuracies in dimensions and
properties of the tHTSs and uTEGs, potential changes in Ky ey face and a possible
increased error of the fluid flow measurements caused by the operation outside
the specified temperature range (for ATy =60 K only).

5.2 Large size thermoelectric heat exchanger

Two different types of large area TEGs with a different ratio of active thermoelec-
tric area (see Tab.[B.Zlin App.[B) are characterized in the scaled up thermoelectric
heat exchanger unit (see Sec.4.2.2 for experimental settings).

Figure5.9] shows the output characteristic and the corresponding simulations
of the first TEHEX (featuring MTEG I with a active TEG area of 20 %) as function
of the hot and cold fluid flow rate at an applied ATy of 50K. With increasing
flow rates, higher Seebeck voltages and powers can be reached (Fig.59]a) and
b)). However, the large pumping power caused by high pressure losses at the
hot side uHTS significantly reduces the systems net performance, in particular
at higher fluid flow rates (Fig.59b)). A maximal net power is found at a hot
and cold flow rate of around 21/min. The large pressure losses are a result of a
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Figure 5.9: Measurements (markers) and simulations (lines) of the large size TE-
HEX I. a) Seebeck voltage b) output power c) pressure losses and d) net output
power as a function of the fluid flow rate at a fluid inlet temperature difference
of ATy=50K. The uHTS and TEG parameters used for the experimental meas-
urements and corresponding simulations can be found in Tab.[B.Z] (MTEG I) and
Tab.B.6] (MFy,; I) in App.Bl

too small manifold channel height at the hot side and therefore the occurrence
of turbulent flow (Re >>2300). This is also the reason for large model deviations,
since turbulent flow is not taken into account in the 1D model.

Figure[5.10la) shows the temperature difference between the inlet and outlet of
the uHTSs. The larger heat absorption at the cold fluid side can be explained by
the 20 pm reduced microchannel width (see Tab.[B.6). The resulting calculated
heat flux through the heat exchanger ranges from 400 to 520 W (increases
with increasing flow rate). In Figure[5.I0b), the temperature change inside the
manifold inlet channels are plotted. At the hot pHTS side, a slightly higher
temperature difference is measured. On one hand, this can be explained by
the decreased convective resistance K., due to shorter manifold channels and
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Figure 5.10: Measurements (markers) and simulations (lines) of temperature
changes inside the TEHEX I with respect to the fluid flow rate. Temperature
change between a) the fluid inlet and outlet and b) the fluid inlet and the end of
the manifold inlet channel.

higher thermal conductivity of the fluid, and on the other hand by the difficult
geometric placement of the thermocouple. Although the measured temperature
difference is smaller than 2K within the investigated flow and temperature
range, this parasitic temperature change can influence the device performance,
especially at lower flow rates.

Figure[B.I1la) shows the computed temperature gradients with respect to the
fluid flow rate at four different points along the TEHEX cross-section: the fluid
inlet AT, the effective average inlet AT;, after heat exchange inside the manifold
channels, AT, at the bottom of the microchannel base and AT7g¢ directly across
the generator. The temperature gradient drop from AT;, to AT, occurs at the
uHTSs (Kyrs_, =0.56-1cm?K/W, Kyrs , = 0.52-0.96cm?*K/W) and from AT,
to ATrgg at the interface (estimated Kjpuperface =1.1 cm?K/W, see Tab.B.S for
exact composition). The influence of the heat exchange inside the manifold
channels causing the effective inlet temperature gradient AT;, to decrease is
small compared to the temperature gradient drops produced by the ptHTS and
at the interfaces to the TEG. However, at a flow rate of 11/min, the effective inlet
temperature is reduced by approximately 2.2 K and its effect can therefore not be
neglected.

The total thermal contact resistance adds up to 2.2-3.1 cm?K /W, which is still
smaller than the total generators resistance of 3.7 cm?K/W. Consequently, the
TEG thickness should be further reduced.

For the second characterization run, an improved pHTS design, a decreased
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Figure 5.11: Simulated temperature gradients at four different points of the
TEHEX with respect to the fluid flow for a) TEHEX I and b) TEHEX II. At smal-
ler fluid flow rates, the impact of the heat exchange in the manifold channels is
clearly visible (dashed line).

thermal interface resistance and a generator with higher active TE area is used
(see MTEG II in Tab.[B.Zlin App.[B] active TEG area of 51 %). The main redesign
of the pHTS concerns the increase in manifold height at the hot fluid side. The
interface resistance is lowered by depositing thinner passivation layers and
using a thermal paste with higher conductivity.

The characterization results of the TEHEX II are summarized in Figure[5.12] With
the increase of the active TE area form 20 to 51 % and lowered thermal interface
resistance, a significantly higher Seebeck voltage and output power could be
reached. The decrease in pumping power enabled by the higher manifold chan-
nels improved the net performance and shifted the optimal flow rates to higher
values. In Figure5.Tdlb), the simulated temperature profile across the second
TEHEX is depicted. With an increased number of TC inside the polymer matrix,
the generators thermal resistances Krrg is reduced thus the effective thermal
gradient across the TEG decreased. However, the smaller temperature gradient
is compensated by the larger amount of TC and a smaller electrical resistance
of the TEG. Additionally, the combination of a lower Krgg (2.7 cm?K/W) and a
total contact resistance K., between 1.9 and 2.8 cm?K/W brings the TEHEX II
closer to a thermally matched system.

In the optimal case where the active TEG area would be covered 100 % by TCs,
the thermal resistance of the generator with the same thickness would reduce
further to approximately 2cm?K/W. This would potentially result in matched
system even at higher fluid flow rates.
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Figure 5.12: Measurements (markers) and simulations (lines) of the large size
TEHEXI. a) Seebeck voltage b) output power c) pressure losses and d) net out-
put power as a function of the fluid flow rate at a fluid inlet temperature dif-
ference of ATy=50K. The uHTS and TEG parameters used for the experimental
measurements and corresponding simulations can be found in Tab.[B.Z (MTEG
IT) and Tab.[B.6l (MFy,; 1) in App.[Bl

In order to evaluate the performance of the large size heat transfer system it-
self and better compare the TEHEX to state of the art devices, the thin film TEGs
provided by greenTEG where exchanged with four 4 x4 cm commercial TEGs
(Eureca, see Tab.B.Zin App.[Bl for details). Same pHTSs (Tab.[B.6] (MFy; II) in
App.[B) and boundary conditions (AT, = 50 K) were used as in the second charac-
terization run. At a cold and hot fluid flow rate of 51/min, a Seebeck voltage of
11.6 £0.25V, corresponding to a total and net output power of 4.92 +0.23 W and
4.76 £ 0.24 W was measured, respectively. This significantly higher output power
of the TEHEX with commercial TEGs compared to the ones with thin film TEGs
mainly results from reduced electrical resistance of the four TEGs connected in
series (4x 1.7 Ohm).
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5.3 Conclusions

The net output performance of two differently sized TEHEX are characterized
with respect to the applied boundary conditions, flow rates and system dimen-
sions.

With the small size system, heat transfer resistances between 0.17-0.88 cm?K/W
at corresponding low pumping powers of 6.8-0.06 mW /cm? are achieved. It
is shown that by introducing high aspect ratio pin-fin structures inside the
microchannels and combining it with an optimized fluid flow path, a further
reduction of the heat transfer resistance and pressure losses can be reached at the
same time.

Due to the coupled influence of TEHEX system parameters and boundary
conditions, the net output performance can be optimized for different operating
conditions by a careful design of the microchannels, an adaptation of the
generator thickness and by applying an optimal fluid flow rate. A trade-off must
be made between a low heat transfer resistance, i.e. a high effective temperature
gradient, and the consumed pumping power. At smaller operating temperature
differences, the impact of the pumping power outweighs the reduced Kyrs and
thus smaller flows, wider channels and thicker TEGs lead to higher net powers.
With a larger temperature gradient applied, the influence of the consumed
pumping power decreases and the optimal flow rate increases, whereas the
optimal microchannel width and generators thickness decrease as well.

The two layer small size TEHEX system reach up to 75mW /cm? total power
and 63 mW/cm? net power at AT, of 60 K. With a device height of 4.7 mm, this
results in an absolute and net volumetric efficiency factor (VEF) of 44 W/m3K?
and 37 W/m3K?, respectively.

Two different designs of the scaled up TEHEX are successfully integrated and
characterized. For the second TEHEX with improved design, a maximal output
power of 0.53W and a net power of 0.44 W is reached at an optimal fluid flow
rate of 41/min and an applied temperature gradient of 50 K. The corresponding
total and net VEF reached are 3.1 W/m%K? and 2.6 W/m3K?, respectively. If
the fact is considered that only 51 % of the generator area is containing TC, the
VEF for 100 % active area reaches 6.15W/m3K? total and 5.1 W/m3K? net power,
respectively. The large decrease in VEF compared to the small size TEHEX
mainly lies in reduced TE performance of the TEGs (different PF;, per area),
higher total contact resistance due to larger microchannels and thicker interfaces,
and a less compact system caused by the upscaling of the manifold channels.
The large size TEHEX with integrated commercial TEGs reaches a total and
net VEF of 23.3W/m%K? and 22.5W/m%K?, respectively, due to the improved
thermoelectric properties of the applied generators.
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Figure[5.13] compares the presented results with data reported in literature.
The small size TEHEX outperforms the best reported system by a factor of 4.8.
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Figure 5.13: Volumetric efficiency factor VEF as a function of the applied fluid
inlet temperature difference comparing published TEHEXs with results achieved
in this work (marked with underlined labels).

The scaled up TEHEX also features the highest net VEF among the compared
systems, despite the low TE performance of the TEGs applied.

The experimental results are in good agreement with the simulated small and
large size system behavior. The validated 1D model can therefore be used for
further system analysis and optimization in order to demonstrate its maximal

potential.
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In this chapter, the validated model described in Chapter[lis applied for a system-
atic analysis and optimization of the characterized thermoelectric heat exchanger.
Additionally, a case study is presented, where an estimation of the output per-
formance and cost effectiveness for waste heat recovery in a marine propulsion
engine is given.

6.1 Simulation results

In the first part of this section, the impact of individual TEG and uHTS paramet-
ers on the net output power and net VEF at an applied temperature gradient of
50K are discussed. The second part deals with an overall system optimization
with respect to the operating conditions.

The following system parameters are used and assumptions are made for the
subsequent simulations:

e Same or similar TEG and uHTS parameters as in the 2"¢ large size TEHEX
are used as standard simulation values (see Tab.[B9 col. 1 in App.B)

A TEG with 100 % active area is used

1 periodic unit of the TEHEX is simulated

uHTS dimensions are set identical for the hot and cold side (for Sec.[6.1.1]
only)

e Matched electrical load for maximal power output according to Eq.3.24]

e Pump efficiency and losses at the connecting supply tubes are neglected

6.1.1 Impact of individual parameters

Figure[6.I] shows the influence of the microchannel width, TEG height and See-
beck coefficient on the net TEG output power with respect to the fluid flow rate.
In Figurel6.2] the impact of most relevant system parameters on the net VEF is
shown. In order to visualize the impact of the individual parameters, only the

85



6 Thermoelectric Heat Exchanger Simulations

o
=

5 1.2 T T
s * - | — Weh = 100pm
NE 4 : — E 1| === wch=200um
& < S 5 —== Weh = 300pm
© 3.5 015 2 — Wen = 400
o @ 'ch Hm | .
= 3 % 308} ... Weh = 500pm
o a g
7} ()] =
2.5 0.1

£ £ 3Zos
[
g 2 52
§ 15 10.05 %0_4 ]
i l, °
o Weh = 200pm | PF,_=4.7E-3 W/K*
g . . Ll & e

0 2 3 4 5 6 0 1 2 3 4 5 6

Hot flow rate [I/min] Fluid flow rate [I/min]

o
o

08 ‘ ‘ ‘ ‘ 25 ‘ ‘ ‘
— i alpha = 100 - 340pV/K
% 0.7} g,
g 5
g 061 B
o 815
2 osf 5
go 3
3 3 alpha |
g 04} @
3 oal % 05

’ z
0.2 - - - - - 0 . H ; ; H
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Fluid flow rate [I/min] Fluid flow rate [I/min]

Figure 6.1: TEHEX unit simulations of the large size device with respect to the
fluid flow rates and different system parameters at a fluid inlet temperature differ-
ence of ATy =50K. a) Heat transfer resistance and corresponding pumping power.
Net output power as a function of b) the microchannel width, c¢) TEG height and
d) the Seebeck coefficient.

parameter of interest is varied, while the remaining ones are kept constant ac-
cording to Table[B.9]lin Appendix.[Bl

In Figure[6.Ila), the total heat transfer resistance Kyrs (sum of cold and hot
side) and corresponding pumping power are plotted against different cold and
hot fluid flow rates. The corresponding computed heat transfer coefficients
vary from 1.1x10* to 1.58x10* W/m?K at the hot side and from 1.06x10* to
1.44x10* W/m?K at the cold side, respectively. In Figureb), the influence of
the microchannel width on the net power is depicted. With decreasing channel
widths, the net power increases and the optimal fluid flow rate shifts to lower
flow rates, analogous to the small size ptHTS/uTEG system in Section5.1.2] For
the simulated TEHEX design and applied ATy, the best performance is expected
with a channel width of approximately 60 um. However, the implementation of

86



6.1 Simulation results

such small channel widths has the disadvantage of potential channel clogging,
apart from fabrication related challenges.

In Figurel6.Ilc), the impact of the TEG height on the net power is shown. With
increasing height and thus increasing TEG thermal resistance, the optimal flow
rate will be reduced, i.e. the contact resistance increased. An enhanced Seebeck
coefficient (Fig.[6.Ild)) will significantly increase the net power and shift the
optimal fluid flow rate to higher values due to a reduced impact of the pumping
power.

Figure[6.2la) and b) show the relative change of the net VEF with respect to the
variation of the parameter of interest from the standard values for the TEG and
uHTS, respectively. For this impact comparison, the maximal achieved net value
at the optimal flow rate is used. According to the conclusion in Section3.1.5]
the impact of the thermal conductivity is reduced compared to the electrical
resistivity of the TE material. The influence of the spacing s between the TC
has a significant effect on the geometric parameters of the TEG. The plot also
shows that for a set distance of s =300 um, not smaller, but large TC diameters
will improve the performance. For the pHTS parameters (Fig.[6.2lb)), mainly
a reduction of the microchannel width, the fin to channel ratio and manifold
height as well as an increase in microchannel height would lead to a further
system improvement. The decrease in manifold height, however, is strongly
limited by the occurrence of turbulent flow and consequently incorrect model
predictions (see Fig.[5.9c)). A further reduction of the interface resistance would
also significantly enhance the overall performance.
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Figure 6.2: Relative change of the net VEF with respect to the variation of the
parameter of interest from the standard values (see Tab.[B.9) for a) the TEG and
b) the uHTS at a ATy =50K.

87



6 Thermoelectric Heat Exchanger Simulations

The graphs show that the geometric parameters of both, the TEG and especially
the uHTS, already are designed close to an optimal system. This design, com-
plying with the current fabrication process constraints, results in very low heat
transfer resistances and an approximately thermally matched system. Therefore,
an enhancement of the figure of merit ZT or in particular of the power factor PF
of the TEG is showing the largest effect on the TEHEX performance.

In Table[6.I] an overview of the major interdependencies or optimization trends
of the TEG and pHTS geometric parameters for a maximal net performance of the
TEHEX is given. Since the impact of the TE material properties are clear form the
definition of ZT (see Eq.3.2), they are omitted in the table.

Table 6.1: Overview of the major interdependencies or optimization trends of the
TEG and pHTS parameters and operation conditions in order to maximize the net
performance of the TEHEX. f(x) stand for the dependency and 1} for the trend of
the optimal parameter value of x.

‘ Name Symbol Trend
TEG length ITEC f(AT(),S,ch,)\)
TEG TC diameter drc f(ATo, s, ZTEG/)‘)
TC distance s ij3
inactive/active mat. AV f(ATy,s,A)
microchannel width Wine f(ATy, hyne, X)
microchannel height Rine i
HTS fin/channel ratio X [k
. nr. of manifold channels N f(ATy, paray)
manifold channel height 1,4, f(ATy, parame)
manifold channel base Loz ij2
Operating | hot side flow rate Veold f(ATy, paraymrs)
conditions | cold side flow rate Viot f(ATy, parayurs)

6.1.2 System level optimization

Since the optimal parameters are dependent on the applied boundary condition
as well as on each other, a combined parameter optimization to find the best
overall design is necessary.

Figure[6.3] shows an example how the optimal flow rate and TEG thickness
can change for three different temperature gradients applied. As a comparison,
the effect on the TE conversion efficiency 1 (Eq.B.I0) is added to the graph
(right side axis). With increasing ATy applied, the maximal net output power
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Figure 6.3: Effect of the TEG thickness and applied fluid flow rate on the net
output power (dark green lines) and thermoelectric conversion efficiency (light
green lines) of the TEHEX for three different fluid inlet temperature differences
ATy.

point (marked in the figure) shifts towards higher fluid flow rates and thinner
TEGs. The optimal TEG thickness results from the matching of the TEG thermal
resistance Ktgg with the sum of all the contact resistances Ko, (see Sec.B.1.4).
Due to an increase in the optimal flow rate with increasing thermal gradients
and corresponding reduction of the cold and hot heat transfer resistances, the
optimal TEG thickness decreases as well. This influence on the optimal TEG
thickness can be explained by the decrease in thermal coupling resistance Koy
with respect to Krgg (see Eq.3.30).

The thermoelectric conversion efficiency continuously increases with rising fluid
flow rates and thicker TEGs. The influence of the TEG thickness on 7 is a result
of an increase in the ratio between ATt across the generator and the externally
applied ATy (refer to Eq.B.30/and Fig.[3.8 for further details). A # of 0.25% at a
flow rate of 61/min and a ATy of 80K corresponds to a second order efficiency
of 1.7% (Eq.BII). This low efficiency value has three main reasons: (1) low
temperature operating ranges, (2) relatively low material and module ZT and
PF and (3) low generator thicknesses for maximal power output. This shows
that efficiency is not a suited measure for system optimization or comparison in
low temperature thermoelectric waste heat recovery.
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In Figurel6.4] the combination of the optimal values with respect to the applied
thermal gradient is shown for the most relevant parameters. The optimal flow
rate at the hot side shows a steeper slope than at the cold side (Fig.[6.4]a)). This
can be explained with the temperature impact on the consumed pumping power:
higher temperatures lead to a lower mean fluid density and mean fluid kinetic
viscosity and thus a decreased pressure loss inside the channels. The influence
is additionally enhanced by the larger manifold channel height at the hot side in
order to avoid turbulent flow (see Tab.[B.9lin App.[B). The optimal TEG thickness
and microchannel width reduce by approximately half of their value between a
ATy of 10K and a ATy of 80K (Fig.[6.4la) and b)). With decreasing TEG thickness,
the optimal TC diameter decreases as well (see Fig.[3.6). The steadiness of the
slope depends on the chosen step size between the discrete optimization simula-
tions.
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Figure 6.4: Optimal parameter values with respect to the applied temperature
gradient: a) Hot and cold fluid flow rates and microchannel widths, b) TEG thick-
ness and TC diameter.

6.1.3 Optimization routine

Due to complex parameter interdependencies and long computational times
to determine the optimal parameter constellations, an optimization routine
based on the 1D model is implemented and compared to the simulation results.
A gradient based algorithm for multi-variable minimization revealed to be
most suitable for the complex optimization problem (Matlab® fmincon with
inter-point).

Three different methods for the computation of the starting points are applied

and tested with respect to accuracy and execution time. Since the algorithm is
programmed to find the closest local maximum, it is dependent on a suitable
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6.1 Simulation results

starting point selection in order to converge to the global maximum. Table[6.2]
summarizes the working principle, accuracy and computational time of all three
starting point methods. Figure[6.5] shows the corresponding deviation of the net
VEEF from the simulation study with respect to the applied temperature gradients.

Table 6.2: Description of the applied starting point methods including the aver-
age deviations and computation times for an optimization study of five paramet-
ers.

Starting point Description @ Dev. | @ Time
method [%] [s]

middle boundary | Takes the middle parameter 1.49 1366
value of the set min. and max.
boundary

multi-start Randomly generates a specified 0.52 15178
number of starting points within
the given boundaries

global search Applies an evolutionary al- 0.22 53331
gorithm to find optimal starting
points
2
X 0

net

L
[
> of
©
2 ‘ —o— Middle boundary |:
$ Ao | e+ Multi-start
2 : ---@--- Global search
© ‘ :
© L
x 6
8 ; ; ; ;
0 20 40 60 80

Temperature gradient AT, [K]

Figure 6.5: Relative deviation of the VEF computed by the optimization routine
(for 5 parameters) applying three different starting point methods with respect to
the simulation study as a function of the applied temperatures gradients.
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6 Thermoelectric Heat Exchanger Simulations

The results found by the optimization algorithm are in good agreement with
the values extracted by simulations for the ‘global search’ and 'multi-start’
methods. However, the computational time is significantly higher compared to
the ‘'middle boundary’ starting point (see Tab.[6.2). Thus, a trade-off between
run time and optimization accuracy must be made. The large deviation at lower
temperatures are a result of the large relative error impact on the small net output
power value. The deviation results of the individual parameters optimized for
maximal net VEF can be found in Table[B.2lin Appendix.[Bl

In Figure[6.6, the net output power and net VEF determined by the optimiz-
ation routine are plotted and compared to the not optimized parameters from
Table[B.9 at a constant hot and cold fluid flow rate of 31/min. The optimization
confirms the significant gain in net output performance by adapting geometrical
parameters and operating conditions.

5 T T 10
@ Optimal net P, 1 1
= Sim net P, A
. 4[| .- Optimal net VEF T8
& ——— Sim net VEF - P ¢
2 5= g &
3 - “— .
& 3 ﬁ/ ———————— S 6 &
5 ! ' =
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o
! {4
3 ° 3
— P4
2 1t {2
0 0
0

Temperature gradient AT, [K]

Figure 6.6: Optimal net output power and net VEF compared to simulated values
with standard parameters from Tab.[6.2land constant fluid flow rates of 31/min.

In order to demonstrate the potential of the TEHEX, the optimization routine
is used to compute the net performance of a TEHEX combining improved ther-
moelectric properties with optimal system level parameters. For this calculations,
the TE properties of the commercially available Bi;Te3 TEGs from Eureca (see
Tab.B.Zlin App.[B) are used. The overall system optimization yields a maximum
TEHEX unit net power of 11.8 W at an applied ATy of 50K, resulting in a VEF
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6.2 Case study: marine propulsion engine

of 71.6 W/m3K?. The used TE properties and the computed optimal TEHEX
dimensions and operation conditions can be found in Table[B.I0in Appendix.[Bl

A graphical user interface (GUI) is implemented for a straight forward applic-
ation of the 1D simulation model and the optimization code, including all three
starting point methods (see App.[Clfor more details).

6.2 Case study: marine propulsion engine

In order to evaluate the potential of the presented TEHEX for commercial use,
the output performance is estimated in a concrete application scenario. As a
promising example, the propulsion engine of a marine cargo vessel is chosen.
The vessels are run by large diesel engines that need constant cooling during
operation. With a shaft power efficiency close to 50 % [158], the engines generate
large amounts of waste energy, mainly dissipated by the exhaust gas and by the
cooling water into the environment.

In Figurel6.7] a schematic section of the cooling cycle of a 14 cylinder engine
from Wiartsild used for cargo vessels of approximately 300 m length is depicte.

75°C 1 90°C
Engine

High temperature
engine cooling
water cycle

O <
>

Cylinder

water cooler 90°C
Q=50771kW ; CWC
. CC 38°C
Q = 12550kW

Central sea-water

cooler Heat exchange

area: 232.2m*

Figure 6.7: Schematic section of an exemplary cooling cycle of a 14 cylinder 14RT-
flex-96C-B engine running at 85 % load.

Data provided by Wirtsild for the semester thesis of Barbara Schaffner.
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6 Thermoelectric Heat Exchanger Simulations

The given data of the sample cooling cycle with a separate high temperature
cycle for the engine correspond to normal propulsion under 85 % load. At the
cylinder water cooler (CWC) heat exchanger, a water inlet temperature gradient
of 52K is available and a total heat amount of 12550 kW needs to be dissipated.
The heat extracted by the engine jacket water corresponds to approx. 6.3 % of
the total fuel input [158]. There are two possibilities to recover a part of this
waste heat: either with an installed pre-cooler TEHEX or by directly replacing
the existing heat exchanger with the proposed TEHEX. The latter option will be
discussed here in more detail.

With the optimized design under optimal fluid flow rates for maximal net

power and at the ATy of 52K, a total heat flux of 873 W can be dissipated by
one TEHEX unit. In order to extract the total necessary heat of 12550kW, a
total heat exchange area of 92m? is needed. This is a factor 2.5 smaller than
the area of the actually implemented CWC heat exchanger. The additional
thermal resistance introduced by the thin film TEG can thus be successfully
compensated with the efficient heat transfer system resulting in a higher heat
flux per heat exchange area. With the current TE material properties of the
modules (PF,=4.7x10"2W/K?, ZT, =0.045), a total of 16.8kW net power
could be generated.
In Figurel6.8] the net power of the directly installed TEHEX is plotted with
respect to the power factor PF,, and TE figure of merit ZT,,. The three marked
points in the graph correspond to the generator’s TE properties with (1) the
currently used BipTez material (material 1), (2) the state of the art single crystal
BipTes [159] (material 2) and (3) nanostructured material with enhanced power
factor like reported for Bij5,Sb; 43Tes p-type material in [160] (material 3). With
an improved material, up to 145kW could potentially be recovered with the
TEHEX installed in the high temperature engine cooling cycle and used to cover
parts of the required ship service power.

This is only one possible example of waste heat recovery from the marine en-
gine. Several other waste heat sources are available within the entire propulsions
and service power plant, such as the central sea water cooler, the lubricant oil sys-
tem, scavenge air cooler and the exhaust gas of the main and auxiliary engines

[158].
6.2.1 Cost analysis

Based on the net output power values presented in the last section, the cost ef-
fectiveness of the TEHEX for the application in marine propulsion engines is es-
timated. In Figurel6.9la), the investment cost per generated Watt is plotted with
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Figure 6.8: Net output power of the TEHEX installed in cooling cycle of a mar-
ine propulsion engine as a function of the PF,, and ZT;, of the TE module. The
thermal conductivity of the TE material was kept constant at 2W/mK for the
sweep of ZT,.

respect to the price of the TEHEX unit for the three TE material properties of
the module presented in Figurel6.8l Figure[6.9b) shows the cost per kWh as a
function of the device operation time for the three different TE materials for a
TEHEX unit price of 40 CHF (marked in Fig.[6.9]a)). Maintenance costs are not
included in the calculations. The two horizontal dashed lines mark the electricity
prices offered by the ewz (Elektrizitdtswerk der Stadt Ziirich) for the year 2014
(Fig.[69b)). With the assumed cost scenario and boundary conditions, a price of
<1CHEF/kWh could be obtained for all three TE materials after a depreciation
period of 4 years. With material 3, the price of standard electric power in Zurich
could be reached after an operation time of two years.

6.3 Conclusions

The impact of the TEHEX design parameters on the net performance is demon-
strated by means of the 1D model. Relevant parameter interdependencies as well
as the importance of a system level optimization are highlighted and discussed.
With the optimized design, a net performance enhancement of 65 % is shown com-
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Figure 6.9: Net power costs for TEHEXs with three different TE materials calcu-
lated for the marine propulsion engine case study with an applied ATy of 52K.
a) Investment costs per generated Watt as a function of the TEHEX unit price.
b) Cost per kWh with respect to the operation time for a TEHEX unit price of
40 CHEF. The marked electricity prices are valid for private customers in Zurich
for 2014.
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6.3 Conclusions

pared to a TEHEX with the initial dimensions and a fixed fluid rate of 31/min at
a AT of 50K. To demonstrate the potential of the TEHEX, the system level optim-
ization is used to compute the net performance of a device featuring improved

thermoelectric properties. With a ZT,, and PF,, of 0.5 and 7.52x 102 W/K?, re-
spectively, a net VEF of 71.6 W/m3K? could potentially be achieved, which is an
order of magnitude higher than best reported values.

An optimization routine is implemented and verified, which allows for a straight-
forward and fast system optimization for given specific boundary conditions and

TE parameters of the module. With the optimized TEHEX design, a realistic case

study on the application in a marine propulsion engine is conducted. It is shown
that by installing the TEHEX in the engine cylinder cooling cycle, up to 145kW
could be harvested by applying improved TE materials. This power output cor-
responds to 1.16 % net and 10.1 % 2"? order efficiency, which is considerable for a

high heat flux application and the low temperature of the waste heat recovered.
A cost analysis yielded a minimal investment cost of 4 CHF /Watt or a power cost

of 0.11 CHF/kWh for the assumed cost scenario and a payback period of 4 years.

Furthermore, it is concluded that not the efficiency but rather the total net power

must taken as a measure to compare different TEHEX systems for low temperat-
ure waste heat recovery in high heat flux applications.
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7 Conclusion and Outlook

To overcome the present limitations of thermoelectric heat exchangers for low
temperature waste heat recovery, a novel concept combining multi-layer high
performance heat transfer systems and thin film generators is introduced. The
uHTS consists of polymer manifold distribution channels sandwiched between
copper plates featuring high aspect ratio microchannels. The system combines
the advantage of very efficient heat dissipation and supply enabled by the
microchannels as well as low pressure losses and homogeneous heat transfer
enabled by the manifold distribution channels. Both characteristics are essential
for an enhanced net performance of the TEHEX. Additionally, the implementa-
tion of an efficient fHTS allows for the application of uUTEGs with thicknesses
in the micrometer range in order to achieve a thermally matched system and
thus optimal system conditions. This brings several advantages with respect to
compactness, weight and cost and makes the system suitable for high heat flux
waste heat recovery applications.

The proposed system is fabricated on two different size scales: a small

8x8mm system for concept validation, detailed device analysis and potential
demonstration and a large 9x9 cm system to prove the feasibility of a scalable
fabrication process and investigate the suitability of the system for a commercial
application in WHR. The main focus of the technology development is set on the
fabrication of high aspect ratio copper microchannels. The small size fabrication
process is based on electrochemical deposition of copper into a SU-8 mold
structured by photolithography. Microchannel widths down to 30 um with a
channel aspect ratio of 7 are reached. The fabrication of additional heat transfer
enhancement structures inside the microchannels resulted in vertical 30 um wide
pin-fins with aspect ratios of up to 8.1. An epoxy based bonding process is
developed to assemble the microchannel chips to the polymer manifold channels
fabricated by means of microstereolithography.
For the large size system, two microchannel fabrication approaches are evaluated:
a bottom-up approach based on electroplating into a dry film resist mold and a
top-down approach based on photolithography and etching. The latter approach
yielded superior results with respect to process simplicity, processing time
and fin to channel ratios and was therefore applied for the final demonstrator
fabrication. Microchannel plates with 170 10 um high and 220 £ 15 pm wide
channels and a fin to channel ratio of 0.5 £ 0.1 are implemented in the large size
TEHEX.
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7 Conclusion and Outlook

The fabricated and assembled TEHEX are characterized in controlled fluid
loops with respect to the generated net output power and net volumetric
efficiency factor. The small size pHTS achieved heat transfer resistances
between 0.17 and 0.88cm’K/W at corresponding low pumping powers of
6.8-0.06mW/cm?. By combining pin-fin structures with rounded inlet/outlet
nozzles, a further overall tHTS improvement can be reached. Due to the
coupled influence of the uHTS and pTEG parameters and boundary conditions,
the system’s net output performance can be optimized for different operating
conditions by the applied fluid flow rate and optimal system dimensions. With a
two unit TEHEX, a net power of 63 mW /cm? at ATy of 60K is reached, resulting
in a net VEF of 37 W/m?®K2. This value can be further enhanced by reducing
the uTEG thickness for optimal thermal matching and by implementing the
proposed WHTS heat transfer improvements into the TEHEX.

Furthermore, it is concluded that for systems with good thermal coupling, the
thermoelectric material optimization must focus more on the power factor in-
stead of the figure of merit ZT itself, since the influence of the thermal resistance
of the TE material is reduced.

The improved scaled up TEHEX with a 51 % active TEG area reached a maximal
net power of 0.44W at an optimal fluid flow rate of 41/min and an applied
temperature gradient of 50K. With the total volume of only 67.7cm?, a net
VEF of 2.6 W/m>K? is achieved for the current TEG and 5.1 W/m?K? could be
reached for a 100 % active area TEG (see Fig.5.13in Chap.[5.3). Despite the low
TE efficiency of the applied generators, this is the highest reported net VEF value,
demonstrating the potential of the compact system over state of the art TEHEX.

A one-dimensional numerical TEHEX model is developed based on a network
of thermal resistances. The model combines a precise TEG model including Joule
heating and Peltier effect with a pHTS model implemented in an iterative compu-
tation routine. The influence of the temperature-dependent fluid parameters on
the thermal resistance and pressure loss calculations in the pHTS is accounted for
by introducing a discrete temperature profile inside the microchannels. Due to
the small heat exchange between the manifold and the microchannel, a gradual
fluid temperature change along the manifold channels is modelled as well. The
implemented model allows for analysis and optimization of most geometric and
material properties of the TEHEX, and shows a good agreement with the experi-
mental results.

The verified model is applied for a detailed investigation of parameter impacts
and interdependencies as well as a system level optimization. The impact of the
pumping power on the overall system performance is large at smaller operating
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temperature differences. Thus, smaller flow rates and wider channels and there-
fore thicker pTEGs and larger TC diameters lead to higher net performances in
this operation regime. With a larger temperature gradient applied, the influence
of the consumed pumping power decreases and the optimal flow rate increases,
whereas the optimal microchannel width, yTEG thickness and TC diameter de-
crease. With a system level optimized TEHEX, a significant net performance en-
hancement and a net power gain starting form an applied thermal gradient of
10K is predicted.

Based on the findings of the optimization study, a concrete example of waste
heat recovery from a marine propulsion engine is calculated. With improved TE
materials up to 145 kW could be harvested from the high temperature cylinder
cooling cycle at an estimated investment cost of 4 CHF/Watt for a TEHEX unit
cost of 40 CHF (footprint area of 81 cm?).

Outlook

With respect to a further improvement of the technology, several investigations
need to be conducted.

A reliable protective microchannel coating against corrosion and potential
residue deposition must be developed and applied. The lifetime expectation and
reliability of the TEHEX should be tested in an application related environment,
in particular with respect to the durability of the polymer manifold channels.
The effects of potential microchannel clogging caused by impurities in the feed
water should be investigated in order to figure out the minimal applicable
microchannel width for the specific applications or tolerable pressure loss
introduced by fluid filters. An increase in microchannel height based on the
bottom-up approach or alternative fabrication technologies should be explored.
Moreover, further device upscaling will be necessary for most waste heat
recovery applications.

As anext step, a promising application should be selected for field experiments,
e.g. the proposed marine propulsion engine. The implemented design optimiz-
ation tool can be applied to compute the optimal TEHEX design within given
fabrication technology constraints and microchannel size limits imposed by the
application. Finally, first prototypes can be built, installed and tested in a field
environment.

Nevertheless, high density TEGs, improved TE material properties as well as low
fabrication cost of the TEHEX are essential for successful commercialization.
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A Processing

Process Runsheets

Table A.1: Fabrication runsheet for small size copper microchannels.

Process steps H Parameters ‘ [Units]
Substrate cleaning
Acetone/IPA US 5@9 [min @ level]
Plasma asher 5@ 600 [min @ W]
LOR layer
Dehydration bake 5@ 200 [min @ °C]
LOR type/amount 10B/3 [-/ml]
Spreading 500/1000/15 [rpm/rpms~!/s]
Spinning 3000/1000/30 [rpm/rpms~!/s]
Bake 6 @195 [min @ °C]
Seed layer evaporation
Cr/Cu/Cr 10/1000/15 [nm/nm/nm)]
SU-8 spin coating
Dehydration 20 @ 140 [min @ °C]
SU-8 type/amount 3050/5.5 [-/ml]
Spreading 500/100/20 [rpm/rpms~!/s]
Spinning 1200/300/40 [rpm/rpms~!/s]
Edge bead removal
GBL placement Directly on edge bead | [-]
Spread 600/300/8 [rpm/rpms~!/s]
Spinning 1000/300/10 [rpm/rpms~!/s]
Leveling 15 [min]
SU-8 Softbake
Step 1 10 @ 65 ramped [min @ °C]

Continued on next page
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A Processing

Table A.1 — Continued from previous page

Process steps H Parameters [Units]
Duration SB1/SB2 15@80/55 @ 80 [min @ °C/min @ °C]
Ramping down ~1.2to RT [°Cmin~!]
Cooling/relaxation 1,2 5/20 [min/min]

SU-8 exposure
Type Hard contact [-]

Dose 1200 [mJem 1]
Step/pause times 10/30 [s/s]

SU-8 PE bake
Duration 55 @ 65 ramped [min @ °C]
Cooling/relaxation 15 [h]

SU-8 development
Immersion in GBL 5 [min]
Immersion in mr-Dev 600 || 15 [min]

US agitation 4/2/1 [level]

Cu deposition
Wetting IPA /DI Water [-]
Cleaning in 10% HNO3 1 [min]
Degasing 5 [min]
Current density 3 [Adm 2]
Deposition time 15 [h]

Lift-Off
Immersion in DMSO 15 [h]
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Table A.2: Fabrication runsheet of the large size copper microchannels for the

bottom-up approach based on electroplating into a dry film resist mold.

Process steps H Parameters ‘ [Units]
Substrate cleaning
Polishing 2400 [-]
5% WaPS and H;S04 3 [min]
HCL 10% 1 [min]
DFR lamination
DER type Ordyl AM 175 [-]
DEFR thickness 75 [um]
1st run - adhesion 1@95 [m/s@ °C]
2nd run - lamination 0.2@ 105 [m/s@ °C]
Nr. of lamination 3 [-]
DFR exposure
Type Contact [-]
Dose 58 [mJem 1]
DEFR development
Immersion in 2% NaCO3 18 [min]
Rinsing in water 1 [min]
Cu deposition
Wetting IPA /DI Water [-]
Cleaning in 10% HNO3 1 [min]
Current density 14 [Adm 2]
Deposition time 24 [h]
DER stripping
5% Ordyl Stripper 5600 1 [min]
Passivation
Al O3 e-beam evapora- || 1 [um]
tion
BCB 3022-35 spincaoting 3000/1.3 [rpm/pm]
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A Processing

Table A.3: Fabrication runsheet of the large size copper microchannels for the

top-down approach based on etching.

Process Steps H Parameters [Units]
Substrate cleaning

Polishing 2400 [-1

5% WaPS and H,S0y4 3 [min]

HCL 10% 1 [min]
DFR lamination

DER type Photec H-6230 [-]

DFR thickness 30 [um]

1st run - adhesion 1@60 [m/s@ °C]

2nd run - lamination 0.3 @95 [m/s@ °C]

Nr. of lamination 1 [-1
DEFR exposure

Type Contact [-]

Dose 40 [mJem 1]
DFR development

Immersion in 2% NaCOQOj3; 4 [min]

Rinsing in water 1 [min]
Cu etching!

Etching time 1241 [min]

Rinsing in water 1 [min]
DER stripping

5% Ordyl Stripper 5600 1 [min]
Passivation

Al,O3 e-beam evaporation || 1 [um]

BCB 3022-35 spincaoting 3000/1.3 [rpm/pm]

IEtching solution consists of 500 g/1 of FeCls hexahydrate and 50 ml/1 HCL solution (37 %).
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Chemical Solutions

Table A.4: Composition of the copper electroplating bath for a bath volume of

one liter.
Chemicals Formula Amount ‘ Units ‘
Copper sulfate CuSOy - 5H,0 170-200 [g]
Sulfuric acid H,S50, 60-70 [g]
Sodium chloride NaCl 100-120 [mg]
Deionized water H,0 - [-]
1
CU-MAC 9000WA i 8-12 [ml]
(brightener)
1
CU.MAC 9000B ) 1823 [ml]
(brightener)
1
CUN.[éC 9000M ) 0.5-0.8 [ml]
(additive)

IThe series of CUMAC 9000 is supplied by MacDermid Plc.
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B Measurement and Simulation Data

Supporting equations

Thermoelectric generator

ATEG=X*y X

/Interconnect

STEG p-typé Bi,Te; n-type Bi,Te,

Figure B.1: Schematic of a thermoelectric generator.

The TEG thermal resistance reads

_ ArteG ItEG _Atec lItEG
m (ApAa_p + AnAa_n + Mis(Aip + Ai_n))  2mAg A+ AV A
(B.1)
where m is the number of thermocouples, A7 is the area of the generator, ITrg
is the TC lenght, A, and A, are the thermal conductivities and A;_, and A,_,
are the cross section areas of the p and n type TC, respectively. A;; the thermal
conductivity of the matrix and A;_, and A;_, the corresponding matrix areas of
the two thermocouples. The second part of Eq.[B.Jlis valid for same properties of
the p and n type TC (Ap=A,=A and A;_p=As_n = A,). The number of TC is

_ ATEG
(Aap + Aan) (11 AV)

m (B.2)
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The total TEG electrical resistance is the sum of three terms
Re = m (Ric + Ric + R;) (B.3)

where R;. is the electrical resistance of the thermocouples, R is the interconnect
and R, the electrical contact resistance. With

Pel—n Pel_p Pel
Ric = l 1 =2=] B.4
te Any TEG + A, TEG A, 'TEG (B.4)

where the second part of Eq.[B.4lis valid for same properties of the p and n type
TC (Pe1_p = Pet—n = per and Aq_p = Ag_n = Ag).

R =4 Pic tic ) 0.5v3drec +s
2 Aa dTEG tic

(B.5)

where p;, is the electrical resistivity of the interconnect material, ¢;. is the intercon-
nect thickness, drgg is the TC diameter and s is the distance between the piles.

Re=2(Re_p+Ren) =4 -5 (B.6)
TEG

where p, is the specific contact resistance.

The transformed basic heat balance equations at the hot and cold junction are

T, — T,
Qm:(A—B)T,f—(A—zza)ThTC—zaTC2+M (B.7)
KtEG
T, —T.
Qout = BT§+(A—ZB)T;, T.— (A—B) Tf—i-M (B.8)
KrEg
with ) 5
m-u
A= —— B.9
R;+ R, ( )
and 5 o
m-
B=—__R B.10
2(R; + Ry)2 (B10)

Micro heat transfer system

The apparent friction factor-Reynolds number product fs,,Re in non-circular
ducts for laminar developing flow is given as a function of the aspect ratio of
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the duct according to [124, 125]

r 1/r
- 12 3.44\"
Jopr e = [(ﬁ(l—t—e) [1—12%5tanh(2”€)}) " (\/xj) ] (1)

where € is the aspect ratio of the duct, x™ = x/ (d Re) is the dimensionless
position for hydrodynamically developing flows, and r is a correlation parameter
which lies in the range of 1.5 < r < 3.6. Eq.B.Idl should predict the friction
factor for most of the non-circular ducts within +10 % accuracy.

The Nusselt number correlation for constant wall heat flux boundary condition
and simultaneously developing flow provided by [127] reads

b/5

N Cif(Pr)\? aRel/35 aRe5
= (S (foo (22) ) o (222 )

(B.12)
where b = 2.27 + 1.65Pr!/? is a blending parameter, x* = x/(d Re Pr) is the
dimensionless position for thermally developing flows, € is the aspect ratio of the
duct, T is a shape parameter and C;_4 are parameters depending on the boundary
condition and the application of the local or average Nusselt number. The Prandtl
number (Pr) correlates the kinematic viscosity or momentum diffusivity to the
thermal diffusivity. It is defined as

v
Pr————— (B.13)

where « is the thermal diffusivity, v is the kinematic viscosity, ¢, is the specific
heat capacity, p is the dynamic viscosity, and Ay is the thermal conductivity of
the fluid. For large Prandtl numbers, the convection dominates over conduction
(for small Prandtl numbers vice versa).

The fin efficiency is defined by [161]

_ tanh (nhg,)

= (B.14)

n hfin
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where fif;;, is the fin height and 7 is

n—= $ Efin Pfin — \J Efi” 2(wﬁ” + luc) = \J Zﬁﬁn (B.15)

Acu Win Acu Wiy luc Acu Win

where py;, is the perimeter, d;, is the width and I, is length of the fin.

Simulation and device parameters

Table B.1: Parameters of the thermoelectric generator used for the theory visual-
isations and simulation in Sec.[3.]] (if not varied or otherwise specified).

‘ Symbol ‘ Value ‘ Unit

« 661 | pV/K
Qel 1.38 | E-50Om
Material properties A 14 | W/mK
Ais 0.47 | W/mK
zZT 1.73 | -
lTEG 200 Hm
drc 680 | um
Geometric parameters | s 330 | um
AV 144 | -
tic 15 | pm
Re 135 | QO
TEG properties KZEG 235 | em’K/W
ZTy 1] -
ATEG 0.42 | cm?
Boundary cond. Keon 235 | em’K/W
ATy 10 | K
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Table B.2: pHTS parameters used for measurement and simulations in Sec.[3.2.3
and Sec.51] In the 1D model a thermal paste thickness of 25 um was assumed,
corresponding to a total thermal resistance of 0.07 cm?K/W.

Channel Channel Fin/chan. Base/noz. Channel Slot Total
height width  wall width height number  size area

[pum] [pum] [pum] [pum] [-] [pm]  [pm]
Micro- . .
o 185 diff Wen 50 diff . 8x8
Manifold 5 150-300 110 200 9 150  8.5x12
MF I
Manifold
MEL 1000 150-300 140 400 9 150  8.5x12

Table B.3: Comparison of relevant parameters of the 1D pHTS model from
Sec.3.2.3]to the 3D FEM simulations of the unit cell and to ptHTS measurements
for different channel widths w,, fluid flow rates V and applied temperature
gradients ATy.

We V AT, ‘ Dev. from 3D FEM Dev. from measurements

[um] [I/min]  [K] | [%] | [%]
| Kurs  Apme  ATwe | Kurs  Apurs  ATwe  ATmr

80 0.02 5 123 -289 -3.0 1.3 -283 143 17.8
80 0.04 5 71  -11.5 1.5 1.3 -7.3 4.2 -2.6
80 0.06 5 4.6 -7.3 1.0 1.3 -2.1 -6.2 -12.2
80 0.08 5 1.0 1.9 -4.8 1.2 -1.1 209 -171
80 0.1 5 -0.4 3.5 -8.5 1.6 09 -257 -8.3
80 0.12 5 2.2 76 -13.6 0.6 -05 -260 -10.6
60 0.04 5 61 -186 11.0 -2.7 2.1 7.7 -
35 0.04 5 28 -394 16.0 2.1 -0.6 8.3 19.7
80 0.04 10 74 -16.8 1.4 2.0 -7.8 5.8 -
80 0.04 20 7.7 -3.9 1.8 2.0 5.6 66.0 -
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B Measurement and Simulation Data

Table B.4: Simulation and design parameters of microchannels with integrated

microstructures.
ATy Wine Win hme  Whozya  Inoz Apin prot.  pitch
[K]  [wm] [pm] [pm] [pm] [pm] [pm] [pum] [um]
3D FEM 5 40-100  wye 200 150 60 20-50 30/50 97.5/130-390
Meas. 5 80 80  200+10 150 400 30 30/50 97.5/130-390

Table B.5: Parameters of the small size thermoelectric modules.

TEG size Vi R, KTEG ZTu! PEy, Irec
label [mm] [mV/K] [Q] [em2K/W] [] [E-5W/K?]  [um]
STEGI 7x7 5.8 2.4 5.1 0.047 1.4 215
+02 +03  £0.05 +03 +0.01 +0.1 +15
7x7 55 1.3 2.7 0.044 24 210
STEGII +0.2 +03  +005 +03 +0.01 +0.1 +10
7x7 6.7 1.2 2.4 0.065 3.8 215
STEG I +0.2 +03 4005 +03 +0.01 +0.1 +10
Laird 2 8.1x8.1  11.74 4.7 16.2 0.22 2.95 2180
Nextreme®  3.3x3.1 25 9.7 1.34 0.25 6.45 570
7xX7 6.15 1.2 24 0.044 3.2 215
STEGIV. {02 +03  40.05 +03 +0.01 +0.1 +10
7xX7 6.7 1.2 24 0.052 3.7 215
5
STEG V +02 +03  40.05 +03 +0.01 +0.1 +10
TAtT=300K.

2Device OT20, Vi, and K7 were calculated from technical data found in the datasheet.

3Device TEG HV56.

4Thermal resistance calculated based on thermal conductivity data provided by greenTEG.
5 Average values of the two TEGs used.
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Table B.6: Large size pHTS parameters used for measurements and simulations

in Sec.5.2
Channel Channel Fin/chan. Base/noz. Channel Slot Total
height width wall width height number  size area
[mm] [mm] [um] [um] [-] [um]  [cm]
MCo1d 0.17 0.23 100 230 242 - 9x9
MGyt 0.17 0.21 120 230 242 - 9x9
MF_o1q 3.9 0.35-2.35 300 700 25 300  9x9
MFo: I 1.6 0.35-2.35 300 500 25 300 9x9
MFy, . II 3.9 0.35-2.35 300 700 25 300 9x9
Table B.7: Parameters of the large size thermoelectric modules.
TEG size Ay’ H#TCX#TEG Vi R, KrEc ZTn'  lrec
label [cm?] [%] [-] mV/K] [Q] [em?K/W] [-] [pum]
64 20 29x30 165 37 3.72 0.036 220
MTEGI +0.2 +1 - + 12 + 0.5 +0.3 + 0.01 + 15
64 51 116x20 4434 84 2.72 0.044 220
MTEG Il +0.2 +1 - + 20 +1 +0.3 + 0.01 + 15
E 5 64 100 200x4 329.2 6.8 10.3 0.77 3200
urecat 1 o5 - +0.15 +7  £03 +02 +0.015 -
1At T =300K.

2Thermal resistance calculated based on thermal conductivity data provided by greenTEG:

Ausp=2W/mK Aj; =0.47 W/mK.

3Defined as percentage of active TE area with integrated TC to the total TEG area.
4Estimated, since not measured.
5Device TEG1-40-40-10/100. Data is given for four modules connected in series. Calculated

PE,, =159E-3W/K2.
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B Measurement and Simulation Data

Table B.8: Composition of the thermal interface layers of the large size TEHEX.

Thickness Thermal conductivity —Thermal resistance

[um] [W/mK] [cm?K/W]
Epoxy package 2x10 0.3 0.66
Thermal paste 2x30 3.6 0.14
AlLO3 2x1.5 30 0.001
BCB 2x2.6 0.2 0.32
TEHEXI total 1.1

Epoxy package 2x10 0.3 0.67
Thermal paste 2x30 12.5 0.05

AlLO3 2x1 30 0.0007
BCB 2x1.3 0.2 0.13
TEHEX II total 0.85
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Table B.9: Set of standard parameters of the TEHEX used for the simulation in
Sec.[6.1.1](if not varied or otherwise specified).

Device ‘ Properties Symbol ‘ Mat. 1 ‘ Mat. 2 ‘ Mat. 3 ‘ Unit
it 200! 390* 450° | uV/K
Ol 2.3 14 1| E5Qm
Mater. proper. A 2! 24 2 | W/mK
Ais | 047V | 047" | 047! | W/mK
ZT? | 0.0652 0.57 0.76 | -
ITeG 220 280 280 | um
ch 600 980 980 Hm
Geom. param. 5 300 300 300 | pm
TEG
AV 1.48 0.83 0.83 | -
tic 15 15 15 | um
Ry 255 27.5 275 | O
Vb 1.1 1.09 1.26 | V/K
2
TEG properties KTEG 2.03 2.15 2.15 | cm“K/W
ZT 0.045 0.37 0.49 | -
PFy, 47 37 49 | E-3 W/K?
ATEG 64 64 64 | cm?
Wine 200 200 200 | um
Microchannels Fime 200 200 200 | pm
X 0.5 0.5 05| -
t 300 300 300 | um
HT base
H 5 N 25 25 25 | -
Hoani 3| 3/45| 3/45 | mm
Manifold ch. Loz 800 800 800 | um
Whoz 300 300 300 | um
Interface resistance Kinterface ‘ 0.85 ‘ 0.85 ‘ 0.85 ‘ cm?K/W

TParameter based on current small size TEGs data provided by greenTEG.
2At T=300K

3For the optimization in Sec.[6.1.2] the hot side manifold was increased to 4.5 mm in order to avoid

turbulent flow at higher temperatures.

4Single crystal Bip Tes [159]

5Big.50Sb1 .45 Tes p-type material [160]
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Figure B.2: Results of the optimization routine applying three different starting
point methods showing the relative deviations of individual TEHEX parameters
optimized for maximal net VEF (a)-e)) and of the maximal net output power (f))
with respect to the simulation study (Tab.6.4] in Sec.[6.1.2) as a function of the

applied temperatures gradients.
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Table B.10: TE properties and by means of the system level optimization routine
computed optimal TEHEX dimensions and operation conditions used for the es-
timation of the TEHEX potential in Sec.[6.1.3]

Device Properties ‘ Symbol ‘ Mat. 1 ‘ Unit
bt 410" | uv/K
Pel 0.7! | E-5Qm
Mater. proper. A 2! | W/mK
Ais | 0472 | W/mK
AR 0.94 | -
lTEG 190 Hm
drc 1060 | pm
Geom. param. s 300 | um
TEG AV 0.76 | -
tic 25 | pm
Ry 139 | QO
Vb 1.02 | V/K
1.42 ZK/W
TEG properties KTEG cm?K/
ZTy 05 | -
PF,, 75.3 | E-3 W/K?
ATEG 64 sz
Wine 40 | um
Microchannels me 200 | pm
X 05 | -
tbase 300 | pm
uHTS N e
Ripani | 3/4.5 | mm
Manifold ch. Loz 800 | um
Whoz 300 | um
Interface resistance Kinter face ‘ 0.85 ‘ cm?K/W
Hot flow rate Viot 8 | 1/min
Cold flow rate Veold 7 | 1/min

IEstimated parameter of Eureca TEG1-40-40-10/100.

2Parameter based on current small size TEGs data provided greenTEG.

3AtT=300K
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C GUI

The graphical user interface (GUI) is implemented for a straight forward hand-
ling of the complex 1D model and the optimization routine. The user interface
is divided into four sections: definition of the parameters (Fig. [C.I)), simulation
(Fig.[C2), optimization (Fig.[C3) and graphical interpretation (Fig.[C4).

In the parameter and boundary definition section, the values for the pTEG,
uHTS and the boundary conditions can be defined. It can be chosen from the op-
tions of selecting standard predefined values for the small or large size devices, of
defining own values or performing a parameter sweep of any selected parameter.

Parameter Definition

|TEG |!| Bomdwl

&
&
L
O
&
o
&
&
U
&

Figure C.1: Definition of the input parameters for the TEG, the pHTS and the
boundary conditions.
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C GUI

The GUI allows for the simulation of the UTEG or uHTS alone, the
uHTS/UTEG system or the periodic TEHEX unit. The simulated output data
can be scanned to find the optimal dimension and flow rate constellation, either
for the net output power or the net VEF. Additionally, data can be imported or
exported into or from the GUI, respectively.

Simulation & Output ‘ T_in_hot T_in_cold ‘ T_layer_hot | T_layer_cold| T_hot_out | T_cold_out | R_ir
(K] (K] (K] (K] (K] (K] [Ke
y 323.1500 303.1500 321.7153 304.5785 321.7153 304.5785 5.
X X A 323.1500 303.1500 321.7131 304.5811 321.713 304.5811 5.0
Simuadicy 3| 3231500 303.1500 321.7061 304.5883 321.7061 304.5883 5.0
L 323.1500 303.1500 321.7044 304.5903 321.7044 304.5803 5.0
g 323.1500 303.1500 321.6914 304.68036 321.8814 304.6036 5.0
TEG Simulation | 6 | 3231500 303.1500 321.6869 304.6084 321.6869 304.6083 5.0
"HTS Simulation L 323.1500 303.1500 321.6824 304.6132 321.8824 304.8130 5.
imulation
| 8 | 3231500 303.1500 321.6765 304.6193 321.6766 304.6191 5.0+
TEG-HTS Simulation 9 | 8231500 303.1500 321.6678 304.6282 321.6680  304.6279 5.07
ar
par':r:de{t;ﬁoﬂ:giﬁgﬁndn for [ Import ] [ Export ]
[ Net Output Power 5- ‘ T_in_hot T_in_cold ‘ T_layer_hot | T_layer_cold| T_hot_out | T_cold_out | R_inte
(K1 (K1 (K1 (K] (K] [ [Kems
net Power = 5 44405 [mWiem2] 1 323.1500 303.1500 321.7153 304.5785 321.7153 304.5785 5.000
[— e

Figure C.2: Simulation run and parameter output including selection of optimal
parameters for maximal net power or net VEF.

In the optimization section, the target parameter to be optimized (net output
power, net VEF) as well as the staring point method (middle boundary, multi-
start, global search) can be selected. The output data will be displayed in the
table below.

Net Output Power =
Optimizaton

‘ T_in_hot ‘ T_in_cold ‘T_Iayer_hot T_layer_cold| T_hot_out | 1

[K] [K] (K] (K] (K]
69.9971  303.1500  340.2614  306.0085  340.2614

]

Figure C.3: Optimization run and parameter output including selection of the
objective value and starting point method.
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In the graphical interpretation of the simulated data, the number of displayed
plots and the parameter of interest can be chosen. Furthermore, the plots can be
exported for further usage.

M Gid [ Tinho.. |$] [ totalP... [3] [ Vet h(V.. |&] [

0.0z
[|—— 003

0.04
)

[
g
£
E
1
3
=]
£
5
2

L L L
30 315 320
Tin hot[K]

Figure C.4: Graphical interpretation of the simulated data.
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