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ABSTRACT
The increasing demand for electric power in passenghicles has motivated several research fociires the

last two decades. This demand has been revoltatieoynrelenting, rapidly growing reliance on elentcs in modern
vehicles. Generally, internal combustion engines Imore than 35% of the fuel energy in exhaust Qasparing this
huge loss to every day's growing oil price, onel¢aunderstand how the recovery of such losses daelld the economy,
as well as providing the additional power sour@agiired by contemporary vehicle systems. Therdhaiee fundamental
advantages of thermoelectric generators (TEGS) otlegr power sources; they do not have any movargspas they
generate power using Seebeck solid-state phenortieyahave a long operation lifetime, and they lsareasily integrated
to any vehicle's exhaust system. This project prtssa novel TEG concept aims to resolve the theandl mechanical
disputes faced by the research community. Sevérallation models are used to analyse the TEG pmdoce. The
significance of the novel TEG is discussed througlidetailed comparison with experimental resultsnfrGlarkson

University TEG prototype tests. The simulation fesshowed a huge increase in the power generated.
KEYWORDS: Thermoelectric Generators, Seebeck Solid-Statedthena
INTRODUCTION

The expression "Energy Crisis" has become a symbtie human concern about the increasing demands a
consumption of energy on earth. For almost two heaid/ears, the main energy resource has been faskilThe world
consumption of all energy resources is forecasteiddrease from 421 quadrillion Btu in 2003 to Sfigadrillion Btu in
2015 then to 722 quadrillion Btu in 2030, as shawRigure 1.1.
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Figure 1.1: World Market Energy Consumption 1980 -2030, (IEO, 2006)

Fossil fuels continue to supply much of the incratrie marketed energy use worldwide throughoutriéet two

and half decades. Oil remains the dominant enevgyce, but its share of total world energy consumonptleclines from
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38 % in 2003 to 33 % in 2030 as illustrated in Fggl.2, largely in response to higher world oitps, which will dampen
oil demand in the mid-term. Worldwide oil consunaptiis expected to rise from 80 million barrels day in 2003 to 98

million barrels per day in 2015 and then to 118iomilbarrels per day in 2030.
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Figure 1.2: World Market Energy Use by Fuel Type 180 — 2030, (IEO, 2006)
Trends of Energy Usage in Road Transport Sector

The transport sector will account for 54% of gliopamary oil consumption in 2030 compared to 47&wrand
33% in 1971, as demonstrated in Figure 1.3. Tramsyt absorb two-thirds of the increase in totdll use. Almost all the
energy currently used for transport purposes ighénform of oil products. Share of oil in transpertergy demand will
remain almost constant over the projection peraad95%, despite the policies and measures that roaugtries have

adopted to promote the use of alternative fuelt sischiofuels and compressed natural gas. (WEQL)200
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Figure 1.3: Reciprocal Transport and Oil Demands

The demand for road transport fuels is growing ditégally in many developing countries, in line witising
incomes and infrastructure development. The passeray fleet in China — the world’s fastest growimgyv-car market —
grew by more than 9% per year in the five year802, compared to just over 3% in the world as ale/as reported by
Rueil and Malmaison (2003). Preliminary data shbat imore than two million new cars were sold inr@hin 2003. The
scope for continued expansion of the country’'stfie@normous: there are only 10 cars for everyshod Chinese people
compared with 770 in North America and 500 in EeroPther Asian countries, including Indonesia amdid, are also
experiencing a rapid expansion of their car fleBtsight will also contribute to the increase ihuse for transport in all
regions. Most of the increased freight will trataglroad, in line with past trends.
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Thermoelectric Waste Heat Recovery as a Potentialrergy Efficiency Option in Ground Vehicles

Stabler (2002) reported that in gasoline powergeriral combustion engines; roughly 40% of the frrgy is
wasted in exhaust gases, and 30% in engine codlamthe other hand, in diesel powered internal agstibn engines
about 25% and 35% of the fuel energy are wasteétdrengine exhaust and coolant systems respectivalprtunately,
present-day engine designs may not meet all ourduteeds. In order to meet the rapidly increasagyirements of
electrical power the OEMs are considering sevdtaframtives like 42 volt systems, hybrid vehiclesl cell vehicles, and
so on. One such alternative is the use of thermtri@egenerators to recover the waste heat frometti@ust and/or the

engine coolant.
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Figure 1.4: Energy Path in Gasoline Fueled InternaCombustion Engine Vehicle

Thermoelectric generators utilize the Seebeck tbeteatric effect to generate electric current fratemperature
gradient. The discovery of Seebeck effect datek bmd 821, however, the interest in utilizing tpisysical phenomenon

in automobiles started only in the second halheftiventieth century.

Thermoelectric generators are expected to achipwe @10% fuel economy through offering more elecprower
for automobile systems. Within 8 to 12 years, trmghactric generator would be able to save up to 46%16% in light
and heavy duty trucks respectively. While hydrofiea cells still face obstacles in the design anglementation of their
refuelling facilities, thermoelectric generators)balievably, are predicted to be the potentialra#tves of internal

combustion engines after 25 years (Fairbanks 2005).

A thermoelectric generator with an efficiency of%20would allow for a reduction in fuel consumption
incrementing the useful power from a gasoline 16E& tmaximum of 52% (Kushch et al. 2001). In ora@eacthieve such
efficiency from the current state-of-the art theateetric generators which have an efficiency of @+-8everal challenges
should be encountered. The thermoelectric geneedfioiency is directly dependant on the conversidficiency of the
materials employed and the overall efficiency & Heat exchangers. Seigal. (2007) stated that while there is a rat race
to produce more efficient, less expensive, and rdarable thermoelectric materials, the researchnoonity is reluctantly
interested in improving the thermoelectric genasithieat exchanger systems in terms of thermal medhanical
efficiencies. For the exhaust-based thermoelegeiterators, the overall efficiency of the systerthe product of three
terms; two of them represent the thermal effectdgsnof the generator heat exchangers, while thel ki the
thermoelectric conversion efficiency of the matisremployed (Ikoma et al. 1998). There are sewmrabns to investigate
in order to enhance the thermal efficiency of theehactric generators; including the use of hightyaucting alloys,

innovative heat enhancement techniques in both aalll hot side heat exchangers, and reducing thealbweeight
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through creative and innovative assembly.
Research Objectives

The main objective of this research is to concdizimand design an exhaust based thermoelectriergan that
overcomes the thermal shortcomings found in eantiedels of thermoelectric generators. The desigicgss includes a

performance simulation for the thermoelectric gatear Secondary objectives for this research are:
» Establish a novel procedure for design of thermaigtegenerators

» Explore the potential of thermoelectric generatmssa source of electric power onboard automobilesugh the

previous, current and future research and commidreiads worldwide.
Simulation Strategy

Working fluids in thermoelectric generators for @abbile waste heat recovery are the exhaust gawkshe
engine cooling water for the hot and cold sidepeetvely. Exhaust gases temperature varies witlinenspeed and
volumetric efficiency. While cooling water temparat varies mostly between 56 to 80" ¢ for light duty vehicles during
engine part load. The performance of optimized k&ahanger is simulated using ANSYS FLUENT in ortbepredict the

performance characteristics.

FUNDAMENTALS OF THERMOELECTRIC POWER GENERATION
Seebeck Effect

The principle behind thermoelectric power generai® “SEEBECK EFFECT”. In 1821, Seebeck reportes hi
results to the Prussian Academy of Sciences, whitlorsed that he had observed the first of thertbelectric effects to
be discovered. He had produced potential differetgeheating the junctions between dissimilar catolg. Despite of
the fact that he did not fully understand the megmf his results, Seebeck was able to arrangedniductors in more or
less to the thermoelectric series which is knowsayo According to Seebeck Effect, a voltage is poed in a closed
circuit of two dissimilar metals if the two junctis are maintained at different temperatures, atemmocouples (fig
2.1).An open circuit potential difference ( V) iewkloped as a result of the temperature differdnte between the

junctions of conductor a to conductor b. The défaral Seebeck coefficient,

a=AV/ T (2.1)
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Figure 2.1: Principle of Seebeck Effect
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Semiconductors in Teg

Thermoelectric power generation (TEG) devices dsfly use special semiconductor materials, which ar
optimized for the Seebeck effect. A thermoelegbadr, composed of a P-type and N-type semicondsiéioused. These

pairs are connected electrically in series andidy in parallel in power generation mode to faarmodule.
Thermoelectric Molecular Explanation

A molecular model is necessary to explain therio&lectric phenomena. Most elements in the peritalite
exist as metals and exhibit electrical and magnet@perties unique to each of them. Furthermoras ia common
knowledge that the properties of alloys are diffierérom those of their constituent elemental metadl&kewise,
semiconductors and insulators consisting of a coathlin of several elements can also be formed. Famguantity of a
solid contains as many as?@toms (Mizutani, 2001). A solid-phase of any miateis created as a result of bonding
among such a huge number of atoms. The entitipensgle for the bonding are the electrons. Thesjalay and chemical
properties of any solid are results of how the tarent atoms are bonded together through the &notem of their
electrons among themselves and with the potentiithe ions. Electricity is the movement of eleogoin a circuit.
Conductivity takes a somewhat different form wheodmes to semiconductor material. For thermoeteejpplications,
semiconductor materials are ‘grown’ into crystaligtructures which are given conductive propetgsvirtue of the
impurities (i.e. dopants) which are added. In thirest form (i.e., without dopants), the base senductor materials

form crystalline lattices which become very stdijesharing electrons among the constituent atoms.
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Figure 2.2: Atomic Configuration of a Silicon Crysal

Figure 2.2 shows such a configuration for a siicoystal. In looking at the shell mapping, it @tined that the
electrons (shown in green), are actually in coristaotion as they orbit the nuclei in the latticdheTshared electrons,
however, are continually pulled into the orbitsanfjacent nuclei to maintain the structural stapitif the lattice. In this
pure state, the material is not very conductivecéthe impurities are added to the mix, howeveg, ¢bnductive
properties are radically affected. For example, éfystal is formed primarily of silicon (which hémsur valence electrons),
and arsenic impurities (having five valence elet$joare added, there will be free electrons whighndt fit into the

crystalline structure, as shown in Figure 2.3.
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Figure 2.3: Crystalline Structure of Negative DopedN-Type)
Silicon-Arsine Thermoelectric Material
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Figure 2.4: Crystalline Structure of Positive DopedP-Type)
Silicon-Indium Thermoelectric Material
These electrons are thus ‘loosely bound’ and wheoltage is applied, they can be easily set in omoto allow
electrical current to pass. The loosely bound sdestare considered the charge carriers in thigatieely doped’ material
(which is referred to as ‘N’ material). It is alpossible to form a more conductive crystal by addimpurities which have
one less valence electron. For example, if Indiomurities (which have three valence electrons)ugesl in combination
with silicon, this creates a crystalline structwigich has ‘holes’ in it—that is, places within tbeystal where an electron

would normally be found if the material was pureg$igure 2.4).

These ‘holes’ make it much easier to convey aebestithrough the material upon the application gbldage. In
this case, ‘holes’ are considered to be the cheagéers in this ‘positively doped’ conductor v(whiis referred to as ‘P’
material). It is critical here to understand tha existence of charge carriers is exclusively terr@ dependant property.

The immense majority of conductors employs elect@mthe charge carriers and considered as ‘N'riahte

It is through the use of both N and P type malteiiaa single power generation device, that wetoay optimize
the Seebeck effect. As shown in Figure 2.5, thenlll B pellets are configured thermally in paraltelt electrically in a
series circuit. Because electrical current (i.eovimg electrons) flows in a direction opposite batt of positive charge
carriers (i.e. holes) flow, the current generafiagentials in the pellets do not oppose one anpthérare series-aiding.
Thus, if each pellet developed a Seebeck voltag20omV, this combination of an N and P pellet wogleherate
approximately 40 mV rather than zero volts. Thetagd output from semiconductor thermocouples resnegatively
low; hundreds of micro volts per degree, and irncfica a large number of thermocouples are connedectrically in
series and thermally in parallel by Sandwichingnthéetween two high thermal conductivity but low atfeal

conductivity ceramic plates to form a module (sgrife 2.6).
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Figure 2.5: A Thermoelectric Pair

The module is the building-block of a thermoeliectonversion system. Ideally, the geometry of thermo

elements should be wire-like (long and thin) foreo generation and squat (short and fat) for refagon (Rowe, 2005).

Figure 2.6: Schematic of a Thermoelectric Module
Showing the P and N Thermoelectric Pairs

Thermoelectric Generator Efficiency

A thermoelectric generator is a heat engine, &addll heat engines, it obeys the laws of thernmaaiyics. If we
first consider the converter operating as an igeakrator in which there are no heat losses, fiwegicy is defined as the
ratio of the electrical power delivered to the ldadhe heat supplied at the hot junction. Consttersimplest generator
consisting of a single thermocouple with thermonwlats fabricated from N-type and P-type semicoraactThe

efficiency of the generator is given by:

n= Electrical energy supplied to the load 2.2)

Heat energy absorbed at hot junction
General Concept of Thermoelectric Waste Heat Recomein Automobiles

In automobiles, waste heat can be recovered flmrekhaust gas and/or engine coolant. In exhaustewseat
recovery, thermoelectric conversion modules areksth between two different heat exchangers. Thesidet heat
exchanger is designed to extract heat from theestlgas, while the cold-side heat exchanger igydesdi to dissipate this
heat after passing through the thermoelectric mesduDn the other hand, in coolant waste heat regptree hot side heat
exchanger is designed to extract heat from thenengpolant. The cold-side heat exchanger may ditesipeat either to the
engine coolant in case of exhaust waste heat regoweto the ambient air in the coolant waste hreabvery. The heat

cannot be dissipated to the ambient in case ofusthaaste heat recovery because this type of hestaagers usually
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requires some sort of turbulence around its finadhieve high overall heat transfer coefficienteTdbsence of this

turbulence in cases of engine idling and at theirmigg of parking mode puts the thermoelectric medunto an
overheating risk because of the high temperatutheoé&xhaust gases.

Figure 2.6 Schematic of a thermoelectric modutanshg the P and N thermoelectric pairs.
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Figure 2.7: (A) Exhaust Based Waste Heat RecoveryEG;
(B) Coolant Based Waste Heat Recovery TEG
In diesel engines 16% ~ 35% of the fuel energgjiscted in engine coolant (i.e. water) comparetii%~26% in
gasoline engines. For this reason coolant baseteweat recovery is more favoured for diesel thasotine engines.
Conversely, exhaust waste heat recovery is mom@ufad for gasoline than diesel engine for the nedlsat 34%~45% of
the gasoline fuel energy is wasted in exhaust coathi® 22%~ 35% of the diesel fuel energy wastetiésel engine. The
main key terms argued when developing exhaust ba&s@ are the heat exchanger(s) effectiveness, thelattric
modules efficiency and TEG own weight. In ordeirtorease the hot-side heat exchanger effectivenessitain level of
turbulence should be achieved with the exhaust flmimcrease the overall heat transfer coefficathe gas. While for
the cold-side heat exchanger, the added cooling) $b@uld be taken into account to retrofit the magioolant circuit to
determine the optimum coolant flow rate into thatrexchanger. The conversion efficiency of thertielectric modules
is a direct function in temperature difference asrthe module thickness. The conversion efficiaatcy maximum power
output is given by the following equation, TEG teclogy shall be able to offer 10% fuel economy witl3i to 5 years
time. Within 8 to 12 years time, they predict tha fuel economy gains should reach 20%. After @ary, the internal
combustion engine is forecasted to be replaceditdip thermoelectric generators driven combustitiampers that can
burn any type of fuel (Fairbanks, 2005). This adeaim the efficiency of thermoelectric materialslaystem is expected
to be joined with a reduction in the cost per emiérgy produced by thermoelectrics.

LITERATURE REVIEW

Thermoelectric generators along their history haweered a huge area of applications, starting fdemestic to
aerospace. This chapter draws a timeline for tlsduéen of thermoelectric generators with theirfelient applications and

capacities, and focuses intensively on thermoéteetthicular waste heat recovery generators.

Thermoelectric Materials

Presently, thermoelectric materials for power getien purposes are based on PbTe at low and ntedera
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temperature gradient applications. In higher termpee gradients, SiGe alloys are employed. FeSised for high
temperature applications as well. Additionally, nirsilicates have a very strong durability at higimperatures and
mechanical stresses. The advances in thermoel&afuce of merit during the last 60 years were @isting, taking the Z
value from 0.5 in late 1950s to 3.5~4 in 2007.

The implementation of Quantum-well technology lierimoelectric materials promises to increase tfieieicy

of thermoelectric as energy conversion alternatigegach 35% by the year 2030.
Thermoelectric Generator Applications in Vehicles

The first thermoelectric generator for exhaustt meeovery in vehicles was introduced in 1963 (8leil963). In
fact, the potential of thermoelectric as energyeafhcy systems in automobiles has increased dieatigt with the
discovery of more effective and cheaper matertdtavever, the mentioned system has not been intesiusommercially

until this very moment, although several researehesiriven to achieve this objective in the negure.
Clarkson University TEG — USA

The experimental results of a 300 W ETEG were nteploin 2004 by Kushch et al. The project teamgdin
Clarkson University and Delphi Systems and was &nddly NYSERDA and DOE to develop a 300 W ETEG to be
mounted on a GM sierra pickup truck (Kushsch e2@04). In order to achieve the power goal, a totahber of 16 HZ
20 thermoelectric modules were used. Eight modwi® mounted on each side of the carbon steel digtdnd all the
modules were connected electrically in series dmntally in parallel. The HZ-20 bismuth telluridesed modules
generates 19 W at minimum if the temperature diffee between the two sides of the modules is 2088Cmodule
dimensions are 75 x 75x 5 mm, and the weight isgihb The TEMs were assembled at a preload pressup®@®
psibetween the hot box and two aluminium watergéekThe overall dimensions of the ETEG were 32¥& x 216 mm
with a weight of 39.1 kg (Tacher et al, 2007).

A Power Conditioning Unit (PCU) was used to adihgt generated voltage to match the vehicle elettsigstem
at 12 and 24 V. The testing of the ETEG was peréatron a V8 270 hp gasoline engine of a GM Siercaym truck. A
precooling heat exchanger was used to asses laywhéninlet temperature of the cooling water. Tha affective sides of
the ETEG were strictly insulated. The road testivess performed at a vehicles speed of 48.28 km/k78Rm/h and
112.65km/h. The highest generated power and ETEgatiefficiency were obtained at vehicle speed1?.65 km/h.
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Figure 3.1: Clarkson University ETEG Conceptual Degn

Impact Factor (JCC): 1.5429- This article can be danloaded fromwww.bestjournals.in




10 Govindu Echarla& Sudhakar Uppalapati

Exhaust inlet

Series
connection

—~Coolant inlets

Figure 3.2: Clarkson University ETEG Prototypes
The test results are summarized in the followalge:

Table 3.1: Experimental Results from the Clarkson
ETEG Road Testing At 112.65 Km/H

Hot-side heat exchanger

Material Carbon Steel
Thermal Conductivity 50 W/m.K
Working fluid Exhaust gas
Inlet Temperature 617.3°C
Outlet Temperature 484.6 °C

Cold-Side heat exchanger

Material Aluminum
Thermal Conductivity 204 W/m.K
Working fluid Water
Inlet Temperature 86.C
Outlet Temperature 93.@

Test engine

Maximum power Po) 255.1 W

Engine operating 112.65 km/h Climb up
conditions at maximum rade of 7.2

ETEG power 9 e
ETEG overall efficiency
at maximum power test| 1.66 %
(h)

TEM conversion
efficiency (h m)

2.8~2.9%

In this case the exhaust pipe between the catalgtiverter and the ETEG was insulated with ThermITeexhaust wrap
and aluminum backed with high temperature glasarfibsulation. In flat road testing, the ETEG progdi 130.8 W. A
maximum power of 255.1 W was measured at a 7.2%egraoad test just before the PCU failure whichsedithe output
power to drop precipitously. These results wereraasured at a vehicle speed of 112.65 km/h. Trigettsd 300 W power
was never achieved by this ETEG during the roahbtesause of a PCU failure caused the output ptweegrade.

CONCEPTUAL DESIGN OF TEG
Discussion of TEG Concepts

The main restrictions governing the design of &haeist based TEG are to provide sufficient suriaea for
mounting the modules, achieving heat transfereataigh to provide the hot and cold surface temperand maintaining
the pressure in the exhaust line without back presin the manifold. These three restrictions hbheen addressed

independently in the past literatures. For examplé&larkson University TEG the first restrictiomited the geometry of
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the heat exchanger and assembly elements. Thisdfailas explained by the low value of exhaust géacity due to large
cross sectional area of the hot-side heat exchamperdimensions of the hot-side heat exchangddamat be changed to
keep sufficient surface area for modules. The TE®duced by Hi-Z is the first design to address dabove mentioned
restrictions dependently. Sufficient surface arelarhounting the modules was achieved by using adenxal cross-
section heat exchanger the cross sectional areaetlla minimum pressure drop through the hot-sie kxchanger.

Internal fins were applied to enhance the heasfearfrom the exhaust gas.

As for the cold-side heat exchanger, all TEG expentation reported the implementation of aluminwater
jackets to provide the cold surface for the therexteic modules. Ideally, water is tapped justte putlet of engine

radiator, and passed through the cold-side hedtagger, then back to the radiator; as shown inrdigul

Radiator

A - 8 ¢ & '
A O

Hot Box —.

Thermoelectric Modules —
Cold Plate ETEG

—£- |nlet water to Radiator

- Outlet water from Radiator
—» Exhaust Gases

Figure 4.1: Radiator-Engine-TEG Cooling Water /Exhaust Circuit

Another important option for cold-side heat exammwas investigated by the BSST Thermoelectrigirml,
which is funded by the USA Dept. of Energy. Thigiop is to implement a pre-cooling heat exchan§€HX) before the
radiator and after the TEG, accordingly, separhte water return path of TEG from engine, as showifigure 4.2.
Undoubtedly, the pressure drop in the PCHX and aéqueing will require the water pump to be replac@a the other
hand, if the PCHX was properly designed, it shchdgte a positive impact on reducing the temperatméle of engine

cooling water, hence, enhances the engine thefffickacy.
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Figure 4.2: The TEG-PCHX Circuit

Iron silicates, silicon germanium and lead/bisntetturide can be used as thermoelectric materfdis. selection
of thermoelectric materials is fundamentally basadhe operating temperature range. The dilemmdewéloping high
temperature and high efficiency thermoelectric mal® is restricting the overall efficiency of TEGBiTe modules
produced by Hi-Z were reported by GM and Clarksaniversity in their research. In fact, these modlage proved high

performance in power generation more than any atfeetules available.
Conceptual Design of the Hot-Side Heat Exchanger

The main challenge in conceptualizing the hot-sidat exchanger is to provide sufficient surfaegado mount
the modules without increasing the flow-cross sewti area of the heat exchanger. To address taikeobe, the new
concept adopts a circular cross-section heat exghmanith internal longitudinal fins to enhance tmeat transfer from
exhaust gas. The modules are to be mounted on tnfaces extended longitudinally from the heat erges, as
illustrated in figure 4.3. The material selectedfabricate the hot-side heat exchanger is UNS C81&9yllium copper
alloy which has a coefficient of thermal condudivof 218W/m-K. This high thermal conductivity witlontribute in
increasing the thermal efficiency of the TEG by rdasing the temperature drop between the exhassaigad TEMs
surface. Beryllium copper has good corrosion raeist nearly equal to nickel silver alloys; therefdhis alloy is the most
suitable for TEG hot heat exchanger applicatioresist the effect of sour gases (i.e. SO3 and @®&#je exhaust gas, and

if necessary the inner surface can be electroplaittdnickel to enhance the corrosion resistivityre heat exchanger.

The HZ-20 module dimensions are illustrated irufeg 4.4. The nominal generated power for the newd TE

concept is 300 Watt. A number of six modules areimed on each side of the two extended surfacashieve this goal.
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Figure 4.3: Hot-Side Heat Exchanger Concepts

An exploded view showing the assembly of thermuele modules on the extended surfaces.
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Figure 4.4: Dimensions of a HZ-20 Thermoelectric Mdule
Conceptual Design of the Cold-Side Heat Exchanger

The cold-side heat exchanger is to be made of ialum 1100-H20 alloy, which has approximately 99%
aluminum and 0.05~0.2% copper among other minorpoorents. This alloy has a coefficient of thermahdactivity
equals of 220 W/m- K which is 4.7% higher than pakeminum. Seven flow paths are created insidectit@-side heat
exchanger using 0.8 mm rectangular inserts to &seréhe overall efficiency of the heat exchangée &ssembly of the
cold-side heat exchanger is illustrated in figu® Zhe presented concept should require less \laterate to absorb the
rejected heat from the thermoelectric modules. Hetige thermal load added to the radiator is exgetd decrease.
Another type of cold-side heat exchanger is vetgrasting to investigate, that is utilizing the idd movement to create
a turbulent flow around a finned-type heat sinkaol the thermoelectric modules. Such cold-side Bgehanger does not

use engine coolant. Therefore, if the finned-tymathsink is optimized for implementation as a TE&d€side heat
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exchanger, there will be no modification requiredthe engine coolant circuit.

Figure 4.5: Cold-Side Heat Exchanger Showing the Blv Paths
Conceptual Design of the TEG Assembly

In fact, the mounting of thermoelectric modules lzaradical effect on the generated power. A cosgive
loading of 200 psi achieves the highest power gditer from a HZ-20 module, if applied on the modul&uch
compression would abolish the thermal contact tasi® between the module and both surfaces. Additig the
application of thermal interface material is esgdrnd accentuate the effect of compressive loadingrder to facilitate
such procedure, square grooves with 1 mm depttesigned to contain thermoelectric modules on fteneled surfaces.
Thermal insulation is used to cover all the noreetffre surface area of the hot-side heat exchatgy@ninimize the

thermal bypass to ambient air. Figures 4.6 showutheonceptual assembly of the thermoelectricegator.

Increasing the overall efficiency is the main alijee in any ETEG design; this increase can beeaet by
numerous techniques. The thermal efficiency cambeased by reducing the heat dissipated dueetdhétrmal contact
resistance which can be implemented by applyindoumi compression to TEMs and using high conductivermal
interface material between the hot and cold sides the modules. Because the hot box and cold plisenormally
electrically conductive, electric insulation shoualtivays be applied to the TEMs. Ceramic wafersi@deal to fulfill the
thermal interface and electric insulation requiratee A temperature drop of about 10~15°C can nowadigeved across
these wafers.

For the efficiency of the heat exchanger, it carcbntrolled by many methods. When the hot boxahadatively
large cross sectional area, the exhaust gas welsatamped when entering the hot box channel. Shiklen drop in gas
velocity forms a thick thermal boundary layer tloauses the overall heat transfer coefficient tcsherply decreased.
Internal fins, turbulators and corrugated surfamesmost favourable solutions for eliminating tlffeet of this boundary

layer.

Nevertheless, an important factor should alwaysdmsidered, the free cross sectional area fofldlae Because
if such area is not sufficiently large; the exhamsnifold pressure will be affected causing theimmgefficiency to
decrease. For the conduction losses through tleerdg, the number of assembly elements contactiadibt box directly
should be minimized as possible and free surfauesld be strictly insulated.

Thermal insulation is used to prevent the coneaecfrom the hot box surface. Nowadays, spray iriguiaof

conductivity as low as 0.03 W/M.K is available aido sustainable for high temperature applications.
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Figure 4.6: TEG Novel Concept
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The following tables list out the properties of SNC81800 Beryllium copper alloy, Aluminum 1100-Haloy

and the HZ-20 module
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Table 4.1 Properties of UNS C81800 Beryllium Coppehlloy

Density 8.9 x 1!kg/m3

Mechanical properties

Tensile Strength,

Ultimate 450 MPa
Tensile Strength, Yield 275 MPa
Elongation at Break 15.0 %
Modulus of Elasticity 110 GPa
Poisson’s Ratio 0.330
Shear Modulus 41.0 GPa
Electrical properties

Electrical Resistivity

0.000359 ohm-mm

Thermal properties

CTE, linear

18.0 pm/m-°C

Thermal Conductivity

218 W/m-K

Table 4.2: Properties of Aluminum 1100-H20 Alloy

Density

2.71 x 10kg/m3

Mechanical properties

Tensile Strength,

Ultimate 110 MPa
Tensile Strength, Yield 105 MPa
Elongation at Break 12.0 %
Modulus of Elasticity 75 GPa
Poisson’s Ratio 0.330
Shear Modulus 26 GPa
Electrical properties

Electrical Resistivity

0.0003 ohm-mm

Thermal properties

CTE, linear

23.6 pm/m-°C

Thermal Conductivity

220 W/m-K
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Table 4.3 Properties of HZ-20 module

Properties of the 19 Watt Module, HZ-20
Physical Properties
Weight 115 grams
Compressive Yield 70 MPa
Stress
Number of active
71 couples

couples

Electrical Properties (as a generator)
Power 19 Watts
Load Voltage 2.38 Volts
Internal Resistance 0.3 Ohm
Current 8 Amps
Open Circuit Voltage 5.0 Volts
Efficiency 4.5 %

CFD ANALYSIS OF TEG

Computational fluid dynamics (CFD) is a branchlofd mechanics that uses numerical methods anaristhgns
to solve and analyze problems that involve fluaiv. Computers are used to perform the calculatiegsired to simulate
the interaction of liquids and gases with surfadefined by boundary conditions. With high-speedesapmputers, better
solutions can be achieved. Ongoing research, hawgiedds software that improves the accuracy grekd of complex

simulation scenarios such as turbulent flows
CFD Analysis of the Hot-Side Heat Exchanger

A CFD analysis using a turbulence model of thetygpe was built in ANSYS FLUENT. The boundary cdiatis
and input parameters are detailed in table 5.1. TRB analysis investigated the effect of flow rate the pressure
gradient inside the heat exchanger as well athpérature gradient on the extended surfaces. Dhelrhas been solved
for mass continuity assuming a steady state floe emtering the heat exchanger and ambient temperat the outlet
side. The pressure gradient is plotted in Figufie Bhis figure represents the 3-D pressure gradiettie hot-side heat
exchanger.

Table 5.1: Boundary Conditions and Input Parametersfor the CFD
Simulation of Hot Side Heat Exchanger

Heat transfer Convection and conduction
External heat transfer coefficient 4.5 W/m2.K
Average metal roughness Lt
Ambient temperature 293 K

Inlet mass flow
Flow parameters Mass flow rate normal to face;
Kals 0.047
Thermodynamic parameters 890.3K

Turbulence parameters Intensity: 2 % Length: 0.0007 m

Boundary layer parameters Boundary layer type: tlerit
Outlet static pressure

Static Pressure: 101325 Pa

Temperature: 293.2 K

Turbulence parameters Intensity: 2 %

Length: 0.0007 m

Thermodynamic parameters
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Boundary layer parameters Boundary layer type: tlerit
Heat transfer Convection and conduction
External heat transfer coefficient 4.5 W/m2.K

Average metal roughness Lt

Ambient temperature 293 K

The temperature gradient along the extended suffacboundary conditions explained in table 5.lokgained. Such
gradient along the extended surfaces is very impbitb consider, because it has a direct effedhergenerated power.
The main advantage of the new conceptual desigeepted in this research is to achieve low hot-s@eperature
difference between the first and last module onetktended surface. Such low temperature differéneehieved through
depending on conductive other than convective treasfer through the extended surfaces. A 2-D teatpes pattern on
the extended surfaces is plotted in Figure 5.2ddition, the temperature profile along the extensierface centerline (x-

X) is plotted in Figure 5.2.
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Figure 5.1: Surface Plots for the Pressure Gradienn the Heat Exchanger at 0.047 Kg/S
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Figure 5.2: Surface Plots for the Temperature Gradént of the Extended Surfaces at 0.047 Kg/S
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Figure 5.3: Temperature Profile at the Extended Suiace Centreline
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From Figure 5.3, it is observed that the tempeeagradient along the (x-x) axis is an effectivadient,
Moreover, the parabolic-shaped temperature contioglisate that the relatively large thickness of #xtended surface
deviate the heat transfer characteristics in sudiase from that of a typical fin. In fact, the teemature gradient across the
extended surfaces directly affects the generateslepobecause such power is a direct function in tdraperature

difference between the hot and cold sides of themibelectric modules.

The main temperature and flow parameters of thieside heat exchanger at the examined flow rateeshre
summarized in table 5.2. The average temperatareble 5.2 are calculated based on taking theageevalues of at least
70% of the temperature values on the mesh nodds. aMeraging was performed using the postprocesemtule of

ANSYS FLUENT. The same procedure was followed totiye temperature drop in the exhaust line.

Table 5.2: Summary of the Thermal and Flow Parametes of the Hot-Side Heat Exchanger

Flow rate (kg/s) 0.047
Pressure drop (Pa) 28.68
Average temperature of the 7415
extended surface(K) '
Temperature drop on the 20.12

extended surface (K)

Temperature drop in exhaust sidle 12.3

(K)

Heat transferred through the ho
side heat exchanger (W)

626

The results shown in Figures 5.1, 5.2 and 5.3, thrdparameters discussed in table 5.2 give thénpnary
parameters of the thermal performance of the hit#-bieat exchanger, and validate the CFD model giftwrdlie pressure

drop results.
CFD Simulation of the Cold-Side Heat Exchanger andEG Assembly

The assembly described in chapter 4 and illustraté-igures 4.5 is radically simplified in the pesit simulation.
This simplification is adopted in order to genenagsults that are more conservative by omittingpbsitive effect of the
assembly elements on the cooling performance ofctild-side heat exchanger. The second reason foptiad this
simplification is to reduce the calculations tim@ the CFD model. Thermoelectric modules are repriesl as simple
thermal resistance with a constant thermal conditiztiThe most significant temperature variatiorthie one parallel to
the heat exchanger centreline, for this reasonaskamption that the heat flow through the modiglésD is deemed to be
valid. The temperature difference between the et outlet of the cold-side heat exchanger shbelchaintained similar

to that between the inlet and outlet of the radijatdhe circuit in Figure 4.1 is to be used.

The axisymmetric of the assembly and flow was ueadinimize the computational domain, and variatgesity
meshing was used. The Table 5.3 lists the bouncamgitions and input parameters for the TEG assgiabdlysis. The
meshing is a stair-step type mesh. In fact, the fio both the hot and cold side heat exchangech#&acterized by
constant cross section geometry and low presswf@eprFor this reason, the use of such mesh glyafee. stair-step)

along with the standard &turbulence model is expected to deliver accuratepaecise results.
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2-D temperature patterns of the cold and hot safethe modules are plotted in Figure 5.4. The terapre

gradient on the centerline of the extended surtawe the cold-side heat exchanger is plotted inreigu5 for three

different exhaust flow rates.

Table 5.3: Boundary Conditions and Input Parameterdor the CFD Simulation

Figure 5.4: Temperature Plots Showing the Cold an#ot Side Temperature Patterns of the
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Figure 5.5: Temperature Gradient along the Entrelire of Extended Surface

In Figure 5.5, it is obvious that the one dimenalcassumption of the heat transfer is valid. Tibecause the
temperature exhibits very large changes along xied aenterline of the extended surface. The shgrp in the graphs
represent the temperature value in between the le@dlhe temperature distribution on the thermdgtemodules' cold
surface takes semi-parabolic shape because obtitaat resistance. The temperature difference lestvlee hot and cold
sides at the first and last modules representsdability” of the TEG thermal performance. Whe tthermal load is
relatively small, the response of the TEG to theliog effect caused by the cold-side heat exchamgéigh, thus, the
temperature difference between the cold and hatssaf the first modules is high. For the same nmeatloe same
temperature difference at the first and last maglubmies significantly. However, the increase @&f thermal load leads to
a decrease in the temperature difference betwesfirgh module's hot and cold surfaces. On therdthed, the increase in
thermal load would enhance the thermal stabilityhef TEG, in other words, the temperature gradamhe first module
will be very similar to that of the last module. A the pressure and temperature drops in the-gidkel heat exchanger,
the pressure drop was estimated at 530 Pa at ttee fl@av rate of 0.165 kg/s. The temperature drapged from 4 to 5.2
K, which is less than the temperature differencevben inlet and outlet sections of the radiatorbl&eb.4 shows the

thermal operating conditions and corresponding gead power and efficiency.

Table 5.4: Thermal operating conditions and correspnding generated power and efficiency

Surface HOT SIDE COLD SIDE
First Module Temperature (K) 610.34 408.55
Last Module Temperature (K) 608.89 409.13
T Average 200.78

Power per module (W) 18.81

Input Thermal Energy 574.02

TEG Power (W) 300.96

TEG Efficiency 52.43%

Assessment of the Novel TEG Design

In order to evaluate the novel TEG concept present this thesis, the simulation results are cargdo the
experimental results presented by previous work; TIEGs tested by Clarkson University. The main ltssior this
research were discussed in tables 3.1. The paresmet# validation and comparison are the mass flates, operating
temperatures, generated power and the TEG effigiefhe results are compared to the experimental ressults of
Clarkson University TEG in Table 5.5.
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Table 5.5: Comparison of the Performance Charactestics of the Novel TEG and

Clarkson Prototype at the Same Thermal Opeting Conditions

Case | Il

HOT | COLD | HOT | COLD
SIDE SIDE SIDE SIDE
First Module Temperature (K 610.3 408.5 511.8 387
Last Module Temperature (K 608.8 409.1 498.2 395.7

Surface

T Average 200.78 124.53
Power per module (W) 18.81 8.26
Input Thermal Energy 570.02 10274.38
TEG Power (W) 300.96 131.95
TEG Efficiency 52.43% 1.28%

The hot and cold side temperatures of the nové& tBncept indicated in column | of table 5.5 haasonably
good agreement with the experimental results frdarkSon TEG, in column Il of table 5.5. For thesfimodule, the hot
and cold side temperatures obtained from the stioul@re 19.23% and 5.49% higher than the expetiaheasult. While
for the last module, the hot and cold side tempeeatobtained from the simulation are 22.95% an84B@ higher of the
experimental results. The accumulated effects @& ithcreased temperature difference, along with aixlitional
thermoelectric modules have caused the generatedrpo increase from 131.95 W in Clarkson TEG t6.96 W for the
novel TEG.

CONCLUSIONS AND RECOMMENDATIONS

The significance of thermoelectric waste heat vecp in automotives has been investigated throuiterature
review. A novel design of an exhaust-based TEGH®En developed and presented. The design and Sionufar the
TEG concept was done. The new concept was assdssedh a detailed comparative study with experitaleresults
from Clarkson University. The results of this compan reveal a large increase in the power of tlesgnted concept over
the previous TEG. Such a increase is justifiedviy main factors; the new geometry of the hot-sidattexchanger and

the selection of heat exchanger material.

The TEG geometry was optimized to avoid any baesgure effect on the exhaust manifold. Another itamd
feature in the presented TEG geometry is the atiim of extended surfaces. This feature allowddrge number of
thermoelectric modules to be employed on a smatks compared to the two previous prototypes. €teation achieved
in TEG weight is another positive impact of the metry, which contributed directly in increasing theG power density.
The selection of hot-side heat exchanger matetigaleeryllium-copper alloy radically affected thestmal performance of
the TEG as well. Beryllium-copper has a coefficieftthermal conductivity as high as four times tded. Thus, the
conductive thermal resistance decreased significaericouraging the temperature pattern along xteneled surface to be

enhanced at a lower rate of heat transfer.
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