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ABSTRACT

The automotive industry is pressed with increasingly stringent efficiency and emissions goals. Vehicles
are having increasing degrees of hybridization. Therefore, on-board electricity production seems highly
attractive. Thermoelectric (TE) generators can directly convert the exhaust heat into electricity with no
moving parts and unlike competing technologies, need little to no maintenance if carefully designed.
However, they are temperature limited, and their electric output is very sensible to the thermal level. So,
it is a challenge to design a system with optimized operation under the wide range of driving conditions.
A novel Temperature-Controlled Thermoelectric Generator (TCTG) concept incorporating thermal control
through a phase change heat spreading device incorporated into the exhaust of a vehicle was previously
proposed and modelled by the group. It incorporates corrugated pipes for exhaust flow, which are
embedded in a cast aluminium matrix along with variable conductance heat pipes (VCHPs) working as
excess heat spreaders. This concept is designed to maximize the absorption of exhaust heat under highly
variable thermal load applications while still avoiding both thermal dilution at low loads and overheating
at high loads. Wherever the temperature limit is exceeded at the hotter upstream regions of the heat
exchanger (HX), heat is absorbed by vaporization and spreads to the colder regions of the heat exchanger
by condensation. Therefore, in high thermal load events the excess heat is spread along the HX instead
of being wasted through by-pass systems, as done in existing systems.

The present work performed the first full experimental validation of this concept and of the corresponding
numerical model. Firstly, a previously built proof-of-concept prototype was instrumented and tested at
ambient pressure with a resulting heat spreading temperature around 100°C. Subsequently, a new TCTG
prototype capable of withstanding the operating pressures needed for optimal heat spreading temperature
(~40 bar / 250°C) was built, attached to the exhaust of an Internal Combustion Engine (ICE) and tested.
Evidence for the temperature control and heat spreading previously claimed for the concept was thus
obtained for the first time. Results indicate that the system is able to maximize heat absorption under
highly variable thermal load and achieve TE conversion efficiencies close to the theoretical maximum,
with an electrical output level that seems to be a breakthrough for road vehicle TE generators, also

showing promising results in terms of fuel consumption and €O, emissions reduction.

Key-Words: Thermal control; Thermoelectric generator; Variable conductance heat pipes; Variable

thermal load; Waste heat recovery.
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RESumo

A industria automovel é pressionada com objetivos de eficiéncia e emissdes cada vez mais rigorosos. Os
veiculos apresentam graus crescentes de hibridizacao, sendo que a producao de eletricidade a bordo
parece altamente atrativa. Os geradores termoelétricos (TE) podem converter diretamente o calor de
escape em eletricidade sem pecas moveis se forem cuidadosamente concebidos. Porém, tém limitacoes
de temperatura, e a sua producao elétrica € muito sensivel ao nivel térmico. Desse modo, é um desafio
conceber um sistema com funcionamento otimizado sob a vasta gama de condicdes de conducéo. Um
novo conceito de gerador termoelétrico com controlo de temperatura (TCTG), incorporando o controlo
térmico através de um dispositivo de distribuicdo de calor por mudanca de fase foi anteriormente
proposto e modelado pelo grupo. Este, incorpora tubos corrugados para o fluxo de escape numa matriz
de aluminio fundido juntamente com os heat pipes de condutancia variavel (VCHPs) funcionando como
espalhadores de calor em excesso. Este conceito maximiza a absorcao de calor de escape sob aplicacdes
de carga térmica variavel, evitando ao mesmo tempo a diluicdo térmica com cargas baixas e o
sobreaguecimento com cargas altas. Sempre que o limite de temperatura é excedido nas regides mais
quentes a montante do permutador de calor (HX), o calor é absorvido por vaporizacdo e espalha-se para
as regides mais frias do permutador de calor onde condensa. Portanto, em eventos de carga térmica
elevada, o excesso de calor é espalhado ao longo do HX em vez de ser desperdicado através de sistemas
de by-pass, como acontece nos sistemas existentes. O presente trabalho efetuou a primeira validacao
experimental deste conceito e do modelo numérico correspondente. Primeiramente, um protdtipo
previamente construido foi instrumentado e testado a pressdo ambiente, com uma temperatura de
espalhamento de calor de cerca de 100°C. De seguida, foi construido um novo prototipo TCTG capaz de
suportar as pressdes de funcionamento necessarias para uma temperatura 6tima de espalhamento de
calor (~40 bar / 250°C), ligado ao escape de um Motor de Combustéo Interna (ICE) e testado. Foram
assim obtidas, pela primeira vez, provas para o controlo da temperatura anteriormente reivindicado para
o conceito. Os resultados indicam que o sistema é capaz de maximizar a absorcao de calor sob carga
térmica variavel e alcancar eficiéncias de conversdo proximas do maximo tedrico, com um nivel de
poténcia elétrica inovador para geradores TE de veiculos rodoviarios, mostrando também resultados

promissores em termos de consumo de combustivel e de reducdo de emissdes de CO..

Palavras-Chave: Controlo térmico; Gerador Termoelétrico; Heat Pipes de Condutancia Variavel;

Recuperacao de calor de escape; TEG.
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1. INTRODUCTION

1.1 Motivation

The discovery in 2015 of an illegal exploit on 590 000 Volkswagen diesel engine vehicles led to the
manufacturer acknowledging that more than 8 million passenger cars were equipped with a device that
would cause the strong under-estimation of emissions to enable the vehicle to comply with the challenging
emissions standards [1]. Following the event, several independent European organizations conducted
emissions testing under the Euro 5 and Euro 6 in standard passenger cars. This event awakened public
concern on whether road vehicles, which in recent years had shown a very promising reduction in
greenhouse gas and pollutant emissions and fuel consumption [2], were in fact complying with these
targets. Previous research has found that there was a gap between official type-approval and real-world
CO, emission. Some authors [3] stated that the gap has grown from less than 9% in 2001 to around
40% in 2015 (see Figure 1). In terms of fuel consumption, [4] when analysing real-world fuel consumption
data from German car manufactures company cars (that represent almost half of new cars registrations
in Europe [2]) found that the average divergence between on-road and official values increased from

approximately 10% to 50% from 2004 to 2014.
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Figure 1-Divergence between official and real-world CO2 emissions for new passenger cars in the EU, the United States,
China, and Japan [2][3].



The above-mentioned data suggests that car manufacturers are struggling to keep up with targets for fuel
consumption and emissions as they are forced to comply with very challenging sustainability goals. The
research and development for upcoming years will be looking towards implementing technologies allowing
to accomplish targets in energy consumption as well as lower pollutant and greenhouse-gas (GHG)
emissions [5]. The EU has recently reviewed their GHG emissions emission cuts goal for 2030 increasing
it to 55% in relatively to 1990 levels [6]. Regarding heavy duty vehicles, in 2025 and 2030 these need to
achieve a 15% and a 30% reduction, respectively, when compared to 2019/20 levels [7].

These targets are very challenging. Full vehicle electrification is perceived as a very promising approach
as GHG emissions during vehicle driving are eliminated. There has been a push by several policy makers
to favour exclusively this type of transportation while sometimes pushing for the outright ban of the ICE-
based vehicle in the long-term. A notable motivation behind these radical approaches seems to be the ill-
perceived notions of BEVs (Battery Electric Vehicles) as being “emissions-free” vehicles and of ICE-based
vehicles as being “emissions-bound” vehicles. Neither notion is accurate, denoting a lack of familiarity
with life cycle analysis of emission footprint: The assessment of emissions footprint of BEVs is often
reduced to the driving phase, with no acknowledgement to the fact that there are emerging technologies
and fuels that can render the ICE an emissions-neutral machine [8], [9]. This reductionist approach risks
eliminating valid solutions for the challenge of GHG emission reductions in the medium- and the long-
term future. BEVs still have their own sustainability challenges, although these are not always present in
policy discussion. The indirect emissions associated with electricity production and the Life Cycle impact
at the beginning/end of life of components such as energy storage are issues that still need to be properly
addressed [10]. Also, several technical challenges, mostly related to energy storage, still prevent their
quicker and wider adoption. Still, light duty BEVs are being increasingly adopted, especially in urban
transportation, where there are most advantageous [5], [11]. Their selling share increased from 3.5% in
2019 to 11% in 2020 in the EU [12]. Regarding heavy-duty long-distance transportation, it is expected
that the rate of adoption of full electrified powertrains will be much slower, with several decades still
needed to pass before mass adoption of full electrical powertrains takes place [5].

A lot of progress has also been made regarding fuels that are low on fossil emissions, such as compressed
natural gas (CNG), or achieving a neutral carbon footprint, as the case of synthetic fuels made from
renewable sources and waste-derived fuels, in which the CO. emissions in the tailpipe are neutralized by
the CO. sequestrated during their sustainable production [13], [14].

While the use of ICE-based vehicles is expected to decline steadily over the next decades, they still account

for most of the transportation sector nowadays [5]. To neglect the research effort towards solutions that



may improve their current and future sustainability seems not to be a wise decision. Meanwhile, vehicle
manufacturers are urgently in need of reducing their carbon footprint to reduce the penalty they are
presently experiencing when failing to meet the current emissions limits. For instance, manufacturers of

passenger cars are paying 95 € for each g/km exceeding the 95 g/km target per vehicle. In 2020 the

average EU emissions were 107.8 gCO./km, which is almost 13 g/km in excess of the target, meaning

an average fine per car exceeding 1.2 k€ [12]. Therefore, measures are needed to tackle this issue.

It seems obvious that the transition towards fully sustainable transportation requires the use of more
readily available solutions in the short to medium term. Hybridization and partial powertrain electrification
can play a huge part in reducing substantially GHG emissions, as they allow for the recovery of braking
energy and allow the engine to work at regimes closer to their top efficiency conditions [15], [16]. Besides
vehicle hybridization, a significant increase in vehicle efficiency can be achieved both in ICE improvement
and by recovering a portion of the high-amount of energy not converted by the engine. On average, only
up to one third of the fuel energy burned in an petrol engine (up to 40% on diesel engines) is converted
to work at the transmission shaft, with the engine coolant and the exhaust dissipating roughly another
third of that energy each [17].

It is important to note that the energy wasted by the ICE through the exhaust has a higher recovery
potential than the energy lost through engine cooling since exhaust gas temperatures are much higher
than engine cooling circuit temperatures, overcoming 700 °C or more [18]. Chammas and Clodic [19],
when analysing characteristics of a common light duty 4-cylinder spark ignition engine stated that,
depending on regime conditions, exhaust waste thermal power would mostly range from 4.6 to 120 kW
while the cooling water thermal power would mostly range from 9 to 48 kW only. Parallel to the
increasingly tight targets in terms of fuel consumption and emissions it is noteworthy the increased
demand of electricity for on-board applications in light and heavy duty vehicles [20]. Therefore, the
conversion of a portion of the exhaust heat into electric energy could be translated into a substantial
saving in GHG emissions. Some researchers have studied the potential of Organic Rankine Cycle (ORC)
as it reconverts a part of the available exhaust enthalpy into mechanical work, then reconverting to
electrical power. Theoretically, the efficiency gains can be expected to be in the order of 3 to 8% [21]-
[23]. Other solution to harvest this energy is to transform the thermal energy directly into electrical energy
without the need for an intermediate conversion into mechanical energy as in the case of ORC. This is
possible using thermoelectric generators (TEGs). These produce electricity if there is a temperature
difference across the module faces because of the Seebeck effect. The exhaust heats the hot face, and

a coolant flow keeps the opposite face at a minimum temperature [24].



TEGs have been assessed as a possible nearly maintenance free Waste Heat Recovery (WHR) solution
for long. However, viable market solutions are still not a reality. While material costs are steadily being
overcome with novel affordable TE materials, such as those developed by the Lab [25], there is still the
issue of low average conversion efficiency under realistic driving conditions. This is caused by the fact
that the average efficiency of TEGs is heavily deprecated when the thermal level of the modules is not
close to their optimum, which coincides with their operating temperature limit. In practice, it is a nearly
impossible challenge to thermally optimize the TEGs under highly variable conditions of exhaust flow rate
and exhaust temperature during real-world driving. This thermal optimization mainly means that the hot
side temperature should be as close as possible to the maximum allowable temperature of the modules,
but not higher, at the risk of damaging the module. In low and medium thermal level events it is desirable
to have an exhaust heat exchanger with very low thermal resistance, to induce a very high effectiveness.
However, in high thermal level events, the exhaust gases temperature can achieve more than 700 °C and
the low thermal resistance of the HX may induce overheating. Given that affordable, commercially
available TE materials are temperature limited, it seems that to enable viable, efficient automotive TEGs
it would be necessary to develop a HX with a low thermal resistance in combination with some kind of

thermal control to provide an optimal thermal level to the modules irrespective of the thermal load.



1.2 Previous Research Group Survey

In previous work, the LaMoTA Research Group has proposed to solve the challenge of thermal control
through two alternative concepts, both based on liquid to vapour phase change at a controlled
temperature range. The original concept was based on the absorption of all the exhaust heat through
variable conductance thermosiphons (VCTS) that would deliver this heat to the TEGs at a fairly uniform
temperature irrespective of exhaust thermal load [26],[27]. A later concept was slightly different. Instead
of using VCTS to transfer all the heat to the modules, it implemented variable conductance heat pipes
(VCHP) embedded along an otherwise conventional exhaust HX to spread solely the excess heat from hot
spots to cold spots of the HX. The VCHPs would basically operate as spreaders of excess heat.

The VCTS incorporates an evaporator at the exhaust, a condenser to which the TEG modules are attached
and an expansion tank for pressure stabilization (see the schematic figure of the concept in Figure 2).
The evaporator absorbs the exhaust heat through vaporization of a fluid (water) at a controlled boiling
temperature (~260 °C) and releases this heat to the condenser, along which the hot faces of TEG modules
are attached. Therefore, these modules do not receive the exhaust heat directly from an exhaust heat

exchanger but indirectly through the condensation of vapour that was generated with the exhaust heat.
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Figure 2 - Outline of the operation of a Thermosiphons heat exchanger by LaMoTA group [28].

By pre-regulating the pressure of the system with a non-condensable gas (NCG), it was possible to regulate

the boiling temperature of the vapour, and thus the heat transfer temperature. Additionally, the
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implementation of an expansion tank allows to maintain a relatively stable inner pressure and thus a
stable boiling temperature irrespective of the engine regime. At rest, the VCTS is filled with the NCG at a
given pre-load pressure. Once vapour starts to be generated at the evaporator, it will gradually expand
and fill the system, eventually reaching the condenser, where modules are attached. Once the vapour
condenses, it releases its latent heat, with the condensates returning to the evaporator by gravity (VCTS)
or by capillary force (VCHP). This heat will then reach the hot face of the modules attached to the
condenser. The cold faces of these modules are attached to liquid-cooled heat sinks. The temperature
difference generated between the hot a cold face of the modules will cause a voltage through the Seebeck
effect. Because the non-condensable gas is present and there is some stratification between the vapour
and the NCG (see Figure 2), there will be a lower or a higher fraction of the condenser that will be filled
with vapour (active heat transfer area). The remainder area will be filled with the NCG (non-active heat
transfer area). The active heat transfer area will be proportional to the thermal load at the exhaust.
Therefore, the variation of the engine load along the driving cycle will affect mostly the number of active
modules (modules located at the vapour region of the condenser) and not so much the temperature of
the modules, which will be fairly stable with the help of the expansion tank. The vapour temperature was
regulated some degrees above the maximum TEG module temperature, Trs, SO that the hot face of these
modules would be around Tr (250 °C). This way, it was possible to protect the system against over-
heating without wasting heat with a bypass system, while absorbing a substantial portion of the heat from
a highly variable heat source. Moreover, due to the accumulation of vapour in the system it is possible to
have excess heat accumulation

Initially, simplified proof-of-concept prototypes were built and tested with a blowtorch as heat source to
confirm the effects [29]. It was confirmed that indeed it is possible to stabilize the heat transfer
temperature irrespective of the heat input, with this temperature being only a function of the inner
pressure of the system.

Systems with growing size and complexity were subsequently implemented and tested [30]. For instance,
the influence of the VCHP operating temperature on the exhaust heat recovery was assessed both
theoretically and experimentally [31]. For this purpose, a small capacity Proof-of-Concept thermoelectric
generator with 3 blocks of 4 thermoelectric modules each was built and tested for a range of operating
temperatures (100-160 °C). The predictions and the tests showed that although the efficiency of the
modules increases with the operating temperature, the increasing of Heat Pipe (HP) temperature beyond

a certain limit eventually causes the degradation of the electric generation due to the reduction of the
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usable exhaust energy. This study was complemented by another one incorporating a more detailed
model of the system and a validation with the exhaust of a small diesel engine [32].

In parallel, a theoretical study [33] on the effects of TEG thickness in performance of this modules energy
production output was also carried out, highlighting the importance of minimizing aspects such as contact
resistances in order to use high thermal power modules that theoretically could maximize electrical input
of TEGs.

A larger vertical full-size prototype was designed and built by the research group to fully explore the
temperature control concept with the system being connected to a spark ignition engine. The
mathematical model proposed in [32] was much improved in [34] in order to predict the behaviour of a
temperature controlled TEG based on the design of this larger VCTS-based prototype under realistic
driving cycles. This numerical approach modelled the heat transfer at the evaporator using an unsteady
implicit heat transfer model, implementing empirical correlations and calculating the rate of vapour
production along the cycle. The rate of vapour condensation at the condenser and the resulting active
condenser/module region was also calculated along the time, considering a constant inner pressure. This
allowed to estimate the output power and efficiency of the system along the driving cycle. It was possible
to observe the optimized operation of the system, with the thermal-control maintaining the optimal
thermal level of the active modules (meaning top efficiency) under broadly variable engine loads without
the risk of overheating or thermal dilution. This was assessed under the Worldwide Harmonized Light
Vehicles Test Cycle (WLTC) and a higher thermal load custom Highway (HW) cycle.

More recently [35], the previous model was updated to allow for the prediction of the pressure and boiling
temperature evolution along the same driving cycles, including unsteady heat transfer calculations and a
warm-up period in which only sensible heat is present. It was found that the pressure has a variation
which is inversely proportional to the volume of the system. It was also found that allowing for some
variation of the inner pressure and the corresponding boiling point (by using smaller expansion tanks) the
performance of the system could be improved, as the system would start generating vapour earlier in the
driving cycle. Maximum/average power outputs of 874 W/ 283 W were estimated for the WLTC cycle,
respectively. Regarding the higher power HW cycle these values were 1.04 kW for the maximum output
and 563 W for the average. These seem to be highly attractive figures for such a light vehicle as the one
simulated (1.4L S.I. engine hatchback). It was found that the implementation of the TEG system as an
alternator substitute could result in 6% fuel savings and CO, reductions.

All the aforementioned studies were made with gravity-based (VCTS-based) TE generators, in which all

the heat was supplied to the TEG via the phase-change fluid. Although the predictions were promising for
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automotive TEGs compared to the state-of-the-art, the concept had some challenges for implementation.
The most notorious one was its vertical configuration, which is not convenient for light duty vehicles.
Another downside from the design was that it is not possible to extract all the heat from the exhaust
gases. That is, exhaust gases would never exit the system at a temperature below the phase change
temperature. This created the need for a new design that would be capable of overcoming the

aforementioned limitations, which is described in continuation.
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1.3 Thermal control through excess heat spreading

In the previous design, thermal control was achieved by delivering all the exhaust heat to the TEG modules
through phase change process which, for a given pressure is nearly isothermal. One alternative of
performing thermal control with phase change is the one proposed by the authors in [36], which is
outlined in Figure 3. It consists of performing the bulk of the heat transfer in a conventional way
(absorption of the exhaust heat by convection at the HX, followed by transmission of this heat to the
modules by conduction across the HX body). Only a small part of the heat transfer, if any, will be
processed through the phase change process. It will only be present in regions where there is excess
heat, that is, in regions where the temperature would otherwise exceed the limit if no phase change fluid

would be present.
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Figure 3 - Schematic representation of the excess heat spreading (a) enabled using VCHPs and (b) heat transfer process
across the VCHP with the excess heat being absorbed in the vaporization region and released in the condensation region.

The idea is to embed chambers along the HX that contain the phase change fluid. Boiling will occur within
these chambers wherever the boiling temperature is achieved. Similarly, to previous concepts, this
temperature is regulated to be close to the maximum allowable operating temperature of the TEG
modules. This is done, again, by regulating the pressure inside the system, using a non-condensable gas
(NCG). This boiling will provide two advantages: locally, it will prevent further temperature increase above
that limit temperature. But at the same time, the excess energy absorbed by boiling in hotter, upstream

regions of the HX, will spread along the HX and will be used to heat up colder regions located downstream
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in the HX by condensation. That is, the vapour generated at these excess heat regions will spread along
the HX chambers and fill them until it condenses at under-heated regions of the HX, heating them up to
the optimal temperature.

Therefore, a similar effect to the previously described concept is obtained, but in a different way: Similarly
to previous concepts, the heat absorbed by the HX will be distributed along an area of TEG modules
proportional to the thermal load, with these modules displaying an optimal temperature level. However,
in this new concept only the excess heat needs to be transported by the phase change fluid, not the whole
heat, as in the case of the previous concept. Also, the system can now absorb a higher fraction of the
exhaust heat and, unlike the previous system, exhaust heat will still be absorbed even when its
temperature drops below the phase change temperature. Thus, this seems to be a solution able to
passively avoid TEG overheating at high thermal load while efficiently using the available heat, because
local excess heat is not wasted but spread to under-heated regions. At low thermal loads efficient
operation will also be possible because it is possible to minimize the thermal resistance of the HX
(maximize HX effectiveness) without the fear of overheating under high loads.

This could be achieved using Heat Pipes (HPs) with adjustable boiling temperature, such as the Variable
Conductance Heat Pipes (VCHP). A concept of a compact system based on VCHPs which does not
requires gravity to operate has been designed and submitted for patenting [37]. One of the advantages
of this system is that it can display a very low thermal resistance without the fear of overheating at high
thermal loads. This solution allows maximizing the HX effectiveness for variable thermal load conditions.
One design incorporating this concept was assessed in a publication of the group [36]. It incorporated
corrugated pipes identical to those used in exhaust Gas Recirculation coolers from BorgWarner® that
were embedded, along with the VCHPs in a cast aluminium body. The hot face of the modules was
attached to the aluminium block, while the cold face of the modules was attached to liquid cooling plates.

The concept was modelled and optimized geometrically and it can be seen in Figure 4.
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Figure 4 - (a) global and (b) cut overview of temperature-controlled thermoelectric generator concept based on corrugated
tubes and VCHPs [36] .

The results were very promising even when discounting for the backpressure losses induced by the
system as it was predicted to be capable of delivering as much as 572 W and 1538 W of average and
maximum electric powers during a driving cycle, respectively, and showing a quite promising reduction
of 5.4% in fuel consumption and CO. emissions [36].

Some CFD simulations were included in the publication validating partly the model. However, a full
experimental validation was still missing to confirm the excess heat spreading feature and in general the

thermal control capability of the concept. The present work aims to address this issue.
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1.4 Objectives of the Dissertation

The main objective of this work is to perform the experimental and mathematical validation of the novel
compact Temperature controlled Thermoelectric Generator (TCTG). It embodies corrugated pipes
embedded in aluminium matrix working along with variable conductance heat pipes (VCHPs) working as
excess heat spreaders for temperature control to be used in highly variable thermal load applications
such as driving. This concept, that has been introduced in 1.3 an will be described in detail in 3.1, was
patented recently [40]. An embodiment of his concept incorporating embedded corrugated pipes (exhaust
flow) and VCHPs in a cast aluminium matrix, was assessed theoretically in recent publications by the
LaMoTA team but had not been validated experimentally until now.

Therefore, the present dissertation had as a main goal to perform the experimental validation of this
concept and of the code that has been proposed to model it. For that, two similar downsized proof-of-
concept prototypes of the generator proposed in [36] have been configured and tested. A first one, that
was built within a previous project, was instrumented and tested at gauge pressures close to atmospheric,
yielding excess heat spreading temperatures around 100 °C. A second one was designed and built within
the dissertation and relied on stainless steel VCHPs able to withstand the pressures needed to achieve
excess heat spreading temperatures around 250°C. Both prototypes were suitably instrumented and
tested after being attached common light duty 1.6L 4-cylinder spark ignition engine in an engine
dynamometer. The experimental results were then used to confirm the principle of operation of the
concepts conjectured in previous analyses and validate the mathematical models proposed in those

analyses.
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1.5 Structure

This dissertation is divided into seven chapters. The first chapter “Introduction,” provides a general outline
of the objectives and motivation of the work, as well as some previous research aligned with the already
studied concept of excess heat spreading through phase change.

Secondly, there is a chapter on the “Fundamental Concepts and Literature Survey” where the central
concepts essential to understand the design of prototype tested are described. It includes the basics of
thermoelectricity, thermodynamics, heat transfer fundamentals, heat pipes and their principles of
operation, a state of the art of exhaust heat recovery systems and compact heat exchanger solutions.
Chapter three “Previous Prototype and Modifications” assesses the prototype in which this work started,
stating it 's concept of operation and how it was built, as well as the modifications that were made in
order to perform the experimental tests.

In chapter four, “Experimental Procedure on Existing Prototype,” the experimental system setup and its
components are explained. In addition, the experimental test procedure is described.

The results of the experimental test and the numerical validation are presented and analysed in chapter
five “Results and Validation of the Existing Prototype”.

Chapter six “New Prototype Construction and Set Up” presents the new design for a final TCTG prototype,
explaining in detail the novel components as well as the construction of this new TCTG.

Finally, chapter seven “Results and Validation of the New Prototype,” summarizes the results of the
experimental tests performed to the new TCTG along with the main achievements and contributions of

the dissertation to the field of study.
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2. FUNDAMENTAL CONCEPTS AND LITERATURE SURVEY

In this chapter the fundamentals concepts and literature survey necessary to understand the covered
thematic are summarized. Starting with thermoelectricity, where de concept of Seebeck effect and
thermoelectric modules is presented as well as one of its most prominent characteristics: temperature
limitations. Followed by a brief summary on thermodynamics and heat transfer concepts. The present
chapter also contains a detailed analysis on Heat Pipes technology and its functioning, ending with a state

of the art of waste heat recovering thermoelectrical solutions.

2.1 Thermoelectricity

Thermoelectricity is a phenomenon dealing with the direct conversion of thermal to electric energy, or
the reverse [24]. In parallel with environmental concerns, the use of Thermoelectric technology is of
interest for the automotive industry. Thermoelectric generators can transform the exhaust heat directly
into electrical energy and therefore decrease the fuel consumption in vehicle. In terms of vehicle
application, vibrations, accessibility and maintenance are obstacles to be taken into account. Therefore,
the opportunity to design a robust, maintenance-free Thermoelectrical Generator with no moving parts

aiming to recover exhaust heat seems a reliable solution.

2.1.1 The Seebeck, Peltier and Thomson Effect

In 1821 Thomas Johann Seebeck discovered what is known today as The Seebeck Effect (SE). It is
described when an electrical potential (voltage) is generated within any isolated conducting material that
is subjected to a temperature difference across its junctions [24]. The ordinary example where this
phenomenon is applied is to form a thermocouple composed of two dissimilar current-carrier junctions.
The application of a temperature difference across the junctions of the pair of materials will produce a
voltage that is approximately proportional to this difference. This Seebeck voltage, also known as

thermoelectric electromotive force (emf) is defined as follows:

V, = a-AT (1)

The V, is the Seebeck voltage generated for the condition of an open circuit, AT is the temperature

differential between the junctions. The magnitude of the emf generated is proportional to the temperature
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difference, and the Seebeck Coefficient (a) of the specific material or pair of materials. The Seebeck

Coefficient (a) corresponds to the gradient of the Seebeck Voltage relatively to temperature, as it follows:

_[4(V) 2)
“‘[ ar |,

Later in 1983 Peltier observed that when an electrical current passes through two different conductors
connected in a loop, one of the junctions between the conductors absorbed heat while the other one
released heat [41]. The heat liberation or absorption depended on the direction of the current. Figure 5
displays a current /flowing through a junction formed between two different materials Aand Bheld at a

constant temperature 7.

— |
A S B
Junenon

Figure 5 - Current flowing through a junction between 2 materials [24].

The Electrical current will generate a heat fux and its magnitude and direction depends on the Peltier
Coefficient (1) of each material A and B. If the Peltier Coefficient are different, the thermal energy will
leave the junction at a different rate that it is entering [41]. Thus, heat is absorbed or liberated at the

junction. The Peltier effect (PE) can be defined as:

Gn=n-l=a-TI @)

q is defined as the rate of heat liberation or absorption, 7 is the Peltier coefficient and I is the flowing
current. It can also be seen from above that in reality, the Peltier coefficient is related to the Seebeck
Coefficient, being the latter multiplied by the absolute temperature, 7.

In 1851, William Thomson postulated the existence of an additional reversible heat generation when a

temperature differential is applied on a current carrying material [42]. Therefore, the Thomson heat it is
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reversible and heat is either generated or liberated when the direction of the current or the temperature

different is reversed. It is proportional to the current and the temperature gradient. It is defined as:

Gu=p-1-AT @

q, is the rate of heat absorption per unit volume, u is the Thomson coefficient to the applied current and

temperature gradient, | is the current and AT is the temperature differential. The Thomson coefficient
can also be obtained from the Seebeck Coefficient, as it is a function of its gradient with temperature. For
a Seebeck coefficient that would be constant with temperature, a zero Thomson coefficient would result.
In reality, the Thomson effect in a conductor results from the variation of the heat transport due to the
variation of Peltier effect along the electricity path, due to the variation of temperature. If the capacity to
transport heat by the charge carriers reduces along the current path, then heat must be released to the
material along the way (Thomson heat source). On the contrary, if the capacity to transport heat by the
charge carriers increases along the current path, then heat is absorbed by the charge carriers along the
current path (Thomson heat sink).

The above-mentioned effects are of practical importance since TE power generation results from the
existence of a temperature gradient across a material attached to hot source and a heat sink. In power
generation the Seebeck effect is the most important, but the Peltier and Thomson effects are also present
due to the current induced by the Seebeck electromotive force. The Thomson effect can be neglected in
most applications, but the Peltier effect will have an effect on the heat flow and on the effective
temperature difference across the hot and cold junctions, deprecating it.

The maximum electrical power generated by a Seebeck effect working device is obtained when the load

resistance coincides with the internal resistance, R; of the pairs:

P = (naAT)? /4R, (5)

The formal deduction of this equation is performed in 2.1.4. It is a function of the electrical resistance of

the module R;, Seebeck coefficient of the pair of materials and the number of element pairs n.
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2.1.2  Thermoelectric Modules

When aiming to generate electrical power using temperature differential, Thermoelectric Generators
(TEGs) generators can be a possible solution. The TEG functioning principle translates into multiply the
number of thermocouples to also multiply the voltage generated. The main components of a TEG are

represented in Figure 6.

generated current ceramic substrate

p-type material

/4

n-type material

applied heat ﬁ} ﬁ

Figure 6 - Detailed thermoelectric module [93].

conductive metal

The temperature differential between hot and cold face causes charge carriers of each element to flow
from the hotter to the colder regions of the element. The particularity of these two different materials is
that in the n-type materials the charge carriers are electrons, which flow from the hot to the cold junction.
therefore, the conventional direction of the current (from positive to negative) will be from the cold to the
hot junction. On the other hand, in the p-type materials the charge carriers are electron holes (in practice,
positive charge carriers), which also flow from the hot to the cold junction. Therefore, the conventional
direction of the current (from positive to negative) will be from the hot to the cold junction. Since the p-n
pairs are arranged in zig-zag series through the electric connectors (see Figure 6), a current is created
along the TEG.

Numerous pairs are electrically connected in series and thermally in parallel. Each pair has two different
elements, p-type with a positive o and a n-type with negative a [42] [43]. In Figure 7 it is possible to

understand the working principle of the TEG.
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Figure 7 - Seebeck operating principle [43]

Under open circuit conditions, the voltage generated by the converter is proportional to the number of p-
n pair junctions multiplied by the difference of Seebeck coefficients between the p-type and n-type
thermoelectric elements and the temperature difference between the faces as follows: (Note that a,, is

negative, so in practice, both Seebeck coefficients will be summed in module).
V,=N-(a, —a,)-AT (6)

The module also has an internal resistance R;. Therefore, it can be represented in a simplified way as
consisting of a voltage source with voltage V,, calculated according to eq. (6), and an internal resistance
R;. To produce power, the module must be connected to a load, that is, the device that will consume the
electric power produced by the module. This load can also be represented as a load resistance, R;.

Figure 8 represents a module attached to a load resistance. A switch that can be turned on or off is also

represented.
TEG Module Ri Swatch
— AM——0 O
+ +
+
Vo Ro WL

Figure 8 - TEG module electrical circuit
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The internal electrical resistance of the module is the product of the number of p-n junction pairs, N, the
sum of the resistance of the n-type (R.) and p-type (R.,) thermoelectric elements, the contact resistance
between the thermoelectric elements and the junction metal (Ree) and the internal resistance of the

junction metal (Rww). These concepts are represented in Figure 9 and eq.(7).

Resistance of the junction _
Contact Resistance

metal

_ Resistance of the p-type
Resistance of the n-type

element
element

Figure 9 - SolidWorks illustration of a p-n junction pair [44].
R;=N- (Rn + Rp + 2 Ryt +4- Rcontact) (7)

The internal resistance of p-type and n-type thermoelectric modules depends on the electric resistivity of

the material (p), the length (1) and the section of the thermoelectric element (S) as follows:

l (8)
s Rp =pp-<

Ry =pp- S

l
S
The metal resistance of the junctions is normally negligible. The contact resistance depends on the
contact resistivity (pqp,¢) and can be negligible if the contact cross section is large. The contact resistance

(Rent) expression is as follows:

_ Pent 9)

Using the law of meshes in the circuit shown in Figure 8, with the switch closed:
Vei + Vioaa —Vi=0 (10)

Using Ohm’s law:
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~ Vioaa (11)

Vei =R;-1; 1=
ke ' Rload
being the internal resistance:
R. = Rload(VO - VLoad) (12)
' VLoad

2.1.3 TEG Electrical Output

The Electrical power, P, in [W], is defined as the rate at which electrical energy flows, is absorbed or is

released within a circuit or a system. Such relation can be found in Joule "s Law:

P=12-R, (13

When the above-mentioned expression is combined with eq.(11), the expression for the TEG electrical
power output results as follows:

V2 (14)

2.1.4 Maximum Theoretical Power

The maximum theoretical power of a TEG would be obtained if the load resistance, R;, would be equal
to the internal resistance, R;, of the TEG. Under these conditions, the voltage generated through the
Seebeck effect would be dissipated internally and externally in equal parts, that is, the load voltage would
be approximately equal to half of the open circuit voltage.

The Voltage inside the TEG module (V/,), has to be equal to the sum of the Voltages measured on the

internal resistance (R;) and the load resistance (R;). Applying:

V,=(R;+Ry)-1 (15)
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Applying this equation to the max power formula (eq 5) one can get:

p Vo _(RitR)P (16)
max 4R, 4 - R;

It is possible to simplify even more the expression using eq. (1). For that, given:

(17)
Bnax = (R + RL)Z '

So, applying eq. (14), It's possible to reach a final expression to calculate the theoretical max power,

given the power measured on the load resistance (P;):

(R; + R,)? (18)

Pmax = ————
max 1R R

2.1.5 Conversion Efficiency and Figure of Merit

One of the limitation of TEG modules has to do with their relatively low conversion efficiency from heat to
electrical power, typically below 5%, for the temperatures ranges of exhaust heat recovery applications,
although some positive evolution is being seen with the use of nanostructured materials and quantum
confinement technologies [35][45]. The efficiency of a thermoelectric device for electric power production
is stated as the relation between the electrical energy supplied to the load and the heat energy absorbed
at the hot junction. It can be defined more precisely as the ratio between the generated electrical power
(Prge) and the thermal power absorbed by the module Qy,. However, the thermal power released by the
module to the cooling water circuit, Q, is easier to measure. Due to the conservation of energy principle,

the difference between @y, and Q. will be equal to the electric power produced by the TEG, Prgg:

_Prgc  Prgg (19)
Qn Q¢ + Prgg
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To evaluate the thermal conversion efficiency to electric power in TEG material a dimensionless property

defined as figure of merit (ZT), is used:

a?kT (20)

where a is the Seebeck coefficient, k the electrical conductivity, 4,,, the thermal conductivity of the
material and T is the absolute temperature of the material.

The figure of merit is proportional to electrical power production. The higher the figure of merit of a TE
material, the higher will be the electricity generation of a TE device. The maximum power efficiency

(Mmax) of a TEG module is given by eq. (21) [24]:

_L (21)
-7
Nmax = T
4 =<
1 T, T,
S AC R

where Tpand T, refer to hot and cold face temperature respectively and ZT to the figure of merit. Figure
10 displays the values of ZT for common and emerging TE materials. Regarding commercially available
materials, for lower temperatures (200 to 400 K) bismuth telluride (Bi,Te3) is recommended while for
temperatures between 600 and 800 K the material lead telluride (PbTe) has the best figure of merit,
although this material is slowly being abandoned for having the hazardous material lead. At higher
temperatures (from 800 to 1300 K) silicon germanium (SiGe) is used, although its cost is fairly high,
being an obstacle for widespread adoption [46] [47]. For all these materials and temperature ranges it

holds that the maximum ZT is around 1.
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Figure 10 - Figure of merit ZT for common TE materials, as a function of temperature [46]

Furthermore, the contact thermal resistance between the hot and cold side of the TEG, can strongly
influence the efficiency of TE module merit [48][49]. The conventional materials used in TEG applications,
including Bi,Tes(bismuth telluride), PbTe (lead telluride alloys) and Slg,Ge,q (Silicon-Germanium
alloys), have a maximum operation temperature around 320°C, 630°C, and 1020°C, respectively [50]

[51].

2.1.6 Module Maximum Allowed Temperature and Improvements

TEG module’s output is very sensible to the thermal level. This happens because the module electrical
power output is proportional to the square of the load voltage, V;, (recall eq.(14)), which is itself
proportional to the temperature, T, (recall eq.(1)). Therefore, the TE module’s output is proportional to
the square of the temperature difference across the thermoelectric elements [16]. It is justified to state
that the best way to increase the Power output of the TEG modules is to maximize the temperature
difference between the hot and cold face.

Ideally, the cold face temperature should be as close to ambient as possible, because of thermal
efficiency. It would be beneficial to have a cold face as cold as possible with no energy expenditure to do
so, if only it were possible. If the cooling system supplying the cold face works at ambient temperature,

that temperature can never be reached, since:

Q=h-A-AT (22)
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In order to have AT = 0, the specific heat must be an Infinite value. Working on ambient temperatures
a lower temperature on the cold side cannot be achieved.

On the other hand, the hot face, in direct contact with the exhaust heat in vehicle applications should be
the highest possible and, simultaneously not surpass the TEG temperature limit. Unfortunately, most high
temperature TE materials have high cost of manufacture or reliability challenges [32]. The evolution of

the TE material innovations is shown in Figure 11.
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Figure 11 - Increase in the figure of merit of thermoelectric materials over the last years [52]

Commercial TEGs, despite having the capacity to hold, for short periods of time, spikes of 400°C, their
maximum steady state temperature is typically 250°C. This value has more to do with the frailty of the
soldering’s rather than with the melting point of the alloy itself [30].

Juxtaposing, TE generators need to work close to their temperature limit and with a temperature as
uniform as possible to be efficient [24]. On the other hand, if that temperature is exceeded, seizure

ensues.
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2.2 Thermodynamics

Thermodynamics is given as the science that studies the relationship between of heat and other forms of
energy, encompassing electrical, potential and kinetic energy and their respective transformations [53].
Engineering thermodynamics traditionally covers the study of applications as diverse as the processes of
refrigeration and air conditioning, expansion and compression of fluids and vehicle engines, expanding
nowadays to the production of renewable energy and the use of temperature differentials for self-

consumption of energy.

2.2.1 Basic Concepts

It is possible to understand thermodynamic phenomena using two different methods. The first one, called
classical thermodynamics, is carried out without referring to the nature of the individual particles which
constitute the substance, nor to their interactions. It is a macroscopic approach to thermodynamic
phenomena. The second method, called statistical thermodynamics, is based on the behaviour of groups
of individual particles. The latter has proved to be of great importance in new methods of energy
conversion, such as Thermoelectrics [54]. There are 5 laws that describe thermodynamic phenomena,
the first and the second one being the most relevant for studying engineering solutions for energy
conversion and use and the zero law being related to thermodynamic properties. These three laws will

be addressed in the following subchapters.

2.2.2  Zero law of Thermodynamics

Law zero of thermodynamics dictates that if a first body and a second body are in thermal equilibrium
with a third body separately, then the first and second body are in thermal equilibrium with each other.

This basic principle allowed temperature scales such as Ce/sius and Fahrenheitto be defined.

2.2.3  First law of Thermodynamics

The first law of thermodynamics introduces the concept of conservation of energy, which leads to the
concept of internal energy of a substance.

According to the principle of conservation of energy, energy cannot be created or eliminated, only
transformed. This principle makes the creation of a perpetual motion machine impossible. Thus a change
in the energy of a body or system is equal to the difference between the final and initial instants [53]. It

can be expressed:
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Erinai — Emitiat = AE (23)

In addition, this law establishes a relationship between work (W) and heat (Q) exchanged between the
system and its external environment. Given an isolated system in which a certain quantity of heat (Q)
crosses the boundary and considering that the boundary moves, implying energy exchanged in the form

of work, the variation of the internal energy AU is expressed as follows [54]:

AU=Q-W (24)

It should be noted that if Q is positive the system is receiving heat and when Q is negative the system is
giving off heat to the outside. The opposite happens with work: when W is positive, it is performing work,

so the energy is being supplied from the system to its surroundings. If W is negative the reverse applies.

2.2.4  Second law of Thermodynamics

In the analysis of real case studies, the first rule of Thermodynamics is not enough to determine the
direction of processes as for example the heat transfer in which the heat always flows from the hottest
body to the coldest. That is why it is necessary that real processes satisfy the second law of
thermodynamics. Work can be more valuable than heat transfer when it comes to energy transfer. Work
can be transformed 100% into heat whereas the opposite is not possible. The second law of
thermodynamics also shows that the higher the temperature in the medium where the heat transfer takes
place, the more heat transferred can be converted into useful work. It should be noted that systems with
lower temperatures have "degraded" energy.

This law also expresses that the entropy of an isolated system tends to increase with time until it reaches
a maximum value [55]. That is, when a closed system interacts with another system, the energy is
divided equally, until the system reaches thermal equilibrium [54]. Since no useful work can be extracted
from a system in thermal equilibrium, a thermal machine can only function if there is a temperature

difference.
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2.2.5 Heat Transfer Concepts

Heat transfer mainly studies energy in heat form since it is the energy that can be transferred from one
system to another through a temperature differential.

Conduction, convection and radiation (the last not being considered in this dissertation), are the three
basic mechanisms of heat transfer. Both require a temperature difference and occur from the highest
temperature level to the lowest. Heat transfer ceases when both systems reach the same temperature
(thermal equilibrium).

Conduction is the transfer of energy, which occurs by diffusion of the kinetic energy of particles within a
medium. The particles atoms interact with each other but tend to remain roughly in the same physical
position, except for gases, where molecular diffusion also plays a part in conductive heat transfer. The

expression of conduction expresses as follows:

. T,—-T, 25
Qconduction = A A~ Ax (23)

Q . — heat conduction rate [W]
conduction

A — thermal conductivity [W/m - k]
A — area [m?]

Ax — thickness [m]

The heat conduction rate, Q across a plane wall with area, A and thickness A,, depends on

conduction’

the thermal conductivity of the material, A [W/m-K], the transfer area, A [m?, the temperature

differential between two outer surfaces and the thickness, TlA;xTZ (see Figure 12).

T
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Figure 12 - Heat conduction along a body with thickness Ax and area A.
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Convection is the heat transfer between a wall and a fluid flow. It occurs in liquids and gases and
combines conduction and fluid motion. In this particular case, heat transfer occurs by conduction, that
is, by microscopic interactions between contiguous molecules (molecular diffusion) but also by the
macroscopic movement and mixing of the fluid that induces the transport of heat. The faster the
movement of the fluid relatively to the wall, the greater will be the heat transfer by convection. The
convective heat transfer rate is calculated through the convective heat transfer coefficient of the flow, #
[W/m: -K] (which is normally obtained from empirical correlations suitable for the specific case), the heat
transfer area, and in this case on the temperature difference between the bulk temperature of the flow

and the wall, Tr and Ty,.

Qconvection = h-4A¢ - (Tf — Tw) (26)

Radiation heat transfer is related to the energy that is emitted by matter in the form of photons or

electromagnetic waves. This heat transfer mechanism will not be further explored in this work.

Thermal Inertia

Thermal inertia is a property of materials, related to the ability of materials to maintain stored thermal
energy over time. It can be defined as the property of a material that expresses the degree of slowness
with which its temperature reaches that of the environment [56].

Thus, a material with high thermal inertia will take longer to reach an equilibrium state but is also able to

store the accumulated thermal energy for a longer time. It can be defined as follows [57]:

I = JpC (27)

Where:

I — Thermal Inertia[] -m™2-K~1-s™1/?
A — thermal conductivity [W /m - K]

p — density [kg - m™3]

¢ — specific heat capacity [] - kg™! - K™1]

33



2.2.6 Heat Exchanger Basic Concepts

Absorbed Thermal Power

The general equation for describing thermal energy transfer in the absence of phase change is:

Q=m-c, AT (28)

Where:

Q — thermal energy [J]

m — mass of a substance [kg]
¢, — specific heat [J/kg - K]

AT — temperature diferential (°C)

It expresses the heat necessary to raise the temperature of a body of mass m by a certain AT over a
period of time. It is a relevant parameter in transient heat transfer. In the present study, this is relevant
in order to quantify the portion of the heat absorbed by the TCTG and not transmitted to the TEG modules.
This expression can be adapted for energy flows. The heat transfer rate, Q from/to the exhaust/cooling
stream to/from the TCTG will be proportional to the temperature decrease/increase between the inlet

and the outlet. It is expressed in terms of Power [W]:

Q=V-p-c, AT (29)
Where:

Q — heat transfer rate [W]

V — volumetric flow rate [m3/s]
p — density [kg/m?]

¢, — specific heat [J/kg- K]

AT — temperature diferential [°C]

Heat Exchanger Effectiveness:
The effectiveness of a heat exchanger is a concept that is slightly different from thermal efficiency. It
represents the ratio between the heat effectively absorbed by the HX and the available heat, that is, the

maximum heat that could be absorbed in an ideal scenario. From eq. (29) this yields:
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2.3 Heat Pipes (HPs) and Variable Conductance Heat Pipes (VCHPs)

As mentioned before, to produce as much energy output as possible TEGs need to maximize the
temperature differential, but the modules should have a hot face with a temperature close to the
maximum operating temperature, 250°C.

A solution for passively avoid TEG overheating at high thermal load while simultaneously providing efficient
operation even at low loads could stand on a system capable of maintaining the desired operating
temperature regardless of the exhaust gas regime, by automatically adjusting the heat flow reaching the
TEGs. This could be achieved using Heat Pipes (HPs) with adjustable saturation temperature, such as
the Variable Conductance Heat Pipes (VCHP). This solution allows constant phase change temperature
(saturation temperature) which can be manipulated through pressure. This solution allows maximizing
the thermal efficiency for variable thermal load conditions because the temperature will be prevented

from going beyond the maximum allowable value.

2.3.1 Historical Development

The principle of the heat pipe was first put forward in 1942 by Richard S. Gaugler of the General Motors
Corporation in the U.S. Patent No. 2350348 [58]. The advantage of using heat pipe over other
conventional methods is that large quantities of heat can be transported through a small cross-sectional
area over a considerable distance with no additional power input to the system [59]. Gaugler designed a
device that consisted of a closed tube in which a liquid would absorb heat and evaporate, travelling to
other end where it would condensate releasing its latent heat and then travel back due to capillary
pressure, restarting the cycle. The capillary phenomena seen in the HP working principle allows them to
work on microgravitational environments with any external form. This led to its development being firstly
aligned with space applications. Eventually energy cost problems and energy saving policies in Europe
and Asian countries led to overwhelming development of HP technology in the last two decades. As today,
there are HP applications all over the world, in the most diverse areas, from micro and miniature heat
pipes, loop heat pipes over to pulsating heat pipes [59]. Likewise, a significant amount of based and
applied research and development has been made by the scientific community with a large number of

publications, reports and books being published since the 1990 s [60] [61].
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2.3.2 Principle of Operation

Whereas HPs can be of any shape and size, the cylindrical geometry of the heat pipe is the one best
suited to understand how they work. A schematic representation of a conventional cylindrical heat pipe
is presented in Figure 13. The three main components of a heat pipe, as described in [59], are a sealed

tube (container), a wick structure and a working fluid that is in equilibrium with its own steam.

Container

Liquid flow

l Direction

Condenser of gravity

end cap

Figure 13 - Conventional heat pipe schematic view [61]

The working fluid can vary, depending on the saturation temperature range of use to which they are
designed sized, ranging from acetone, ammonia, and sodium, the most commonly used being water.
The conventional heat pipe is essentially divided into three operating sections: the evaporator section,
adiabatic (transport) section and condenser section. It should be noted that depending on the type and
application of the heat pipe, the number of heat sources may vary as well as the existence or not of an
adiabatic transport zone.

The principle of operation of the HP is as follows: An external heat source is applied to one end of the
pipe and heat is transferred by conduction through the pipe wall and the wick structure (metallic porous
medium that absorbs liquids due to capillary forces similarly to a sponge) to the working fluid. The fluid
vaporizes causing the pressure inside the pipe to drive it through the adiabatic section to the opposite

end (condenser section). The different regions of the HP can be seen in Figure 14.

37



Heat source Heat sink

(a)

I Evaporator l Adiabatic l Condenser I
section section section
i
o ——— v J
~—— apor
~~~ Yapor prep:Bure
I drop
U —————
§ Capillary ﬂr
% || pressure
(b) & || difference

Liquid
presgure
drop

Le La Le
Distance

Figure 14 - Heat Pipe (a) sections and (b) fluid behaviour inside the pipe [61].

In the condenser section, due to a lower temperature on the outside related to the absence of a hot
source, the steam condenses releasing the latent heat of condensation.

To understand the phenomenon of fluid return through the Wick capillary it is necessary to understand
that the menisci that translate the liquid-vapour boundary have a curved shape in the evaporator area
and are flatter in the condenser area (see Figure 14). A capillary pressure resulting from the surface
tension of the working fluid and the curved structure of the interface exists and varies in different sections
of the heat pipe due to differences in the curved geometry of the menisci. This capillary pressure causes
the fluid to circulate in the opposite direction to the pressure losses of the liquid and vapour and against
the adverse forces of gravity.

This process will continue if there is sufficient capillary pressure to move the working fluid back to the

evaporator zone. Although gravity tend have a preponderant role in the mechanism, it is not strictly
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necessary as, due to capillary action, heat pipes can operate in microgravitational fields without any

external force field or pump. Also, horizontal applications can be found with significant efficiency [61].

2.3.3 Working Fluid and Temperature Ranges

The function of the working fluid within the heat pipe is to absorb the heat energy received at the
evaporator section, transport it through the pipe and release this energy at the condenser end.
Nevertheless, the HP only starts to transfer heat from the hot source to the heat sink once the boiling
temperature of the fluid has been achieved (with the exception of the conventional heat pipe (see 2.3.4))
[27].

There is a range of fluids that can be used as condensable fluids and the choice will always rest on their
specific application. A good working fluid will require a high thermal conductivity, high latent heat, and
surface tension. The design of the HP must consider the temperature range in which it will work and its
corresponding pressure range, specifying which fluid should be used, considering that it will be expected
to vaporise and condense during the operation of the HP. Table 1 lists some of the vaporization and

condensing temperatures of commonly used working fluids.

Table 1 -Working fluids and temperature ranges of heat pipes [61]

Working Melting Point @ °C at  Boiling Point @ °C at 1atm Useful Range @ °C
Fluid latm at latm

Helium 272 -268 271 -269
Hydrogen 259 -268 259 -242
Nitrogen 210 246 246 236
Argon -189 -185 -203 -170
Oxygen 218 218 -189 -157
Ammonia -77.6 -182 200 -154
Ethanol -114 78 -60 100
Water 0 100 30 232
Dowtherm-A 12 253 30 277
Cesium 28 669 150 395
Lithium 180 1341 450 900
Silver 960 2211 1000 1800
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The use of water as a working fluid seems to be the most appropriate, being the ideal heat transfer fluid,
since no other has such good thermal properties in this temperature range (0-232 °C). However, the
useful range of temperature reported in this table does not reach the TEG modules hot-face temperature
of interest (250 °C). In reality, it is possible to use water with vaporization temperatures of around 260°C
if a system that can withstand the corresponding pressure (~50 bar) is available, which is the case of one
of the prototypes described in this work. Dowtherm-A also seems to be a good alternative for lower

pressure systems (at atmospheric pressure).

2.3.4 Types of Heat Pipes

There are several types of heat pipes, varying in shape, function, and dimensions. Since their creation
until the date of writing this document, HPs have been constructed from 19 mm to 100 metres in length.
Varying also in diameter, with some having a diameter as small as 80 um [59]. Despite their outstanding
differences, the common characteristic of these devices is to have an evaporator and a condenser, where
the condensable fluid vaporises and condenses, respectively. The number of evaporators and condensers
can vary as well as the force used to return the liquid from the condenser back to the evaporator, which
is usually the capillary force but can also be centrifugal, gravitational, or electrostatic force. For
construction reasons the most common shape in the market is the cylindrical shape HPs, however other
shapes such as rectangular (flat heat pipes or vapor chambers), conical (rotating heat pipes, corrugated
flexible heat pipes and nosecap (leading edge heat pipes) geometries have been used [62].

The type of heat pipe described next in detail is the Variable Conductance Heat Pipe (VCHP) since it is
the one used by the research group in the construction of the heat exchanger prototype for exhaust gas

recovery.

Variable Conductance Heat Pipe (VCHP)

In a conventional heat pipe, the working fluid is always under saturation conditions, therefore, vaporization
temperature of the working fluid varies according to the heat source and the characteristics of the working
fluid employed. For the latter, although the conductance value is fairly high, it is almost a constant
parameter. However, in some applications it may be necessary to maintain a stable vaporization
temperature with a variable heat source.

In a VCHP, as it incorporates a NCG, it is possible to regulate the temperature at which the working fluid

starts changing phase. The variable conductance then is present in the sense that the condenser heat
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transfer area will vary according to the thermal load, as shown in Figure 15. If it is low, only a portion of
the condenser will be filled with vapour, with the rest being filled with NCG and thus being inactive. As
thermal load increases, a higher fraction of the condenser will be occupied by vapour and thus the heat
transfer will increase (higher heat transfer area). In a constant conductance (CC) device the variation of
the thermal load causes a variation of the temperature of the HP with the heat transfer area being
constant. In a Variable Conductance (VC) device the opposite occurs: the HP temperature is fairly

constant, but the active heat transfer area varies.
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Figure 15 - Outline of a Variable Conductance Heat Pipe operation [63].

To understand this phenomenon, eq. (31) presents the simplified model of heat transfer in a HP, where
the thermal resistance between the heat source and the vapor is represented by R,, the total axial
resistance along the heat pipe is R,, and the total thermal resistance from the vapor in the condenser to

the heat sink is R.. The overall resistance of the heat pipe, R;, can be written as:

R, =R, +R,+R, (31)

and the total value of conductance in a heat pipe is:

1 (32)

The conductance value can be altered by changing any of these parameters. Variable Conductance Heat
Pipe, or Gas-Loaded heat pipe have a condensable fluid and non-condensable fluid which results in two

distinct operating regions the VCHP's (Figure 16).
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The active region is the isothermal region where there is vaporization and condensation of the
condensable fluid, and the passive region is adiabatic region filled with non-condensable fluid. The mixture
between the condensable and non-condensable fluid is rather small on behalf of occupying different parts
of the VCHP. The greater the thermal power transmitted by the heat source, the bigger the volume of
VCHP occupied by steam. The ideal scenario translates on one in that the VCHP is filled with steam, as
this means the largest region active as possible. The VCHP also includes an expansion tank that has the
purpose of accumulating the non-condensable fluid that is pushed by the vaporization of the condensable

fluid. This expansion helps maintain constant pressure inside the tube.
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Figure 16 - Variable Conduction Heat Pipes Working Principle [38]

The expression translating the heat transfer from the condenser of an conventional HP can be written as

follows, resulting from eq. (26) [61]:

Q=h-5-(T, —Tx) (33)

Where Q is the total heat transfer, h is convective heat transfer, S is the outside surface area of the
condenser, T,, is the average wall temperature in the condenser section and T, is the ambient
temperature. If, in a conventional HP, the temperature of the heat source increases with a constant T,

S and h the wall temperature, T,,, must increase correspondingly. However, in a VCHP the cross-
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sectional area of the condenser varies with the compression of the non-condensable gas so that if the

heat source increases the wall temperature can remain relatively constant [59].

2.3.5 Pressure Variation and Influence

The boiling temperature of the working fluid inside the VCHP will be a function of the saturation conditions
inside the pipe, mainly the inner pressure. If the inner pressure of this device can be controlled, then the
heat transfer temperature can also be controlled [34]. This will allow a precise temperature control of the
heat source for most of the heat source load range. The preloading pressure of the non-condensable gas
will determine the operating pressure of the VCHP.

As the heat input increases, the total pressure increases. However, because the total pressure is
comprised of both the partial vapor and partial gas pressures, the increase in total pressure is accounted
for by an increase in the partial gas pressure, maintaining a constant vapor pressure, and thus a constant
vapor temperature [61].

However, if the vapour production in the evaporator is such that the HP is completely active, pressing the
non-condensable gas to the condenser end, then it will work at constant volume (typical operation of a
conventional HP). In this situation the temperature and pressure inside the heat pipe will increase, so
that the thermal control expected at the beginning is not achieved.

One of the solutions used by the LaMoTA research group to this problem is the implementation of an
expansion vessel after the condenser section that implements a significant increase in the VCHP volume.
This allows the process to occur at a fairly constant pressure irrespective of the exhaust temperature and
flow rate [34]. The expansion tank will allow the inner pressure (and thus the boiling temperature point)

to remain nearly the same, irrespective of the exhaust temperature and flow rate.
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2.4 State of The Art of Automotive Thermo-Electrical Generators

In this chapter the main developments made in vehicle-oriented TEG's implementations technologies for
exhaust gas heat recovery are described. Also, the research carried out by the LaMoTA research group
in this area is presented up to its latest achievements.

After the second world war thermoelectricity was widely studied for various technological applications,
such as cooling and power generation. World interest on thermoelectric lead the research to grow rapidly
in universities and research laboratories [64]-[66].

The first tests of thermoelectric generation applied to vehicle waste heat recovery were reported in the
1960s with Neild [67]. Other works used modified car engines aimed to test TEG applications on road
vehicles, e.g. in 1988 [68] published the results of a collaboration with Porsche, applying TEGs technology
to exhaust heat recovery in a Porsche 944, using a carbon steel hot side and aluminium cold side heat
exchanger was able to produce 58 W under peak conditions with FeSi. elements.

Hi-Z Technology Inc. started a program to build and test a 1 kW thermo-electric generator for Diesel
engines in 1987 as part of the U.S. Department of Energy’s (DOE). This program began to design and
build a 200 W thermoelectric for Diesel engines which was reported [69] at the 1991 Conference in
Cardiff, Wales. In a second phase of this programme, aiming to achieve 1 kW of electrical power
produced, a thermoelectric generator was implemented for testing in a MACK truck engine [70] [71]. This
generator consisted of 8 faces with 9 TEGs each. However, in initial tests using a 74 Litre Cummins
NTC275 engine, only 400 W were generated. The low power output results were due to the inexistence
of a turbulent flow in the exhaust gas [70]. The solution was found by using a heat exchanger with a conic
shape and a second test using a 14 /itre Cummins NTC335 engine had the highest electric power output
from the TEG of over 900 W (recorded at engine load of 290 hp). The 1 kW goal was achieved after a
series of optimizations using a 74 /itre Cummins NTC350 engine at 1700 rpm and producing 300 hp
(Figure 17).
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Figure 17 - 1 kW Generator Mounted on Cummins NTC350 Engine [70].

TEG power was found to be strongly dependent on engine load and less so on engine speed, as illustrated
in Figure 18 and in line with the data reported in [72]. The test engine and the power bench did not allow
the nominal load to be reached that limited power production by TEG. The results with with the N7C335
and the N7C350 are presented in Figure 18.
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Figure 18 - TEG power output as a function of the engine load and engine speed in tests with a) NTC335 engine and b)
NTC350 engine [73][74].

Some mechanical problems were detected during the vehicle performance testing phase and new
experimental procedures were carried out with new TEGs modules (HZ-14) applied on a 550 hp diesel
engine (see Figure 19) with the intention of completing durability tests, where 873000 km were complete

successfully [73].
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() (b)
Figure 19 - (a), (b) 1kw Thermoelectric generator installed in a 550hp diesel engine [71].

In the following years, the thermoelectric generator was modified to adapt a Hybrid SUV to generate 180W
of electricity and with the capacity to charge 300V batteries (Figure 21a).

In 1998, the Nissan Research Centre from Japan [75] developed a TE generator with a rectangular cross-
section of 72 modules (see Figure 20). Each one of these modules contained eight pairs of Si-Ge elements
with a ZT of 0.6 to be applied in gasoline-powered vehicles. Cold water was used for the cold plates to
provide a heat sink for the TEGs to generate electric power. The electrical power supplied by the generator
was 35.6 W using a 3000 cc petrol engine under a 60 km/h in a hill climb. The power output ratio to
the total volume of the TEG was 5.6 W/m3, and the ratio of the total electric power to area of the hot

sides of all modules was 1.2 kW /m? [76][77].

Outer Shell

Silicone
Gel Sheet

Module

Inner Shell
Outer Shell

Fin

Figure 20 - Nissan "s 1998 TEG Prototype [76].
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Again in 1999, Hi-Z Technology in collaboration with the Clarkson University, General Motors and Delphi
Corporation began the study to build and test a thermoelectric generator to generate 300W with a system
capable of charging 12 and 24 V batteries to power the lights and other on-board devices on a GM Sierra
Pickup with a V8 220 hp diesel engine [78][79].

The HE and TEGs are shown in Figure 21b and the results presented a power output of 255W (of the

expect 300 W) with an average coolant temperature of 25°C.

(a) (b)

Figure 21 - a) 180 W thermoelectric generator for Hybrid SUV and b) 330 W for Jeep Sierra
Pickup from General Motors [94].

In 2005 BMW and other organisations published at the DEER Conference (Directions in Engine-Efficiency
and Emissions Research) the results of a study to implement a thermoelectric exhaust gas generator on
a BMW 5 Series (petrol, Inline 6 cylinder, 3.0 L and 254 hp) capable of producing 500 W with a
temperature difference between 250°C and 390°C [60][70][80] (see Figure 22). One of the goals of this
project was to achieve a 10% improvement in fuel economy but no reports were found stating the final

conclusions of the project.

oelectric Generator

Figure 22 - (a), (b) TEG Installed in a BMW 530i [82] [83].
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In 2008 Volkswagen presented the results of its first implementation of a heat exchanger with
thermoelectric generators at the 7hermoelektrik-Eine Chance Fur Die Atomobillindustrie with an output
of about 600W, announcing a filling of the electric needs of the car by 30% and a saving of 5% in fuel

through the load relief of the alternator [81].

Figure 23 - Exhaust TEG system presented by WV in 2008 [81].

In 2014 GMZ presented the results of the study of its 1 kW heat exchanger connected to a 15 L V8 diesel
engine [82], [83]. This exchanger consists of a junction of five TEGs of 200 W each, incorporating GMZ's
7G8-1.0TE modules, capable of operating at temperatures of up to 600°C.

Figure 24 - GMZ's 1KW Exhaust Heat TEG [74].
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Despite the constant innovations in the area of heat exchangers and materials of thermoelectric modules,
the figure of merit of the materials, ZT, is still a barrier to overcome in order to enhance applications of
this type of technology in the automotive industry. Some theoretical predictions were made and later
experimentally validated [84] of the increased performance of thermoelectric modules using
nanostructured materials.

In summary, new prototypes of thermoelectric modules have been studied and have considerable
advances in this area. However, the non-implementation of these technologies in vehicle exhaust gas
recovery today can be blamed on the thermal stability that these materials require, design of heat
exchangers with low effectiveness, production costs and development [24]. Currently one of the biggest
constraints for these systems is the difficulty to achieve average efficiencies that may be closer to their
theoretical maximum efficiency. This is due to the difficulty of achieving an optimal temperature level in
the modules that operate under the highly variable thermal loads that are present in realistic driving
cycles. Having a thermal control strategy enabling the modules to operate always near their optimal
temperature (which is their maximum temperature) without the risk of overheating and with a high HX
effectiveness could finally enable the viability of automotive TEGs. The concept assessed in the present

study aims at these objectives.
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3. EXISTING PROTOTYPE AND MODIFICATIONS

For this work, a concept prototype modelled and numerically simulated by LaMoTA group was used as a
base to build a downsized proof-of-concept prototype within Project Exhaust2Energy to be tested with an
engine. The design and numerical assessment performed on this concept are described in [36].

This chapter describes the initial construction of the prototype presented in Figure 25, carried out by the
LaMoTA research group, as well as the problems arising from this construction process that influence the
types of tests performed and the finalization phase of this construction that was part of the work performed

in the scope of this thesis.

Figure 25 - TCTG Prototype concept.

3.1 TCTG Prototype Concept

Based on the operating principles explained in chapter 2 regarding TEGs, excess heat spreading and
VCHPs, a novel conceptual prototype design was proposed, as seen in Figure 26. Figure 26a displays
the built and tested TEG generator concept design. The prototype tested is a partial version of the

proposed final system, being one quarter of the full system (recall Figure 4).
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Figure 26 - a) Full TEG generator concept; (b) Section View of the corrugated tubes and VCHPs embedded in an aluminum
matrix, along with the TEGs (red) and cooling plates.

Figure 26b shows a cross section view of the prototype in which it is possible to distinguish the corrugated
tubes at the center, within which the exhaust gases flow. Two horizontally disposed batteries of VCHPs
are positioned parallel to the exhaust flow, between the corrugated pipes and the upper and lower sets
of TEG modules. These VCHPs are made of copper, incorporating an inner wick of porous copper aimed
at promoting capillary pumping of the condensed fluid returning to the vaporization region. Both the
corrugated pipes and the VCHPs are embedded in within a die-cast aluminum matrix that ensures a low
thermal resistance heat path from the exhaust gases to the modules and allows structural stability during
operation. The hot faces of the TEGs are in direct contact with the top and bottom surfaces of the cast
aluminum matrix, while the cold faces of the TEGs are attached to the cooling plates, through which water
flows as coolant in a controlled water circulating circuit. The CAD drawing represented in Figure 26a
represents the size of the experimental prototype built and tested in the present study, that is presented
later in this work. It comprises a total of 16 TEGs (8 below + 8 above).

The working principle of this novel TCTG (recall Figure 3) is as follows: the HPs inner pressure is set to
value that the condensable fluid only starts to vaporize on a controlled temperature set to optimize the
system efficiency. In this case, the optimal temperature will be the TEG's modules maximum working
temperature (250°C), in which case they only start to vaporize and transfer heat to next upstream thermo-
exchange zone whenever reaches the temperature limit of the modules. Then, when engine is running
the exhaust gases dissipate heat while running through the corrugated pipes to transfer heat to the TEG's
hot face as desired. The heat dissipated by exhaust gases at an early stage, arrives by conduction to the
TEG's, however when the point of saturation of the fluid inside the VCHP is reached (dependent to the

pressure set initially), condensable fluid starts to evaporate and subsequent condensation allowing the
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phenomenon of heat dissipation along the exchanger. Based on this description, it is possible to identify
3 operating regimes:

Low thermal power operation: the temperature is lower than the fluid saturation temperature
inside the VCHPs, so they are inactive throughout their length. In this scenario heat travels by conduction
through the aluminum matrix to the TEG's. Under these conditions, the VCHPs are filled only with the
NCG and are approximately adiabatic.

Average thermal power operation: there is a region in the vicinity of VCHPs where there is enough
thermal power to raise the temperature above saturation conditions. This causes local fluid vaporization
inside the VCHP, which absorbs heat from the aluminium matrix. A portion of the VCHP will thus be filled
with vapour. This vapour will condense at the colder regions reached by vapour (recall Figure 3). However,
there is not enough thermal power to fill the VCHP with vapour, so it works in a mixed state and VCHP
are only partially active. In zones where it is active, there is still a component of the heat that is transmitted
by conduction, but VCHPs absorb energy by vaporization (hotter regions) and release energy by
condensation (colder regions). In the regions where it is inactive (with NCG only) energy is transmitted
exclusively by conduction through of the aluminium matrix.

High thermal power operation: the thermal power is such that the VCHP is filled by vapour along
its entire length - the VCHP is fully active. In this case, the non-condensable gas is pushed out of the
module region and into the expansion tanks.

It is important to remember that maximum energy production is achieved when all TEG modules are
active at maximum operating temperature, 250°C. For this reason, the increase in thermal power source
only causes to have more active modules and not increase the TEG's hot face temperature. Meaningfully
for electric energy production in TEG's is the differential of temperature between the cold face and the
hot face so it is vitally important to cool down effectively the opposite face of the TEG's. For this purpose,
at the opposite side there are the cooling plates, through which a coolant (in this case water) flows driven
by a pump. In a real-life application this fluid would have to be cooled through a radiator, and use a fluid
such as antifreeze engine cooling fluid, to prevent system incapacitation during cold scenarios.
Regarding the location of the TCTG, it should be placed directly after the catalyst aiming to minimize
energy losses due to heat dissipation. Another interesting way to reduce heat dissipation losses would be
the exhaust pipe insulation.

Regarding the use of stainless-steel corrugated exhaust pipes (see Figure 27), these seem quite
convenient as they are used extensively in exhaust applications such as Exhaust Gas Recirculation (EGR)

coolers. They can be easily embedded within cast aluminium with good thermal continuity. Moreover,
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their geometry is able to provide a good degree of mixing and boundary layer renewal while still providing

a comparatively low pressure drop [85].

Figure 27 - Corrugated Pipes CAD Drawing.

Besides the specific corrugated pipe geometry choice, the main variable to consider is the spacing
between them. It should be as small as possible so that the largest volume of exhaust gases can flow
with a sufficiently low pressure drop so that it would not negatively affect the engine performance. Another
advantage of having a high number of corrugated tubes is the increase in the heat transfer area which
maximizes exhaust heat absorption. A greater number of corrugated pipes also reduces the molten
aluminum mass needed and therefore the overall weight of the generator. Of course, the configuration
presented in Figure 26 has still not been optimized for this purpose. A lighter configuration would be
possible to design. In the case of this specific prototype, due to the aluminum melting process the
minimum allowable spacing was 2 mm.

When working at their maximum temperature, the thermoelectric generator modules absorb their peak
thermal power, so it is advantageous in these situations of high thermal power to have a by-pass system
that offers a path of escape from excess exhaust gases, which will allow to reduce the back pressure
phenomenon at the exhaust. This system is triggered whenever the TEG limit temperature is reached,
and the exhaust gases are diverted so as not to damage the TEG modules. Unlike by-pass systems of
existing concepts, this by-pass system does not waste otherwise useful heat because it will only activate

once all the modules are operating at maximum power.
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The condensable fluid used in VCHP's could be water, which boils at 250°C (maximum allowable
temperature of the modules) at a pressure of around 40 bar. Alternatively, another fluid that has a
saturation point around the same temperature of a much milder pressure would be also attractive. Using
such fluid would substantially reduce the pressure inside the VCHPs as compared to water, thus
decreasing the required level of robustness, complexity and precision of construction. As an example, a
condensable fluid such as DowTherm-A boils at 250°C at a pressure of around 1 bar, making it an
interesting alternative for this equipment (recall Table 1). However, as shown in [86], some experiments
were made for maximum axial heat transfer. It can be stated that using water as working condensable
fluid has a much greater potential than DowTherm-A as the heat transfer was double of that using the
latter.

As analysed throughout the work, TEGs are an essential component of the functioning of a TCTG, so the
choice of TEG is crucial for the success of the equipment and will always depend on the type of vehicle
operating conditions in which it will be implemented. For example, a TEG with a high thermal power
transfer such as the Adaptive GM127 should perform better on driving cycles with abundant available
exhaust power, such as the custom highway (HW) cycle. TEGs with a lower thermal power transfer such
as the Adaptive GM49 TEG will be best suited in driving cycles where the available exhaust power is lower,
such as the WLTC3 cycle (Worldwide harmonized Light vehicles Test Cycle), therefore more suitable for
light cars used in urban environment. On this prototype, HZ-14HV TEG modules were used. Although
their matched load electrical power output values are placed in between the values of the TEGs presented
above (17 W against 15 W in GM49 and 28 W in GM127) and the value of the maximum temperature of
the hot face of the modules is the same (250°C) they have been chosen given their high robustness
compared to the other modules, making it highly suitable for the type of use given the purpose of system

implementation in a light duty vehicle.
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3.2 TCTG Prototype Construction

After obtaining satisfactory results from the numerical simulation of the prototype [36], the research group
started building what would be a downsized model of the final prototype for the heat exchanger designed
to be tested and thus validate the concept.

In this phase, the casting components, which, due to their small dimensions, require precision, were
planned and designed. Some casting attempts were made in order to perfect the technique and to
understand how each material would behave with the aluminium casting at high temperatures. In Figure
28, one can see some of the attempts made by the LaMoTA group. It is possible to verify in Figure 28b
that the aluminium has some solidification problems in colder areas of the moulding box, causing non-
uniform distributions. The complete and uniform coating of aluminium throughout the prototype is

important to ensure an even and planned heat transfer from the corrugated tubes to the TEGs that are

placed in contact with the aluminium matrix.

Figure 28 - a) HPs and corrugated pipes placement planning; (b) Corrugated pipes casting tests and (c) 3D printed
Positioners prototypes.

The prototype construction process started as follows: with the help of previously designed and tested
positioners (displayed in Figure 29a and b), the corrugated pipes were aligned with the heat pipes and

placed at a distance that allows them to be placed evenly inside the molding box.

Figure 29 - (a) Corrugated pipes and (b) HPs arrangement before casting; (c) Corrugated Pipes and HPs inside de moulding box ready for
casting.
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To perform the casting, some of the molding cavities were filled with sand to prevent the aluminum
casting from filling unwanted regions. For instance, a separation region was added at the middle in order
to obstruct longitudinal heat transfer along the aluminum matrix between the two halves of the system.
Under these conditions, heat will only flow through the HPs. It is visible in Figure 29c that at the left-hand
side the HPs are inside the desired casting region and, in contrast, at the right-hand side they are at the
outside (region filled with sand). This was intended to study the system behavior with both inner and outer
HP collectors, changing the flow direction of the exhaust gases. This feature was not explored in the
course of the work of this dissertation.

To maintain the cold faces at their lowest possible temperature, a cooling system was designed to extract
as much heat as possible from the TEG as evenly as possible. For this, densely finned aluminium cooling
plates to maximize the heat extraction were built by machining inlet and outlet collectors into existing
commercial extruded profiles and adding a cover. The covers were welded to the finned plates. In Figure

30 it is visible the inside of the plates, as well as the final model of one cooling plate.

(a) (b)

Figure 30 - (a) Interior finned surface of a cooling plate and (b) Final cooling plate.

These plates were configured to work in countercurrent, meaning that the direction of the water flowing
inside them is opposite to the direction of the exhaust gases. Each cooling plate was mounted to cool 2
TEGs. Two basic piping plug-in connectors were installed so that the piping system that feeds the cooling
water can be easily connected.

After the casting was completed (see Figure 31a), the outer path of the heat pipes was mounted. In Figure
31b it is possible to see this component constructed of copper. Valves and basic piping connectors were
used to attach all the components. Thin grooves were drilled in both the aluminum and the Colling Plates
for implementation of the thermocouples to measure the temperature at the hot and cold faces of the

TEGs.
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Figure 31 - (a) HE after the aluminium cast, (b) HPs outside path construction and (c) TCTG after installation of TEGs, cooling plates,
expansion vessels and pressure sensor.

Finally, it is possible to see in Figure 31c the almost complete system. The TEGs and the Cooling plates
were installed and fixed through a system of beams, screws and nuts that guarantees a good contact
pressure, thus minimizing contact resistances between the components. Likewise, the TEGs were wired
to matched load resistances. At this stage the implemented expansion tanks and pressurization plugs are
visible. It is through these components that the system is to be pressurized to the desirable 40 bar
pressure to allow the vaporization of water at 250°C. However, leaks in the HPs system were discovered,
resulting from problems related to the casting of the aluminum and the material of the HPs. For this
reason, the present system was only tested near atmospheric pressure resulting in excess heat spreading

temperatures around 100°C.
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3.3 TCTG Modifications

In this subchapter, the modifications made to the existing prototype in order to test it experimentally and

to evaluate its performance under predetermined test conditions are described.

3.3.1 Water Supply System

The circuit built for the cooling plates is visible in Figure 32. Collectors were built with 40 mm diameter
PVC pipe that connected the laboratory water supply to the 8 cooling plates of the system. For that the
tube was drilled and connectors were placed for smaller tubes supplying the water to the plates. Also

thermocouples were placed to study the system behaviour in regards to cooling plates absorbed power.

(a) (b) (c)

Figure 32 - (a) inlet and (b) outlet water supply collectors and (c) fully built prototype with water supply
system

The same process was repeated, for the pipe that receives the water from the cooling plates and redirects

it to the laboratory’s sewer.

3.3.2 Exhaust Gas Collectors

Two exhaust gas collectors were incorporated to direct the exhaust gases to and out of the HX (Figure
33). These components were drilled to later implement the thermocouples that would measure the

exhaust gas at the inlet and exit of the prototype.
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() (b)

Figure 33 - (a) inlet and (b) outlet exhaust gas collectors

3.3.3 Thermocouple Installation

To study the operation of the heat exchanger, since it is associated with heat transfer, temperatures were
measured at various points in the HX. The temperatures measured at the HX were the hot and cold face
temperatures of the TEGs and the inlet and outlet exhaust temperatures. The water temperature of the
cooling system was also measured at the inlet and the outlet of the cooling plates. The measurement was
made at the junction of all the water tubes coming to and from the cooling plates.

Details of the type of thermocouples used and measurement errors associated with these are described
in detail in the chapter 0.

The thermocouples used were placed in pre-drilled thin grooves on the hot side (aluminium matrix) and
the cold side (cooling plates). In the middle of these two components the TEG modules were placed. As
these are in contact with metal, an insulating thermal grease was placed to coat and fixate the

components (see Figure 34).

(a) (b) (c)

Figure 34 - (a) Thermal grease and thin grooves drilled in the (a) cooling plates and (b) HX to install the thermocouples
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3.3.4 Load Resistances

The electrical power output is a result of the combination of voltage and current through the Joule's law
(recall eq. (13)). The voltage generated by the modules is then dissipated by the load resistances attached
to them.

The load resistances used in the prototype are the ARCOL HS50 0.47 Q displayed in Figure 35. The load
resistances were selected to be as close as possible to the internal resistances of the modules (varying
from 0.55 Q to 0.65 Q according to the manufacture’s datasheet) to attain the so-called matched load

condition, where the power output of the modules is maximized (recall eq. (15)).

(a) (b)

Figure 35 - (a) Load resistances, (b) connected in series

Figure 35b shows the load resistor connections for each module of the prototype. Due to implications
derived from the fact that there was a limitation with the number of inputs for the data acquisition system
(detailed in the subchapter 4.1), the load resistances were connected two by two in series in a way that
the voltage readings of these two resistances is equal to the sum of the voltage production of two TEG
modules of the same row. This way it was possible to decrease to half the number of inputs, however is
not possible to study the electric production of each side of the prototype but yes and only as rows of
modules, from one until level four, in the upper and lower part of the TCTG. Note that that the final results
of the electrical production of each TEG row must take into account that it represents the production of

two TEG modules
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3.3.5 Voltage Acquisition System

To ensure the load resistances compatibility with the data acquisition systems, specific connections were
built. In the tested prototype, the voltage data acquisition system is a NI-9205 D-SUB voltage card, which
is described in more detail in the subchapter 4.1.4.

Since this board has a 36 pin D-Sub connector, a connector to interconnect the load resistance voltage

readings with the interface of the board was built as seen in Figure 36b and Figure 36c.

(a) (b) (c)

Figure 36 - (a) NI-9025 D-SUB voltage card; (b) D-Sub 36 pin connector built and (c)Full voltage acquisition system

Due to the sensitivity of the acquisition system, along with the high electrical noise region where it was
located, a “custom box” was designed and built to provide a better insulation to the connector and the
connections made. This box, presented in Figure 36c¢, improved the reliability of the voltage

measurements.
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4, EXPERIMENTAL PROCEDURE FOR THE TESTS OF THE EXISTING PROTOTYPE

A test rig for the TCTG and an experimental procedure were configured to verify experimentally the excess
heat spreading phenomena, that hitherto had only been hypothesized theoretically [39], and to evaluate

the system performance when attached to a light vehicle engine.

4.1 Experimental System Setup

To evaluate the energy conversion and electric power production, the TCTG was integrated into the
experimental system. This experimental system consists of the TCTG, which is attached to the exhaust
line of a light-duty spark ignition 1.6L engine connected to a brake dynamometer and to an open water-

cooling circuit. Electrically, it is connected to a data acquisition system (see Figure 37).

Water _@
Coolant

v

|
- 1

= = ==Data
L
ECU { Data Acquisition E ———————— =

— Exhaust Gases

— \Water Coolant

Figure 37 - Schematic representation of the facility.
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4.1.1 Heat Exchanger and TEG Modules

The Heat Exchanger was integrated into the experimental system to evaluate the operating performance
of energy conversion and electric power production. There are 16 TEG modules displaced and attached
to the lower and upper surfaces of the HE, 8 on each surface, as shown in Figure 38. In this figure is
possible to see the upper half surface of the HE with its corresponding 8 TEGs, numbered from 1 to 8

(one should recall that the lower half of the HE contains the remaining TEGs numbered from 9 to 16).

Row 1 Row 2 Row 3 Row 4

Exhaust
In

# Exhaust
Out

Figure 38 - TCTG TEG modules upper-half.

Since the TEG modules are connected in series in pairs of two (recall chapter 3.3.5), the nomenclature
used throughout the work is presented as follows:

-When referring to the upper half of the prototype, Row 1 consists of TEG 1 and TEG 2 (the first TEG row
presented in the exhaust flow direction, see Figure 38), Row 2 consists of TEG 3 and TEG 4, Row 3
consists of TEG 5 and TEG 6 and Row 4 consists of TEG 7 and TEG 8.

-When referring to the lower half of the prototype the same principle applies, being this time Row 1 the
first two TEGs on the exhaust gas flow direction (TEG 9 and TEG 10), and Row 4 the last TEGs on the
prototype (TEG 17 and TEG 18).

The TEG modules used are the HiZ 14HV optimized for waste heat recovery and their manufacture

datasheet properties are described in Table 2.
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Table 2 - Hi-Z 14HV TEG module datasheet [87]

Thermal and Electrical Characteristic

Parameter Conditions min typ max | units
Power Th=250°C, Tc=50°C 14 15.5 17.0 | Watts
Open Circuit Voltage | Th=250°C, Tc=50°C 7.6 8.0 8.4 1 Volts
Matched Load Th=250°C, Tc=50°C 3.8 4 42| Volts
Voltage

Internal Resistance | Th=250°C, Tc=50°C 0.9 1.0 1.1 Q

T=50°C 0.55 0.6 0.65 Q
Heat Flux Th=250°C, Tc=50°C (matched load) 410 430 450 | Watts
Th=250°C, Tc=50°C (open circuit) 200 210 220 | Watts

4.1.2 Engine

The engine used in the experimental validation of the concept is a light duty spark ignition engine
(presented in Figure 39) and his specifications are displayed in Table 3. The engines that were available
in the Lab was this one and also a Diesel one (1.6 HDI from PSA group). This one was chosen because

petrol engines display a higher exhaust temperature on average and thus display a higher recovery

potential than Diesels.

Figure 39 - TU5JP4 Engine.

Table 3 - Engine Properties

Engine Properties

Engine Spec.

TUSJP4 from PSA

Engine Capacity

1587 cm? atmospheric

Cylinders

4

Volumetric compression ratio

11:1

Maximum Power

88 kW @6000 rpm

Maximum Torque

160 N.m @4250 rpm

Injection System

Multipoint Bosch Spark

ECU

ECUMaster® EMU

Fuel

RON95 Petrol
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4.1.3 Cooling water system

The cooling system for the cold sides of the TEGs is composed of water collectors designed to distribute
the flow along the several cooling plates, the piping system that connects the assembly and a rotameter
water flow meter (see Figure 40). The detailed explanation of most of the water supply system
components is outlined in chapter 3.2 and 3.3 with the exception of water flow meter. It was connected
to the water supply system of the prototype and the water circuit of the lab. The flowmeter measurements

[I/m] were used in thermal absorbed power calculations to evaluate the performance of the cooling plates.

Figure 40 - Water Flow meter.

4.1.4 Data Acquisition system

To assess the TCTG performance, a range of data acquisition techniques aimed at describing the heat
exchanger and electric power production capabilities was used (see Figure 41a). The CompactDAQ C
Series Multifunction modular system from N/-National Instruments that includes analog input, analog
output, and 5 V TTL digital I/0 channels was used (see Figure 41b). For the temperature readings two
NI-9214 were used, for voltages a NI-9205 D-SUB and for pressures a NI-9201.
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Figure 41 - (a) Data acquisition system table and (b) NI CompactDAQ modular system in blue.

4.1.5 Pressure

In this experimental system two types of pressure measurements were deployed. The first one was the
pressure measurement inside the HP system, which allowed the indirect monitoring and control of the
vaporization temperature of the condensable fluid. The second one measured the differential pressure
drop of the cooling water flow between the entrance and exit of the cooling plates. The pressure drop of
water flow on the cold-side cooling system was measured using a JUMO® MIDAS differential pressure
sensor. This pressure transmitter acquires the relative pressure between two points of liquid or gaseous
media and transforms it into an electrical signal. The two differential pressure acquisition points are
highlighted in Figure 42a in the red arrows. The HP pressure sensor consists of a GEMS® 3500 series
high pressure sensor which aims to measure the evolution of the relative pressure inside the system.
This measurement device is presented in Figure 42b. The measurement parameters of each sensor are

displayed in Table 4.

(@) (b)

Figure 42 - (a) Jumo Midas® differential pressure sensor; (b) GEMS®
3500 pressure sensor.
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Table 4 - Pressure Sensors datasheet from manufacture

Pressure Sensors

GEMS® General technical data

Input Max. Bursting Current Output Temperature | Overall Error
Overload | Pressure range
0.35 80 bar 120 bar 410 20 mA 0°C/+ 120°C 0,0025*P and
+40 bar long-term drift of
0,2%

JUMO® MIDAS General technical data

-1 7.5 bar 60 bar 4 to 20 mA two-wire; DC -20°C / +
+5 bar supply O to 10V three-wire 125°C 0,0025*P
relative
pressure

4.1.6 Temperatures

To measure the different temperatures of the system, 2 types of thermocouples were installed at the
aforementioned points. The first ones are K-type thermocouples 1.5mm x 150 mm and the second ones
are Ktype 0.2 mm x 1 m thermocouple. According to the manufacturer datasheet [88], these
thermocouples are capable of recording temperatures from a range of -40°C to 1100°C and they are in
compliance with IEC584 Standards approval, which states the measurement error for K-type
thermocouples is 2.5°C or 0.75% of the measurement temperature.

The temperatures measured at the HX were the hot and cold face temperatures of the TEGs and the inlet
and outlet exhaust temperatures. The water temperature of the cooling system was also measured at the
inlet and the outlet of the cooling plates. This measurement was made at the junction of all the water

tubes coming to and from the cooling plates.

4.1.7 Voltage

The main voltages measured during the test were the ones generated by the modules due to the Seebeck
effect (recall chapter 2.1.1). This voltage is then dissipated by the load resistances attached to them. The
specific load resistances used in the prototype are described in chapter 3.3.4. This voltage is measured
by the NI card, recall subchapter 4.1.4 . Other voltages were measured, such as those from the pressure

transducers and thermocouples.
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4.1.8 LabVIEW®

The software LabVIEW® was used to control the data acquisition cards, provide a graphical user interface
(GUI), and allow the programming of the channels to be acquired and displayed in real time in the
computer screen. A custom LabVIEW® program was previously developed to record all main parameters.
At the end of a test the software would generate a text file containing the values of the measured
parameters such as temperatures, pressures, and TEG voltages. These parameters were then processed

and displayed graphically for the later analysis of system performance.
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Figure 43 - LabView® software used to monitor and record TCTG data acquisition parameters during the test cycle.

4.1.9 ECUMaster®

To control and record some engine operating parameters, a programmable engine control unit (ECU) was
used (see Figure 44a). The engine control hardware and software are from ECU Master®, model EMU®
(Engine Management Unit).

This allowed changes in parameters such as ignition advance and air-fuel ratio. It also allowed real-time
monitoring and storage of engine operating data during the performed tests (see Figure 44b). After the
test, the software would generate a .csv file containing the records of predefined parameters. These
parameters were the engine RPM, TPS (Throttle Position Sensor), IAT (Intake Air Temperature), CLT
(Coolant Temperature), Fuel Usage and Lambda. These parameters were used in the performance study

of the prototype.
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a) b)

Figure 44 - a) Engine Management Unit and b) ECUMaster software used to change and record engine parameters during the test
cycle.

4.1.10 MATLAB®

A MATLAB® code was developed to analyse the bulk data acquired during the tests, and to perform
calculations related to the performance of the system. This code would read the two files produced by
the NI data acquisition system and the ECU software mentioned. Then it would perform some calculations
to obtain the performance parameters in numerical and graphical form. These included the instantaneous
or time-averaged values for the exhaust mass flow rate, thermal power absorbed by the TCTG and
released to the cooling system, real and estimated matched load power produced by the TEGs. Some of
the calculations performed by the code to obtain the TEG power output and efficiency, TEG "s maximum
theoretical power, absorbed thermal power and Heat Exchanger Effectiveness are presented in sub-

chapters 2.1 and 2.2.
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4.2 Test Procedure

All sensors such as thermocouples, voltage and pressure sensors were connected to the data acquisition
system which was bridged to a computer running LabView®. The ECU was connected to a second
computer running the ECUMaster® data acquisition and engine control software (recall Figure 37).

The TCTG heat pipes were previously filled with water (60ml in each HP system). As a result of the casting
process both HP batteries had pressure leaks, making it impossible to pressurize the system to achieve
the intended hoiling temperature of 250°C. Nevertheless, it was deemed that performing the tests at
ambient pressure, and thus with a corresponding saturation temperature around 100°C, would still be
insightful, as it would still allow to observe the phenomena of temperature control and excess heat
spreading and thus validate the concept.

The engine operating conditions were defined based on preliminary tests. It was decided that the engine
would work near 3000 rpm and with no load (no braking torque in the dynamometer). This was indeed
sufficient to produce enough heat to observe excess heat spreading phenomena and achieve full TCTG
operation. The volumetric water flow rate used was 10.3 L/min. The ambient temperature in the lab was

roughly 23°C.

Figure 45 - Ready to test prototype.
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In this experimental procedure, the following steps were followed during each test

N —

O No ok~ W

10.
11.
12.
13.

Turn on the data acquisition systems;

Start the recording of values from LabView and ECU acquisition system simultaneously
(facilitating synchronization for later analysis);

Start the combustion engine and begin engine warm up conditions (2400 rpm for 100 seconds);
Turn on the water flow of the cooling plates, and perform leakage verification;

Measure water flow rate;

After 100 seconds, change Engine speed to 3000 rpm;

Gas and water leakage verification under test-conditions;

Thermal image acquisition after system thermal stabilization;

After 700 seconds from test beginning, reduce engine speed to idling conditions;

Turn off combustion engine;

Turn off water flow of the cooling plates;

Stop and save the LabView and ECU data, performing this simultaneously;

Export recorded data acquisition for further treatment in MATLAB and later analysis.
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5. RESULTS AND VALIDATION OF THE EXISTING PROTOTYPE

5.1 Experimental Results

5.1.1 Engine speed and available exhaust power

The operating engine's analyses obtained through the ECUMaster® software provides information about
the characteristics of the engine operation over time. In Figure 46, it is possible to see the evolution of
engine speed (in RPM) throughout the test, as recorded by the ECUMaster® software. This data is
important for the numerical simulation of the system as subjected to an equivalent scenario. Figure 46

also shows the exhaust power delivered by the engine during the teste cycle.
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Figure 46 - Engine Speed and exhaust power throughout the test cycle.

It should be recalled that no braking torque was applied to the engine, so the engine load was quite low,
only sufficient to overcome engine and brake dynamometer friction losses. Nevertheless, this thermal
load was sufficient for the generator to operate at full load, as seen further ahead. This information gives
the possibility to evaluate the engine speed during the test and is important in the study of Engine/Heat
Exchanger operating in driving cycles.

The test consisted of two engine stages: a first one, in which the engine rpm was set at around 2400-
2500 rpm, and a second one in which the engine was accelerated up to around 3000 rpm. This

acceleration happened around the instant 150s of the test. The slight rise in engine speed over time for
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both conditions is due to the natural warming-up of the engine, as the test started with an engine cold
start.

The exhaust power is also seen in Figure 46. It is an important parameter, as the electrical energy
produced is a fraction of this heat (recall eq. (29)). It is calculated through eq. (28), by means of the
temperature difference between the inlet and outlet exhaust temperature and also the volumetric flow
rate of the exhaust gases, calculated from the ECU recorded data. The reason for the steady increase of
the exhaust power is the gradual increase of both the engine speed and the exhaust temperature (the

latter can be seen in Figure 47).

5.1.2 Heat Exchanger Effectiveness

Figure 47 displays the exhaust gas temperature at the inlet and at the outlet of the system. It can be seen
that the exhaust temperature increased from around 200°C to slightly over 500°C at the end of the test,
justifying the increase of the exhaust power seen before in Figure 13. There, one can also see that the
temperature of the outlet exhaust gases is much lower than the temperature of the inlet exhaust gases.
This temperature differential and the exhaust flow rate are the parameters that yield the heat absorbed
by the system (recall eq. (29)). The HX effectiveness, €, can also be seen in Figure 47. By recalling that
€ is calculated from Eqg. (30) , it can be seen that the closer the outlet temperature is from the heat sink
temperature (water inlet temperature), the closer from 100% will € be. It can also be seen that until
around 200 s of operation € is very high, surpassing 90%. After this, the exhaust outlet gas temperature
starts rising steadily until almost 600 s. This rise provoked a steady decrease of € down to a minimum
which was slightly below 80%. These effectiveness values seem rather high, nonetheless, indicating a

good heat absorbing capacity of the prototype without the risk of overheating.
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Figure 47 - Exhaust inlet and outlet gas temperature and HX Effectiveness.

One reason for the decrease of € around 200 s is the acceleration of the engine from 2500 to 3000 rpm
that starts occurring from 150 s. When the engine is accelerated, more thermal power is available (higher
exhaust gas flow rate). Under these conditions, the system will tend to absorb, in absolute terms, a higher
thermal power, but the fraction of the total power available that will be absorbed will be slightly lower
(thus the lower €). But the change in the available thermal power due to engine speed seems not to be
the only reason for the changes in €. The start of the operation of heat pipes also affects this parameter,
but this can only be explained by looking at additional test data, as detailed further ahead.

As for example, if the exhaust gases leaving the system had the same temperature as the flowing cooling
water (EGTideal), then the effectiveness would be 100% and the heat absorbed would be as much as
theoretically possible. For this reason, at the beginning of the cycle, the highest effectiveness is achieved
(90%) as the exhaust gases leave with temperatures close to water cooling ones.

However, as the exhaust gases entering the system increase in temperature and the heat-pipes come
into operation, there is no longer as much capacity to absorb the available heat as the temperature of the
exhaust gases increases. As a result of this increase as showed in Figure 47, the effectiveness decreases,
as the exhaust gases are already hotter than the coolant.

Nevertheless, the lowest effectiveness achieved during the cycle is around 80%. This indicates a good

heat absorbing capacity of the prototype.
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5.1.3 Temperature Analysis

Figure 48 may be the most insightful figure of the experimental data as it seems to illustrate the
temperature limitation and excess heat spreading features, which are the main novelties of the concept
proposed previously by the LaMoTA team and to which the present work aims to provide experimental
evidence.

This figure displays the hot face temperatures of each row of TEGs, starting with Row 1, the first, more
upstream row, and ending with Row 4, the last, more downstream row. It is important to recall that the
aluminium block in which both the corrugated pipes and the HPs are embedded has been divided in two
separate blocks with an air gap between them (recall Figure 38). Only the corrugated pipes and HPs
cross this air gap and are connecting both blocks. This way, Row 1 and 2 are attached to the upstream
block, while Row 3 and 4 are attached to the downstream block.
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Figure 48 - (a) Hot face temperature at each row of TEGs (upper-half) and total electric power; (b)
Heat Pipes inner pressure evolution (gauge pressure) and water saturation temperature analysis.

In Figure 48 it can be seen that the hot face temperature rises firstly at the TEG rows attached to the
upstream aluminium block (Row 1 and Row 2) and only later in the TEG rows attached to the downstream
block (Row 3 and Row 4). This makes sense, because the exhaust gases are hotter at the entry of the
system and they decrease in temperature along the HX, as they release their heat to it. It may be seen
that the TEG rows attached to the same block display similar temperature levels, with the row located
more upstream displaying a slightly hotter temperature than the row located more downstream. The
temperature uniformity in TEGs attached to the same block is expected, because aluminium has a high

thermal conductivity, causing a substantial longitudinal temperature uniformity.
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Figure 48 is also highly relevant as it provides evidence of the temperature limitation provided by the HPs.
In fact, around 200 s, when the hot face of the TEGs attached to the upstream aluminium block (Row 1
and Row 2) approach the HP saturation temperature (around 100°C), the temperature gradient of these
TEG rows starts stagnating. This means that the HPs have started to absorb heat by vaporization in this
region and are effectively preventing the TEGs from increasing their temperature beyond the limit set
(100°C). This seems to validate the temperature control concept proposed by the authors.

Another important phenomenon that can be observed in Figure 48 is that once the temperature stabilizes,
at the TEG rows attached to the upstream aluminium block, around 200 s, the temperature at the TEG
rows attached to the downstream aluminium block immediately start increasing, until all TEG rows reach
a similar temperature level (around 100°C) shortly after 300 s. Like explained above, the two aluminium
blocks have an air gap between them. This means that there is no heat conduction between them and,
therefore, the temperature rise that one block seems to cause on the other block should necessarily be
caused by the excess heat spreading performed by the HPs, that is, the heat absorbed by phase change
at the upstream block is being delivered to the downstream block promoting its quicker heating up and
temperature uniformizing to 100°C. Thus, not only the claim of temperature limitation, but also that of
excess heat spreading are confirmed by the experimental results.

Now, it must be acknowledged that in reality, and according to Figure 48 the temperature limitation effect
is not completely achieved. Beyond 400 seconds of test, it can be seen that the temperature continued
to rise slightly, eventually overcoming 100°C. In fact, this is because the present prototype still lacks a
component already described above as being necessary for the system to work properly. This missing
additional system is an excess vapour condenser, that could also be complemented by an exhaust by-
pass that would cut-off the excess exhaust power. If present, the excess condenser, located downstream
of the last row of modules, would have the function of condensing the vapour that would otherwise
overflow the system and thus prevent pressure build-up. In fact, pressure build-up can be detected in
Figure 48b, which displays the evolution of the HP inner pressure (gauge pressure) along the test. It may
be seen that the pressure was around ambient pressure (0 bar) until around 400 s of test time, where it
started to steadily rise, up to almost 0.9 bar at 700 s. It may be seen that the start of the pressure rise
approximately coincides with the instant where the temperature uniformity was achieved in the whole
system (~400 s), that is, the HPs started to overflow with vapor, up to the point where the pressure
started to increase. The increase in pressure induced an increase of the boiling temperature from 100°C

at 0 bar to around 120%C at 0.9 bar. This is precisely the range of temperatures achieved at the TEG Hot
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Faces. Once an excess vapor condenser is installed or a by-pass valve starts diverting excess exhaust
power from the system, the temperature will be effectively limited.

Also using the theoretical water saturation temperature values for each given pressure, it was possible to
create a water saturation temperature curve for each given gauge pressure value along the experimental
test and therefore one for each time step. This way, it is possible to predict what would be the saturation
temperature inside de HPs during the test cycle. This analysis is presented in Figure 48b and it is
important to understand the TEG hot face temperature rise over time. It can be seen that, apart from the
first TEG row, the remaining rows followed this saturation temperature curve, meaning that the system is
accordingly to its principle of operation.

Regarding the heat exchanger detailed analyses, it is possible to measure and evaluate various functions
of each component of the system layout. In Figure 49a and Figure 49b, the detailed temporal evolution
of the hot and cold face temperatures of the TEGs on upper and lower half of Row 1 is presented (Left

and Right).
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Figure 49 - TEG hot face evolution compared by (a) left and (b) right side.

Despite in Figure 49b the hot top and hot bottom display some divergence in temperature absolute values
(which seems to be more of a measurement error, like thermocouple bad positioning), on both sides of
Row 1 the temporal evolution of temperature is quite similar. There is a change in temperature gradient
around 200 seconds resulting from the start of heat pipes operation (the temperature is reached at 100
°C and there is evaporation of the water inside HPs), which causes heat distribution and decreases the
rate at which the hot face of the TEG increases in temperature. The TEG cold face maintains a stable

temperature of around 28°C throughout the test. This factor is important for the prototype success as it
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ensures that the temperature differential between the faces of the TEGs increase throughout the cycle

which will be directly related to the electrical output of the HE.

5.1.4 Electrical output and efficiency

As the primary goal of this prototype consists on the conversion from thermal to electrical power, the
voltage and power produced by the TEGs are among the main indicators to analyse the system
performance. Based on eq. (1) the voltage is expected to be proportional to the temperature differential
obtained for each TEG. It is possible to verify that this premise is true, and that the curve of the voltage
graph seen in Figure 50a, obtained by direct measurement, evolves similarly to the temperature curve
(seen in Figure 49).

The limited number of voltage input channels available in the data acquisition system led to the choice
of connecting in series the load resistances of the left and right modules of each row. Therefore, the
voltages measured and the corresponding obtained powers correspond to the pairs of modules belonging
to each row (recall outline of Figure 38).

The electrical power generated is a function of voltage and of load resistance (recall eq. (14)), thus it is

possible obtain the electrical power curve through the voltage curve, as seen in Figure 50.
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Figure 50 - a) Row 1 TEG Voltage Output and b) Row 1 TEG Power Output.

To obtain maximum power the load resistance should be equal to the internal resistance of the modules

(matched load conditions). The load resistance used was very close to the internal resistance reported
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for the modules at ambient temperature. Nevertheless, a correction for estimating the theoretical matched
load power was also used (eq. (18)). The differences obtained were negligible.

The electrical power output of each module increases with the square of the voltage (eq. (14)), so it is
expected to see a sharper increase than the voltage. In terms of electrical output, it is noteworthy the
functioning of the first TEG rows in comparison to the last ones (see Figure 51). The closer the Row is to
the exhaust gas inlet, the greater the power generated. This results from the heat absorption from the
exhaust gases throughout the system. Thus, the Row 4 is the one that receives the least heat as much
of it has already been absorbed by previous rows. By consequence it is the TEG row that produces less
electrical power.

In Figure 51 it is also possible to see the system total electrical power production which represents the
sum of the electrical power output of the TEG modules. The maximum value achieved during this test
was around 90W. Being the steady state point where the heat pipes are filled with steam and the TEG's
hot face is the same. For a setpoint of 100°C, if an excess condenser or a by-pass valve were used, the
system should stabilize around 350 to 400 seconds, meaning a maximum power output of around 60W.
If it was possible to reach 250°C the maximum output should be considerably greater as power increase

with increases with the square of the temperature (recall eq.(14)).

TEGs - Power Level
90 ; ! !

Row 1 Power [W]
80F |- — Row 2 Power [W]
Row 3 Power [W]
Row 4 Power [W]
total Power [W]

70 +

Power [W]

0 = ———p——— 4 1 1 L L 1
0 100 200 300 400 500 600 700 800
Time [s]

Figure 51 - TEGs Power by Row and TEGs Total Power Output.
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The electrical efficiency expresses a ratio between the electric power generated and the thermal power
absorbed by the system and by the TEGs (recall eq. (19)). Itis as important as the electrical power output,
especially in limited thermal power events, such as urban driving with cold engine. The efficiency of the

system tested was studied (see Figure 52).
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Figure 52 - TEGs efficiency during Test Cycle.

As the cycle progresses, the electrical efficiency increases as a result of the increase in the temperature
differential between the TEG's faces throughout the cycle, which is directly related to their efficiency. The
maximum efficiency recorded was 3.5%., this efficiency is at the upper spectrum of what could be
expected from the HiZ 14HVTEG. This is surprising because during the cycle under-study, the maximum
operating temperature of the TEGs (~120°C) was far from the maximum operating temperature of 250°C,
where they are most efficient (~5%). This indicates that factors that normally reduce efficiency, such as
thermal contact resistances, here have been minimized (thermal grease was used).

The analyses performed were able to calculate some mean values for a given steady state of choice. For
this test, an interval from 300 seconds to 400 seconds was chosen given to be moment when all the
HP's system was full and the Heat Exchanger was in full operation. Table 5 shows some of the calculated

mean values.
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Table 5 - Mean Values of Test in Full Operation

Variable Mean Value | Units
EGTin 420 [°C]
EGTout 75 [°C]
Cooling water Pressure drop 40 [mbar]
Exhaust mass flow rate 41.1 [g/s]
Fuel consumption 7.44 [I/h]
Power absorbed by exhaust heat exchanger 15.6 [kW]

5.1.5 Voltage and Power as a function of Temperature

TEG's energy production is related to the temperature differential between their hot and cold faces. It is
therefore interesting to establish a relationship between the electrical power produced and the
temperature differential of the TEGs. Figure 53 displays the Voltage and Power of the TEG "s output for

each temperature differential registered throughout the test cycle.
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Figure 53 - TEG a) voltage and b) power as a function of temperature differential.

Under steady state operation, for the same temperature difference the TEGs should all produce the same
power output, however, this was not the completely the case. Small differences are visible depending on
TEG position at the HX. These results were obtained under transient regime, so that thermal equilibrium
has not yet been reached, and there are differences due to thermal inertia. This may mean that the

temperature measured by the thermocouples might not be fully representative of the average temperature
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of the hot faces. The greater the temperature difference, the greater the power generated (as already
been mentioned on the functioning of the TEGS).

The graphics of Figure 53 present some undesirable noise, as well as anomalous behaviours that can be
related with the change of the flow regime of the exhaust. For example, when the engine is switched off
but the temperature in the prototype remains.

A comparison was made between the performance of the TEG in the experimental test with the
performance data provided by the manufacturer. This information data had to be corrected, as the internal
resistance of the module was actually substantially lower than that stated in the datasheet. While this
does not affect the voltage (matched load voltage is half of the open circuit voltage, which in turn is solely
a function of the temperature differential and the Seebeck effect according to eq. (1)), it affects the power
(recall eq.(14)). In Figure 53a and Figure 53b it is possible to see the green line that represents the
performance of the TEGs based on the corrected manufacturer data. In conclusion, it can be stated that
the performance of some modules (more specifically of the ones from Row 1 and 2) is higher than that
announced by the manufacturer, especially when the temperature difference between the TEG's hot and
cold face is greater than 60°C. The difference seems to be mainly in the internal resistance of the
modules, which seems to have been improved over the datasheet information. This yields a similar open
circuit voltage but a much higher matched load power output than reported in the datasheet. It is worth
noting that the lower internal resistance of the modules purchased was actually provided by the

manufacturer when supplying the modules.
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5.2 Numerical Model Validation

The experimental results obtained allow the validation of the numerical approach that has been previously
used by the group to model the heat spreader concept that was proposed earlier [39]. This subchapter
outlines the mathematical model used, presents the simulation results when using the same exhaust

input as in the experimental results and compares the simulation results against the experimental results.

5.2.1 Outline of The Model

The LaMoTA research group developed a mathematical model to predict the system behaviour. The main
goal of this approach was to predict the electric power output of this prototype during predefined driving
cycles. The model was described in [34], while the electrical output of the TEGs, as well as its impact on
fuel economy and GHG emissions were assessed under the Worldwide Harmonized Light Vehicle
Test Cycle class 3 (WLTC) and a custom highway (HW) cycle. In the present work, a custom cycle which
mimics the experimental test conditions (inlet exhaust thermal power as seen in Figure 46 and inlet
exhaust temperature according to Figure 47) was simulated as it is described afterwards.

The model’s engine and driving cycle energy analysis was developed in earlier work [34] [89]. It predicts
the instantaneous engine map position such as speed and torque to complete the driving cycle and the
corresponding instantaneous exhaust mas flow rate and inlet temperature.

The heat transfer and thermoelectric model was originally proposed in [38]. It is a model with
discretization in the longitudinal direction into 72 sections in which 1D thermal calculations are made,
and where the gas/coolant outlet temperature of each section is the inlet temperature of the next section,
thus guiding the thermal simulation calculations of the system as a whole.

In each of these sections, heat is transferred from the exhaust gases (corrugated pipes) to the coolant

(cooling plates):

- Heat transfer calculations are performed for each section, namely, the thermal resistances
between the exhaust flow, the HX body (including HPs if active), the modules and finally the
cooling flow. For the convective heat transfer calculations in each section empirical correlations
for the convection at the exhaust flow and coolant flow are used. For the heat flow across the HX,
1D conduction equivalent thermal resistances were derived from 2D numerical heat transfer
calculations done with commercial packages, as seen in Figure 54b.

- Two different heat transfer calculations are made in each section depending on whether there is

excess heat spreading condition (active HPs) or not.

83



- In each section heat fluxes and temperatures are calculated. vapour production, accumulation
and depletion are also calculated in case the HPs are active.

- Once the calculations in one section are completed, energy balances are made to calculate the
temperature of the exhaust gases and water at the entry of the next section. Also, depending on
the vapour produced, transported or depleted on the preceding section, the vapour accumulated
for the next section is obtained.

- Simplified thermoelectric calculations are made based on the resulting temperatures at the hot
and cold faces of the modules and the manufacturer datasheet [38] The average Peltier effect is

incorporated into an effective thermal conductivity that already accounts for this effect.

All the physical properties of the materials, fluids and components were extracted from the manufacturer
datasheets aiming to confirm that the electrical output of the system corresponds to the prototype built
in real world.

For simplification reasons, conduction transfer along the length of the HX was not considered. In the built
physical prototype, which was described previously, there is a discontinuity/separation of the aluminium
matrix for each 2 TEG module rows, so that this longitudinal heat transfer in the real prototype is limited.
Under these conditions, this simplification seems acceptable.

The thermal power flowing from the corrugated tubes to the cooling water on each of the 72 sections
depends on the heat pipe thermal resistance which varies depending on whether the HP are active or
not. For the calculation of the 1D equivalent thermal resistance, either an adiabatic or isothermal wall
boundary 2D condition solver was used to represent the conditions where the HPs were inactive or active,

respectively, as seen in Figure 54b and Figure 55.
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Figure 54 - (a) CFD simulation of a corrugated pipe; (b) 2D heat conduction simulation of the exhaust heat exchanger [39].

The prototype studied in the present work (depicted in Figure 26) represents one fourth of the total system
length of this model. This means that in the input and output of the modelling and simulation process,

some adaptations to the model had to be considered.
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Figure 55 shows an example of the geometry used in the 2D calculations to extract the 1D thermal
resistances of each one of the 72 sections of the HX. One can see the main block which contains the
corrugated pipes embedded with aluminium and the HP region divided into upstream and downstream
region, R1 and R2, respectively. By performing 2D simulations of the heaty transfer occurring in these
complex shapes for a given temperature differential, it was possible to extract an equivalent 1D thermal
resistance that would be valid for other operating conditions. In this way, it is possible to adapt this
complex shape to a 1D analysis. These thermal resistances are different whether HPs areas active or not.
An adiabatic HP surface corresponds to the situation where there is no phase change occurring
(temperature has not exceeded the HP saturation temperature). The situation with active HPs
corresponds to isothermal HP surface (temperature has achieved saturation temperature). The detailed

outline of this model, as well as the condition solver simplifications were presented in [38].
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Figure 55 - 1D Thermal resistance scheme extracted from the 2D heat transfer simulation of a section of the HX under
active and inactive HP condition.

The numerical model requires two main input parameters: the exhaust mass flow rate or power (Figure
46) and the exhaust gas inlet temperature (Figure 47) as a function of time. Any driving cycle, be it more
variable or more stable can be programmed as long as the aforementioned values are extracted for each
time step (in this case every second) [27][34], [89]. In the present case, these values were extracted
from the engine ECU file (mass flow rate data) and from the data acquisition system (exhaust temperature

data).



5.2.2 Numerical model correction for heat capacity

It must be noted that the model is a quasi-steady state model, meaning that it does not incorporate the
influence of the heat capacity of the solid and liquid masses. What happened in the tests was that under
transient operation (heating over time) a fraction of the heat absorbed by the HX was stored in it due to
its heat capacity and was not transmitted to the modules.

In order to overcome this model limitation, a correction of the inlet exhaust power was performed so that
the heat stored in the heat exchanger and the working fluid through heat capacity was discounted from
the heat absorbed by the HX. This correction brings the mathematical model closer to reality. The heat
required to heat the heat exchanger from ambient temperature to the vaporization temperature of the
working fluid (100 °C) was calculated. For this calculation the mass of the aluminium matrix and the

working fluid (water) were used as follows:

Queat = (mal ' Cpal + Myater * prater) ' (Tvap — Tamp) (34)

After calculating the heat value that is necessary to heat the HE from ambient temperature to 100 °C
(working fluid vaporization temperature), the next step was to calculate the average heating power. In this
way it was noticed that, in the results of the experimental tests, the system needed in average about
t=200 seconds to reach the vaporization temperature in the hot faces of the modules. So, for the same

engine parameters, the heating power can be calculated as follows:

QHeat (35)
t

Phear =

The resulting power due to heat capacity was subtracted at each instant from the exhaust gas power in
order to obtain a corrected exhaust power. A corrected exhaust gas temperature for each time step was
derived and used in the heat transfer calculations.

With this model adaptation, it was possible to incorporate the influence of thermal inertia in a simplified

way and thus enable a valid comparison between theory and experiments.

5.2.3 Numerical Validation Results

Figure 56a and Figure 56b displays the comparison between the experimental and theoretical values of

the electrical power output as a function of time, as in total electrical output and electrical output for each
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TEG Row. The maximum value of total electrical output predicted is reached at around 260 s (see Figure
Figure 53a). By comparison, the full operation of the prototype, identified where all four rows of modules
achieve a plateau was attained after 300 s (see Figure 53b). Given the simplifications done, namely
regarding the heat capacity, the fact that on the experimental results the prototype is on transient regime,
the comparison seems to be acceptable. It has already been said that the reason why the value of the
total experimental power then continues to rise has to do with the fact that the existing prototype still does
not incorporate an excess vapour condenser and therefore, once the vapour becomes excessive the
pressure continues to build-up and so the saturation temperature also continues to grow, inducing a
higher excess heat spreading temperature and thus a higher power. However, it may be seen that the
maximum total power predicted, around 64 W, is similar to the value achieved experimentally slightly

after, at around 400 s.
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Figure 56 - Electrical Power output (a) experimental vs (b) predicted for the downsized proof-of-concept TEG operating with
an excess heat spreading temperature of 100°C.

Although in the experimental results more time to reach full operation was needed, the heat spreading
effect was confirmed for the same TEG Row electrical power values. The results of the electrical power
output as well as the efficiency organized as a function of the available exhaust energy or the heat

absorbed by TEGs can be seen in Figure 57.
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Figure 57 - TEG module’s simulation results.

It is possible to see that the maximum value of production for the system is when it reaches the steady-
state in which all TEG modules are working with the hot side at the vaporization temperature of the
working fluid (which in this case is 100 °C). In this simulation, and for the temperature of 100°C (less
than half of the maximum temperature of the modules, 250 °C), the maximum power produced was 64
W. It is also possible to analyse that the maximum efficiency obtained was 2.1%. This value seems
reasonable for this low temperature range, in view of the maximum theoretical value being around 5% for
T=250 °C.

After analysing the power output of the HX as a whole, it is interesting to analyse the behaviour of each
row of thermoelectric modules to verify the temperature spread caused by the introduction of heat pipes
as a control system for thermal stability along the length of the prototype. In Figure 58, it is possible to
see the evolution of the thermoelectric production by each row of modules as a function of the available

exhaust power.
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Figure 58 - Electrical output in function of the available exhaust power
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It is noteworthy to observe the cascading effect of heat along the length of the HX. As can be seen in
Figure 58, when the first row of thermoelectric modules reaches the water vaporization temperature
(maximum electric power production), which in this test is 100°C, the working fluid vaporizes and spreads
the heat in the form of steam to the following modules (2nd TEG row). The same until the system is
completely full and at the maximum possible output for this temperature. Regarding the thermal control
once the system is filled with vapour, Figure 58 shows that although the system reaches its maximum
production near 6.5kW of available exhaust heat power, beyond that value the power stabilizes, avoiding
thermal degradation of the thermoelectric modules as expected.

Table 6 contains some of the values extracted from the thermal simulation performed for the same

conditions as obtained in the experimental tests.

Table 6 - Simulation Results for Numerical Validation of the Experimental Test

Parameter Value Unit
Total electrical energy 108.8 kJ
Total Exhaust energy available 23.14 M)
Total Exhaust energy absorbed by TEGs 5.29 M)
Total Exhaust energy absorbed by HE 16.65 M)
Global effectiveness (fraction absorbed by HE) 72% %
Maximum electric power 64 w
Average electric power 60 w
Maximum exhaust thermal power 16.18 kw
Average exhaust thermal power 12.85 kw
Maximum exhaust power absorbed by TEGs 3.01 kw
Maximum exhaust power absorbed by HE 12.27 kw
Electric production 0.11 kWh/100 km
Electric production kJ/km 4.0 kJ/km

It is important to point out that the maximum electrical power obtained in the experimental model
corresponds to the moment when the HP is completely filled with water vapour and all TEGs are working
at the same temperature, as the electrical power production after that interval should be ignored since
this continuous thermal stability feature that was not achieved due to manufacturing problems. This

moment can be equated to the maximum power output value obtained in the numerical simulation. In
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the experimental test, this moment is registered between 300 and 400 seconds and can be observed in

Figure 59.
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Figure 59 - Steady State representation of Hot face Temperatures and Total Power

For that time interval a maximum power output between 60 and 65 W was registered. These results are
in line with those obtained by the mathematical model (see Figure 56) in which the maximum output for
these conditions was 64W (see Table 6). Thus, it is possible to state that the mathematical model is

validated by the experimental results.
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5.3 Predictions for a system operating at 250°C

It is interesting to evaluate what would the performance of the system be if the optimal module
temperature (250°C) could be attained. It should be remembered that the prototype built and tested
experimentally represents only a quarter of what the final prototype would be. Furthermore, the lack of
an excess condenser at the outlet of the heat pipes and the fact that the experimental system had leaks,
denote that the results in terms of electrical power production are lower than what could be desired for
this novel concept. However, it was possible to validate the mathematical model created and the
prototype, making sure that the simulations generated by the software are close to what will be the real
electrical power output. Nevertheless, it was not possible to pressurize the system to 40 bar in order to
reach 250 °C working fluid vaporization.

For demonstration purposes, a new simulation with the same engine input conditions was made, but this
time with the working fluid vaporization temperature of 250 °C. The mathematical model does not require
HP's inner pressures inputs, solely the vaporization temperature of the fluid inside the heat pipes is
defined. In reality, these would have to be pressurized to a pressure close to ~40 bar considering water
as the working fluid. The study of the pressure inside the pipes is only possible by means of an
experimental test.

The results of this simulation in the form of the electrical production for each row of TEGs and total electric

power output are described in Figure 60 and Figure 61, respectively.
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Figure 60 - Electrical power production by each TEG row of simulation for the same test cycle with the working fluid
vaporization temperature of 250°C
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Figure 61 - Electrical Power and Available Exhaust Power results for simulation with working fluid vaporization
temperature of 250°C for the same test cycle of the eperimental results

The maximum power output is reached at the thermal stability zone as desired and has a value of around
350 W. As future work will include a prototype that can withstand the pressurization of the heat pipes up
to a pressure of 40 bar, which will allow the operating temperature of the modules in thermal stability of
250° C, it is interesting to simulate the operation of this new prototype under high variable thermal loads.

For this, some simulations of this new prototype for a standard WTLC cycle are presented in Figure 62.
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Figure 62 - WTLC Cycle Electrical Power output vs Available exhaust heat simulation results

The maximum achieved electrical power output was once again 350 W and the average value during the
cycle was 133 W. Meaning that the system is able to overcome module degradation and maintain thermal
stability throughout high variable thermal loads.

If the simulation process is repeated for a final prototype with what would be the final prototype size (four
times larger than the concept validation TCTG tested in this work) the following results can be obtained

for a WLTC cycle (Table 7).
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Table 7 - Simulation results for Full Sized prototype

Parameter

Value Unit
Total electrical energy 955 146 J
Total Exhaust energy absorbed by TEGs 27 228 617 J
Total Exhaust energy absorbed by HE 28 360436 J
Maximum electric power 1,56 kw
Average electric power 531 W
Maximum exhaust power absorbed by TEGs 34916 W
Maximum exhaust power absorbed by HE 60 667 W
Electric production kWh/100 km 0,98 kWh/100 km
Electric production kJ/km 35,3 kJ/km
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5.4 Fuel and CO.Savings

The increasing need for onboard electricity to supply modern vehicle transportation components, such as
the air conditioner, digital displays, headlights and tail lights, cockpit ambient lights, sound system are
accountable for decreasing the fuel efficiency. This phenomenon results from the fact that onboard
electricity comes as a direct result of fuel being consumed within the engine to feed an energy conversion
chain [90]. This chain starts with chemical energy stored in the fuel and ends with electrical energy from
the alternator. Along the system functioning power losses happen and are associated with every energy
conversion process. Even focusing only on the alternator there are several associated losses, such as
mechanical losses, electrical losses and magnetic losses. [90] explained that although alternator
efficiency varies with speed, load (amps) and electrical power output, commercially available alternator’s
efficiency range between 50 to 60%. This combined with conversion chain and ICE'’s efficiency make

onboard electricity a significant impact on vehicle fuel consumption.

5.4.1 Compact TCTG Implementation

Although the average electrical power produced by this concept seems to have a relatively low value for
light duty vehicles it is important to remember that this is a proof of concept system, with a quarter of the
size of the final system and where it was only possible to reach less than half of the hot face temperature
of the modules, staging them in underproduction. Using the results obtained in the experimental tests ,
the fuel consumption and CO. emission savings were calculated. In these calculations, the engine power
loss due to the back-pressure imposed by the exhaust heat exchanger was not considered.

For this, the bench test ICE’s stock alternator specifications were used. All the calculations presented
afterwards were made by creating an £xce/spreadsheet for further prototype studies (see Annex 2). First,
with the manufacture’s datasheet values for voltage (V) and current (A) the alternator’s power
consumption (full-load) was calculated (see Table 8). Then using a mean value for alternator efficiency
stated by [90] (55%) and the petrol engine average efficiency of 18% regarding to the average engine
efficiency data from the WLTC Driving cycle presented in a recent publication [36], the mechanical power
and the fuel power consumption were calculated. It is notable that to produce 1.4 kW of electricity the
engine must spent 14.45 kW of fuel power. Also, using the same chain of conversion note that to produce

the TEG output (64W) in the alternator it would be necessary to use 646 W of fuel power.
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Table 8 - Alternator and TEG output chain of conversion

Parameter Value Unit
Alternator Power 1,44 kW
Alternator Mechanical Power (n=55%) 2.62 kW
Alternator Fuel Power (n=18%) 14,45 kW
TEG Output 64 W
TEG Fuel Power (if produced by the Alternator) 646 W

Calculations of the fuel consumption were made using the lower heating value of fuel used (Petrol
RON95). The vehicle’s mean fuel power during the test performed was calculated using the exhaust mass
flow rate of the engine (whose value was previously estimated using MATLAB®). Then it was possible to

study the fuel consumption of either the vehicle and the fuel savings of the alternator if the energy was

produced by the TCTG (see Table 9).

Table 9 - Vehicle and Alternator Fuel Power savings using TEGs

Parameter Value Unit
Vehicle Fuel Power 90 kW
Vehicle Total Fuel Power Consumption 2 g/s
Alternator Total Fuel Power Consumption 0.32 g/s
Alternator Fuel saving Using TEGs 0.014 g/s
Alternator Fuel saving Using TEGs 0.039 I/h

Table 10 presents the fundamental savings obtained by applying the TEG system assuming the mentioned

alternator with 55% efficiency for the test conditions performed.

Table 10 - Fuel Power Savings implementing TCTG

Savings Value
Alternator Fuel Power Savings using TEGs 4,44%
Vehicle Fuel Power Saving using TEGS 0.72
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In respect to the implementation of this proof-of-concept prototype, the electrical production does not
completely replace the alternator specially. This happens because the electrical output of the system is
low compared to the alternator full load power, since the maximum achieved TEG module hot face
temperature was 100 °C, less than half of the maximum allowed temperature. Also, the size of this
system is one quarter of the final proposed system.

Since the results of the mathematical model have been validated with the experimental tests, it is possible
to conclude that the simulations performed previously by the research group [36] for a model with final
dimensions and hot faces temperature of 250 °C are close to realistic electrical output. The same results
pointed out a fuel saving between 4-5% and CO. emission savings of around 11-12 g/km depending on

the driving cycle conditions (see Table 11).

Table 11 - Savings from using TCTG (Using TEGs GM250-12) [36]

Driving cycle data: HW WLTC
Distance [km] 27.1 23.3
Average engine efficiency [%] 25.3% 17.7%
Average required mechanical power [kW] 18.7 8.58
Using TCTG:
Electric power produced (ave.) [W] 627 267
Energy produced [kJ/km] 26.6 20.7
Average required Mechanical Power [kW] 17.7 7.00
Fuel savings [L/100km / %] 0.50/5.4% 0.47 / 4.2%
CO2 emissions savings [g/km] 11.99 11.14
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6. NEW PROTOTYPE CONSTRUCTION AND SET UP

At this point, the tests on the existing prototype were completed. The TCTG was tested with the heat pipes
working at atmospheric pressure, therefore the working fluid vaporization temperature achieved was 100
°C. Nevertheless, the excess heat spreading feature was confirmed. The construction of a new prototype
was planned. This time, overcoming the initial construction difficulties that led to the appearance of leaks
in the heat pipes. This chapter reports in detail on the construction work of the final prototype, as well as

changes to the design, the methods used and the operation of the system.

6.1 New Design

The new TCTG was based in the existing prototype principle of operation with the addition of some design
improvements resulting from the learning made throughout the testing process of the previous prototype.
Since the main objective was the construction of a TCTG prototype capable of withstanding high operating
pressures (around 40bar), the construction of the part that is associated to this operation was planned
and designed in cooperation with a company specialized in industrial boilers and Heat Exchangers,
Energest®.

The final design (see Figure 63) was achieved, satisfying the safety concerns of the company as a designer
of high-pressure devices and the scientific needs of the research group to have this type of operation

specified.

Figure 63 - New prototype design.
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6.1.1 New Heat pipes

One of the most relevant changes in this prototype when compared to the previous one was the material
of the Heat Pipes. The previous prototype was equipped with copper heat pipes, which were the reason
why they did not resisted the aluminium matrix casting process and broke in the most critical areas of
their structure.

The new prototype was equipped with stainless steel HPs manufactured specifically for this prototype
with welding made by specialised personnel, capable of withstanding both the temperatures of the
aluminium matrix casting process and the pressure range of operation. The new HPs can be seen in
Figure 64. A copper fabric was added to the interior of the pipes in order to provide the wick structure

needed for the capillary pumping effect.

Figure 64 - (a) CAD model and (b) built stainless-steel Heat Pipes.

6.1.2 Corrugated Pipes

The exhaust gases circulate in the Corrugated pipes and exchange heat along their length. This technology
can be found also in EGR (Exhaust Gas Recirculation) coolers, in order to rapidly reduce the temperature
of the hot exhaust gases [91]. The corrugated pipes were manufactured by BorgWarner® and its

configuration was designed specifically for this prototype (see Figure 65).
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Figure 65 - Corrugated Pipes.

Some positioners were placed in the corrugated pipes to position the heat pipes inside the moulding box
for casting the aluminium, but also for the creation of the separation/discontinuity zone of the aluminium
matrix, discussed previously in chapter 3.1. The spacing between the tubes was the same used in the
existing prototype, which was optimized for minimizing thermal resistance and pressure drop, as

published in a paper of the group.
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6.2 New TCTG Construction

6.2.1 Casting Process

The moulding box for the aluminium casting was prepared. This box created the aluminium body that
promotes the heat transfer between the corrugated tubes, the heat pipes and the hot faces of the TEG
modules. The moulding box was designed to position the corrugated pipes and the heat pipes at the

desired position in order to properly cast the aluminium. Figure 66 displays the CAD drawing of the set.

Figure 66 - CAD drawing of the moulding box.

The process of building this new prototype began with the construction of its body. For this, the corrugated
tubes and the HPs inside the moulding box were positioned for subsequent casting of the aluminium. In
Figure 67 it is possible to see the positioning of the corrugated tubes and their centring with the moulding

box.

Figure 67 - (a) Moulding Box and (b) Heat Pipe positioning inside the moulding box.

100



It was necessary to ensure that during the casting process, the positioners placed on the new HPs prevent
the aluminum casting from filling unwanted regions. A thermal silicone paste, capable of withstanding
1400°C, was applied to the HPs so as not to suffer any damage due to the high temperatures of the
casting process. The openings between the positioners and the heat pipes were then sealed as shown in

Figure 68b.

Figure 68 - (a) high temperature silicone and (b) after application on positioners.

Next, the corrugated tubes and the heat pipes were placed inside the moulding box. The design of this
TCTG required the creation of three areas that could not be contaminated by aluminium: the area of
discontinuity mentioned above, and the two ends of the corrugated tubes. Therefore, these areas were
coated with fine silica sand. Figure 69a shows the closed moulding box with the three specified zones
where the aluminium must not enter as well as the preparation of the special sand that was used. Next,
Figure 69b shows the respective areas already covered with compressed sand. Finally, Figure 69¢ shows

in detail the future discontinuity zone of the aluminium matrix.

Figure 69 - Moulding Box (a) before and (b) after the sand application and (c) close up of the discontinuity zone
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After the moulding box preparation was complete, the aluminium casting and casting process started.
First, the moulding box containing the HPs and the corrugated tubes was placed in the muffle furnace.
The purpose of this machine is to heat the box so that the aluminium does not cool down abruptly when
it is cast. The moulding box was placed inside the muffle furnace at 350 °C for 1 hour. The muffle furnace

used as well as its display are shown in Figure 70.

Figure 70 - (a) Muffle Furnace and (b) digital display.

At the same time as the moulding box was in the muffle furnace, the aluminium ingot was placed in the
furnace to melt. The ingot used was an aluminium AlSi12 alloy, due to its high silicon content this alloy
has a high fluidity, which will be important due regarding the small size of the cavities it has to fill when
cast. Its thermal conductivity is around 120 W/m.K.

The ingot was cast inside the furnace at 720 °C and after 30 minutes of verification of complete melt the
alloy was de-gazified for 20 minutes using argon gas. The alloy was then refined and modified with
titanium-bor aluminium and strontium aluminium for 20 minutes. The furnace and the de-gasification

process are presented in Figure 71.
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Figure 71 - (a) Melting Furnace, (b) de-gasification of the alloy using (c) Argon.

After the aluminium casting process in the furnace was completed and the pre-set time for preheating
the moulding box in the muffle had elapsed, the moulding box cointaing the HPs and corrugated pipes

was removed. Figure 72 shows the moulding box exiting the muffle.

Figure 72 - Moulding box exiting the Muffle Furnace.

The aluminium in the furnace was then cooled down to 700°C and cast under mechanical vibration to
facilitate the casting process considering the geometrical complexity of the various cavities of the piece

(see Figure 73).
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Figure 73 - Moulding Box placement for aluminium cast.

After confirming that there were no apparent external leaks (see Figure 74), the alluminium casting

process was deemed to have been successfully completed.

Figure 74 - (a), (c) side-view and (b) top-view of the moulding box after alluminium casting

Then the freshly cast HX and the moulding box were removed from the vibration machine for further
cooling. At this moment it was possible to verify that the clamps that stabilized the piece interfered with
the aluminium casting (see Figure 75) . Also, it is possible to see that the leakage level of the aluminium
exceeded the level in which the supports were placed, causing a deformation in the aluminium. However,
after an evaluation with those involved in the project, it was concluded that this deformation will not

interfere with the heat transfer phenomena inherent to the operation of the prototype.
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Figure 75 - Problems found after the casting.

After the cooling time had elapsed the moulding box was opened and the final result of the procedure

was analysed. In Figure 76 it is possible to see the extraction of the moulding box.

Figure 76 - (a) Moulding Box extraction and cooling (b) inside and (c) outside.

The piece was cleaned and the silicon sand present in the compartments where the aluminium was not

intended to leak was removed. Figure 77 displays the cleaning process of the previously casted TCTG.

105



Figure 77 - (a) HX being cleaned and (b) sand being removed.

In order to remove any impurities that had lodged in during the casting process, the inside of the
corrugated tubes and Heat Pipes was cleaned with a compressed air gun. Figure 78 shows the sides of
the prototype where it can be seen that the ends of the corrugated tubes are intact as well as the screws
that were introduced in the lateral positioners for posterior placement of the intake and exhaust gas

manifolds/collectors (marked in red).

Figure 78 - Verification of the integrity of the end of the corrugated tubes and screws

At this point the casting process of the aluminium matrix, the rigid body of the TCTG was completed. The
weight of the prototype with the aluminium matrix, the HPs and the corrugated tubes is 9.105 kg (see
Figure 79).
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Figure 79 - Weighted TCTG after casting

6.2.2 Machining Process

It was concluded that the aluminium upper and lower surfaces of the TCTG (where the TEGs will be
placed) had a high and irregular roughness. This interferes with the contact resistance between the
aluminium matrix and the TEG module, degrading its performance. Hence, to reduce the contact
resistance between the TEG and the HX, theses surfaces were machined.

For this process a 6-pad milling cutter tool with a diameter of 80 mm (see Figure 80a) with a main spindle

rotation speed of 1100 rpm was used. The formula to calculate the cut speed is as follows:

n-Dym (36)
v, = —
¢~ 71000

With the parameters used in the machining process, the cutting speed was 276.3 m/min.

| BRIDGEPORT MACHINES INC.
BRIDGEPORT, FONN.
ROTACOES DO VEIO
BAIXAS 67 115 180 275

OES: 550 920 1500 2300
134 230 360

Figure 80 - (a) 6 pad milling cutter tool, (b) milling machine manufacture spindle rotation speeds and (c) machining process
of the HX
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To obtain a surface with the lowest possible roughness, the TCTG was then sanded using water-based
abrasives with varying grain diameters, from larger to smaller.

The next step in the prototype built was the construction and implementation of the HPs outer path. This
process was in charge of ENERGEST®, one of the partners in this project. The final design main challenge
was to find a compromise between making the most compact prototype possible and finding components
that would safely meet the pressure specifications. Figure 81 shows some preliminary models of the

prototypes discussed with the company.

Figure 81 - Preliminary Models of the final prototype.

The design of what would be the final project began to compose itself and the final design of the work to
be carried out by ENERGEST is presented in Figure 82. These components were dimensioned according

to the pressure and temperature range of use.

Figure 82 - Final design of the Prototype.
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The final design of the prototype assembled and delivered by ENERGEST® can be seen in Figure 83.

Figure 83 - Prototype delivered by ENERGEST.

6.2.3 Excess Vapour Condenser

The excess vapour condensers are intended to prevent the pressure build-up of the system due to excess
vapour production. They guarantee that the temperature of the hot faces of the module never exceeds
the maximum allowed temperature while promoting pressure stability inside the system.

These consist of a water-cooled sleeve that covers a part of the pipes that are an extension of the HPs
inside the system. In case vapour pours out of the aluminium body, it will condense it and prevent excess
vapour in the system.

The temperature difference between the outlet and inlet water cooling the excess condensers is measured
so that it is possible to quantify the excess vapour condensed. Figure 84 shows the position of the excess

condensers in the system, as well as a close-up view of the cooling water entrance and exit.
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Figure 84 - (a) Excess condensers positioning and (b) close up view.

6.2.4 Relief Valve

For pressure control stability and safety reasons, a relief valve was added to the highest part of the
prototype. Figure 85a shows the expansion valve placement in the TCTG above the expansion vessel. It
was designed to be connected to both upper and bottom HP system and dimensioned to withstand the
TCTG inner HP's pressure during high thermal load events. It is activated at 60 bar, preventing the system
from exceeding pressures that may jeopardise its structural integrity. This valve is a SAFE-TCP 960 Series

and can be seen in Figure 85b.

Figure 85 - Expansion Valve.

The relief valve manufacture datasheet can be found in Appendix 2 — Security Valve Datasheet.
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6.2.5 TEGs and Cooling Plates placement

Next, the TEGs were prepared for placement in the HX (see Figure 86a). Since these are the same ones

that were used in the first prototype, they were individually tested to ensure their proper functioning

L]

Figure 86 - (a) TEG preparation and (b) cooling plate cleaning.

The cooling plates were also cleaned and prepared for fitting to the new prototype. For that an electric
bench polisher was used (see Figure 86). To minimize thermal contact resistances the HX was coated
with the same thermal paste used in the first prototype (recall Figure 34a). The TEG modules were placed
on top of this paste. Thin alumina sheets were also placed between the TEGs to provide electrical
insulation with a low thermal resistance, the HX and the cooling plates. In Figure 87 it is possible to see

the placement of the TEGs and in Figure 87b the alumina sheets.

(a) (b)

Figure 87 - (a) TEG placement on the HX and (b) alumina sheets covering

The TCTG prototype after the assembly of the TEGs and the Cooling Plates can be seen in Figure 88.
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Figure 88 - Prototype after the assembly of the TEGs and the Cooling Plates

6.3 System Set-up

The main components of the system were built, lacking only the assembly of everything so that the system

would be ready for testing.

All the connections between the TEGs and the load resistors were made and connected to the previously

built “custom box” for connection with the data acquisition plug (see Figure 89).

Figure 89 - Prototype after load resistance connected to the TEGs
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The exhaust gas collectors were fitted to the prototype. Figure 90b shows that they were sealed with high-

temperature silicone to prevent any exhaust gases leakage (highlighted in red).

(a) (b)

Figure 90 - (a) Exhaust Gas Collector and (b) possible leakage sealing.

The water system pipes from the cooling plates (in red) as well as those of the new excess condensers

(in black) were connected to the system (see Figure 91).

Figure 91 - Water supply system connections.
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The exhaust pipe coming from the engine was connected and the exhaust manifolds, both inlet and
outlet were covered with glass wool and a film of refractory tape to thermally insulate these parts (see

Figure 92).

(a) (b)

Figure 92 - (a) Exhaust gas collector connected to exhaust pipe and (b) coated with glass wool.

All thermocouples, pressure sensors and load resistors were connected to the data acquisition system.

This connection is described in detail in chapter 4.1.4.
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6.3.1 Exhaust Collectors

The exhaust manifolds/collectors for the inlet and outlet of the HX were built. Stainless steel was used
for this piece. It was firstly designed using SolidWorks® SheetMetal to obtain the necessary bends, to
achieve the desired form. Then, it was cut and bent in order to obtain the final shape. Finally, it was MIG-

welded. The CAD drawing and the built collector are displayed in Figure 93.

-

(a) (b) (c)

Figure 93 - (a)Exhaust Gas Collectors position in TCT;(b) Exhaust Collectors Sheet Metal Drawing, (b) MIG Welding on
exhaust collectors and (c) junctions to connect the exhaust pipe.
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6.4 Brake Dynamometer

In order for the engine to produce torque and generate the maximum possible heat it is necessary to
simulate a mechanical load to the engine. The dynamometer brake consists of a rotor connected to the
engine, a stator supported on bearings which is fixed by a load cell placed at a known distance to the axis
of rotation (d), where the load cell measures a force which is being exerted to keep the stator stationary

(f). The torque is obtained by multiplying f by d as shown in Figure 94.

‘\\ P / Célula de carga

Figure 94 - Dynamometric brake Scheme [92].

The brake dynamometer available in the laboratory was used for this purpose. It is an electric
dynamometer working on the Eddy currents principle. A throttle was used to control the engine load as
the control variable. The dynamometer was linked to a digital readout system which contains the digital

RPM meter. In Figure 95 it is possible to see the break dynamometer complete system.
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Dynamometric

brake

Figure 95 - Brake Dynamometer system.

The cooling fan has the role of reducing the temperature of the brake during its operation, preventing it
from reaching temperatures that may damage its internal components. This system was not used in the
first prototype because the electronic controller was missing. Thus, considering the importance of this

feature, a controller was developed for the project. Figure 96 displays the controller.

Figure 96 - Dynamometer Brake Controller.

117



This controller enables a set rpm to be defined for the engine so that, regardless of the position of the
throttle, the brake locks the engine, maintaining the same engine speed, producing more or less torque.
The controller is equipped with a display zone that allows the user to check the set rpm, the real rpm and

the torque produced.

6.4.1 Calibration

A calibration of the brake was also necessary as the values shown by the display were not in conformity

with reality. For that, several weights with known masses were placed on an arm centred on the brake

rotation axis (see Figure 97). The values presented on the display were noted.

Figure 97 - Dynamometric Brake Calibration Procedure.

The moments of inertia of the arm were previously calculated to make a calibration curve that states the
real torque value for each corresponding value that appeared on the display by the time of calibration

(see Figure 98).
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Type | Weight [Kfl Total weight [{-ontroller Torque [Nl Real Torque [Nim
Mo weight o o 20
Orlywiththe "arm™ | 2,55818 255515 22,2 13,58007574
1 1,6024 15058 301 32,00734134
2 3.7024 E.26058 395 43, 16264134
3 70756 963678 555 74,135749854
— q 0,062 12.62018 3.5 37.08704474
T 5 15,3141 5.47228 3.7 42.10725

- [ 13,2303 21,54548 1131 168,0503565
i T 13,38 22,53818 1171 173,3662157
== [ 21,3303 23,3484 1226 134,2356566
E] 22,5903 75,44548 130 135, 7751566
0 25,3401 78,39828 43,3 716,467368
il 23,2163 3177948 53,6 244 4410745

—— it Nfm] | Tor Hy MAX 155,8

0,685 m
Mass of the "arm"= 2,55818 Kg

\_ 0,785 m

Figure 98 - Calibration Sheet for the Brake Dynamometer.

This calibration enabled to determine the real torque values produced by the engine during the test

cycle of the experimental test performed.
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7. RESULTS AND VALIDATION OF THE NEW PROTOTYPE

7.1 Engine

In Figure 99a, it is possible to see the evolution of engine speed (in RPM) throughout the final test, as
recorded by the ECUMaster® software. The test consisted of one engine stage, in which the engine rpm
was pre-set at 2200 rpm. In this final test, braking torque was applied to the engine using the brake
dynamometer. The applied load values are visible in Figure 99b- 142.7N.m. As explained in chapter
6.4.1, the value shown on the display is different from the real binary applied. For this, using the
calibration curve, it is known that the actual torque applied to the engine was around 215 N.m. To

calculate the power produced by the engine at this speed the following formula can be applied:

P=T.S (37)
P — Power [W]
T — Torque [N.m]
S — Engine speed [rpm]

Using the real applied torque value of 215 N.m and the engine speed of 2200 rpm the value for the
engine power is 45 kW (or around 50 hp).

i Engine Speed and Exhaust Power
0 T T

RPM
Exhaust Power

2500 425
2.000 N& 1‘ 120 Target RPM
z
é 1500 {15 g Real RPM
e
- ’/ i Torque [N.ml
500 V// Yl 5
LJ/‘ Power [kWI
%0 100 200 300 400 500 600 700 800 900 1000
Time [s]
(@) (b)

Figure 99 - (a) Engine RPMs and Available Exhaust Thermal Power throughout the final test cycle and (b)
Engine/dynamometer brake parameters.
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7.1.1 Heat Exchanger Effectiveness

Figure 100 displays the exhaust gas temperature at the inlet and at the outlet of the system. It can be
seen that the exhaust temperature topped at roughly 600 °C at the end of the test. There, one can also
see that the temperature of the outlet exhaust gases is much lower than the temperature of the inlet
exhaust gases. This temperature differential and the exhaust flow rate are the parameters that yield the
heat absorbed by the system. The HX effectiveness, €, can also be seen in this figure and is calculated
from eq. (12) Once again it can be seen that the closer the outlet temperature is from the heat sink
temperature (water inlet temperature), the closer from 100% will € be. Similar to what happened in the
first test, the effectiveness starts high (this phenomenon is explained in chapter 5.1.2), eventually
reaching a stable value around 600 seconds of about 60%.

These effectiveness values seem rather high, nonetheless, indicating a good heat absorbing capacity of
the prototype without the risk of overheating. but lower than those found in the first prototype. This can
be due to the different material of the heat pipes. In the first prototype the HP were made of copper while

these are made of stainless steel.
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Figure 100 - Exhaust inlet and outlet gas temperature and HE Effectiveness (Final Test).
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7.1.2 Temperature Analyses

Figure 101a illustrates the excess heat spreading feature. This figure displays the hot face temperatures
of each row of TEGs, starting with Row 1, the first, more upstream row, and ending with Row 4, the last,
more downstream row. Once again, it is noteworthy that the aluminium block has been divided in two
separate blocks with an air gap between them. The effect of this division can be seen in Figure 26a. Only
the corrugated pipes and HPs cross this air gap and are connecting both blocks. This way, Row 1 and 2

are attached to the upstream block, while Row 3 and 4 are attached to the downstream block.
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Figure 101 - a) Hot face temperature at each row of TEGs (top) and (b) Heat Pipe inner pressure Evolution.

An important factor to highlight is that as soon as the system was pressurised, it was possible to notice
that there was a problem with the safety valve, which was leaking. Although the leak was small, it was
noticeable when analysing the pressure recorded by the digital pressure sensor connected to the system.
This pressure drop can be seen in the Figure 101b. It is noticeable that when the test started the system
was at 31 bar and ended up at 20 bar. Unfortunately, it was not possible to solve this problem and repeat
the test due to time restrictions.

The important phenomenon that can be observed in Figure 101a is that once the temperature stabilizes,
around 400 s, at the TEG rows attached to the upstream aluminium block (Row 1, Row 2), the
temperature at the TEG rows attached to the downstream aluminium block (Row 3, Row 4) immediately
start increasing, until all TEG rows reach a similar temperature stability level shortly after 600 s. Given
that the two aluminium blocks have an air gap between them, this means that there is no relevant heat
conduction between them. Therefore, the temperature rise that one block seems to cause on the other

block should necessarily be caused by the excess heat spreading caused by the HPs, that is, the heat
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absorbed by phase change at the upstream block is being effectively delivered to the downstream block
promoting its quicker heating up and temperature uniformizing between 180°C and 230°C. Thus, not
only the claim of temperature limitation, but also that of excess heat spreading are confirmed by the

experimental results on the final prototype.

7.1.3 Electrical output and efficiency

For this analysis, and similarly to what happened in the first prototype, limitations related to the amount
of input channels in the data acquisition system, led to the connection of the load resistances in series,
therefore the measured voltage and power presented next as Row 1 refers to the four TEGs of that Row
(two on the upper half and two on the bottom half). In Figure 102a it is possible to see the system total

electrical power production which represents the sum of the electrical power output of all TEG modules.

TEGs - Power Level Max Power vs Theoretical Power
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Figure 102 - (a) TEG Power Level by row and (b) Total Power vs Theoretical Max Power.

The maximum power achieved during this test was around 320W. The electrical efficiency expresses the
ratio between the electric power generated and the thermal power absorbed by the system and by the
TEG's. This parameter is as important as the electrical power output in limited thermal power applications,

such as urban driving with a cold engine. The efficiency of the tested system is displayed on Figure 103.
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Figure 103 - TEG efficiency during the final Test Cycle.

During the test cycle the electrical efficiency increases as a result of the increase in the temperature
differential between the TEG's faces. The maximum efficiency recorded was around 7%. This efficiency is
higher than what could be expected from the Hi~Z 14HVTEGs. During the cycle under-study, the maximum
operating temperature of the TEGs (™ 230 °C) was close to the maximum operating temperature of 250°C,
where they are most efficient (T 5%).

Actually, it has already been noted that the actual electric resistance of the modules supplied was lower
than that advertised in the datasheet, so that is a first hint on why the actual performance of the modules
might be better than advertised. This better-than-expected performance may also indicate that factors
that normally reduce efficiency, such as cold side resistance and thermal contact resistances, have been
minimized (densely finned water coolers, thermal grease was used), also indicate that the actual
performance of TEGs may be better than the performance advertised by the manufacturer.

The carried-out analyses allowed to calculate some mean values for a given steady state of choice. For
this test, an interval from 550 seconds to 600 seconds was chosen given to be moment when all the HPs

in system were full and the Heat Exchanger was in full operation. Table 12 shows some of the calculated

mean values.
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Table 12 - Mean Values of Test in Full Operation (New Prototype)

Variable Mean Value | Units
Exhaust Gas Temperature in 587 [°C]
Exhaust Gas Temperature out 232 [°C]
Cooling water Pressure drop 27.2 [mbar]
Exhaust mass flow rate 23.0 [g/s]
Fuel consumption 6.87 [l/h]
Power absorbed by exhaust heat exchanger 8.95 kW]
Power produced by TEGs 265 [W]
Theoretical maximum power produced by TEGs 280 [W]

7.1.4 Power as a function of Temperature

As in the first test with the first prototype, under steady state operation, for the same temperature
difference the TEGs should all produce the same power output. However, small differences appear
depending on TEG position at the HX. These results were obtained under transient regime, so that thermal
equilibrium has not yet been reached, and there are differences due to thermal inertia. This may mean
that the temperature measured by the thermocouple is not always fully representative of the average

temperature of the hot faces.
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Figure 104 - TEG (a) voltage and (b) power as a function of temperature differential.
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Despite the undesirable noise, the graphics of Figure 104 present a comparison made between the TEG's
performance in the experimental test cycle with the manufacture’s performance datasheet. The same
correction presented in Chapter 5.1.5 was made, where the value of the internal resistance of the module
was brought close to the real one. In Figure 104a and Figure 104b the green line represents the
performance of the TEGs based on the manufacturer datasheet. In conclusion, it can be stated that, on
this experimental test, the performance of the modules is in accordance with what is announced by the

manufacturer (after correction of the resistance).
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7.2 Fuel and CO.Savings

Although the new prototype could not maintain pressure stability due to the expansion valve leakage
problem, it was possible to test the system with a module hot face temperature close to 250°C (TEG
module optimum/maximum allowed temperature). The same fuel savings and CO. emissions analyses
presented in chapter 5.4 were made regarding the experimental results obtained with the new system.
Table 13 presents the fuel and emissions savings for the case where the TCTG would be implemented

for reducing the use of the alternator on the test cycle performed.

Table 13 - Vehicle and Alternator Fuel Power savings using new TCTG

Alternator and TEG chain of conversion Value Unit
Alternator Power 1.44 kKW
Alternator Mechanical Power (n=55%) 2.62 kW
Alternator Fuel Power (n=18%) 14.5 kW
TEG Output 300 W
TEG Fuel Power (if produced by the Alternator) 3.03 kW
Parameter
Vehicle Fuel Power 130.5 kKW
Vehicle Total Fuel Power Consumption 29.0 g/s
Alternator Total Fuel Power Consumption 0.32 g/s
Alternator Fuel saving Using TEGs 0.067 g/s
Savings
Alternator Fuel Power Savings using TEGs 20.83% %
Vehicle Fuel Power Saving using TEGS 2.3 %

The new prototype can produce around 300 W (when fully operative) and replace the alternator in 20%
of its load. It is noteworthy that this estimate is made considering alternator maximum load events. This
is a significant increase when comparing with the previous prototype working at atmospheric pressure
(only 4%). Although the value for the vehicle fuel power savings is small, the fact that the system is
harvesting otherwise wasted energy and providing fuel power savings of 2.3% is breakthrough to this type

of energy recover systems.
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8. CONCLUSIONS AND FUTURE WORK

The present work dealt with the development, manufacture and full experimental validation of a novel
Compact Temperature Controlled Thermoelectric Generator (TCTG) concept to recover the exhaust heat
of engines. An original concept proposed by the team of the Engine Lab of the University of Minho
(LaMoTA) had been previously proposed but had never been tested and the concept validated. This
concept consists of a TCTG using high performance stainless steel corrugated pipes for the exhaust flow,
which are embedded in a cast aluminium matrix, along with variable conductance heat pipes (VCHPs)
that work as excess heat spreaders for temperature control under the variable thermal load found in real
driving. When TEG modules temperature limit risks being exceeded at the hotter upstream regions of the
HX, the VCHPs start absorbing heat by vaporization and spread the excess heat by condensation at the
colder regions of the heat exchanger.

Firstly, an existing, limited pressure downsized prototype was instrumented and tested. Subsequently, an
enhanced experimental downsized prototype was built and also tested.

Due to technical problems in the casting process of the aluminium matrix, the copper HPs of the existing
prototype presented leaks, making it impossible to pressurize them above atmospheric pressure, thus
the working fluid inside the HPs could only operate as excess heat spreader at 100°C, a temperature that
is sub-optimal for the TEG generators. Nevertheless, this prototype could be used to validate the excess
heat spreading and temperature control features claimed by the LAMoTA team in their patent submission
and assessed numerically in previous publications. Therefore, the construction of the existing prototype
was completed and it was instrumented. Namely, a water-cooling system was built including optimized
finned cooling plates and pipelines as well as temperature, pressure and voltage data acquisition sensors
that were incorporated into the prototype.

An experimental validation was carried out where the prototype was tested with a 1.6L petrol engine and
the following results were obtained:

-TCTG heat exchanger effectiveness between 80-90% throughout the test cycle, indicating a good thermal
design for the Heat Exchanger.

-The use of heat pipes proved to have a significant role in thermal control, allowing the system to operate
at constant temperature even with excess heat, therefore avoiding thermal degradation of TEG modules
under variable loads and providing a controlled thermal level to the TEGs. It was possible to observe the
sequential (cascading) module activation during the heat spreading phase and the limitation in

temperature.
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-An average electrical power output of 60W was obtained when the HPs became fully activated, with a
peak of 90W with fluid vaporization temperatures slightly over 100°C.

-The TEG "s recorded a maximum efficiency of 4%, which seems promising at this low temperature, as
they are close to the manufacturer’'s maximum efficiency of 5% for a considerable higher temperature
difference.

The engine exhaust data recorded in the experimental test was used as input for the existing numerical
model. The results allowed to preliminarily validate the model of the concept:

- The prediction of the evolution of the total electric power produced was reasonably predicted, with the
full HP operation occurring at 260s against the approximately 300 s recorded experimentally. The
predictions of the power under full system operation were also relatively close to the value recorded
experimentally (64W). Due to the lack of excess vapour condenser, the prototype continued to increase
the output beyond the full system level.

After confirming the mathematical model validation, a simulation for the same driving cycle, this time
with the vaporization temperature of 250°C was made, predicting that the system could achieve a
maximum power output of 350W, which seems substantial, given that it is a downsized prototype (4
times smaller than future full-size prototypes).

-For the simulation of a fully sized prototype on a standard WTLC, using the working fluid vaporization
temperature/ modules maximum temperature of 250°C the system could produce more than 1.5kW.
These figures seem to be highly promising for TEG systems in such small vehicles and are unparalleled
in literature.

Also, a similar but more robust TCTG concept using stainless steel Heat Pipes instead of copper one’s,
aiming to overcome casting difficulties and therefore test the concept under saturation temperatures of
250°C and inner pressures in excess of 40 bar, was built and tested experimentally with a 1.6L petrol
engine connected to a brake dynamometer. The following results were obtained:

- Minimum TCTG concept effectiveness between 55 and 65%, indicating a lower effectiveness than the
previous prototype but at a much higher thermal load, still a convenient thermal design for the Heat
Exchanger as it enabled the full operation of the VCHPs (maximum TEG power)

-The use of stainless-steel heat pipes proved to overcome the casting process difficulties and to have a
significant role in thermal control while withstanding high pressure, allowing the system to operate at
nearly constant temperature, therefore avoiding the thermal degradation of TEG modules under variable

loads and spreading local excess heat instead of wasting this heat.

129



-Average electrical power output around 300W under the condition of HPs fully activated (optimal TEG
temperature level, i.e., close to 250°C).
-The TEG s maximum obtained efficiency of 7% suggests that the actual performance of TEGs might be

better than the performance advertised by the manufacturer.

The prototype concept seems to validate previous thermal design optimization proposals done by the
research group and provide a temperature controlled thermoelectric generator for vehicle application with
no moving parts and little to no maintenance needs.

The experimental and numerical validation of the systems seems to indicate that it has a high potential
for waste energy recovery applications on vehicles, because it seems able to maintain the TEG modules
close to their optimal hot side temperature while avoiding overheating, spreading excess heat instead of
wasting it through by-pass systems, and also avoiding thermal dilution in low heat load events because it
is able to concentrate the limited amount of heat into fewer modules because the heat spreading only
occurs when heat is excessive. In terms of thermal design, the use of corrugated pipes from Exhaust Gas
Recirculation (EGR) cooler manufacturers and Heat Pipes to promote thermal control seems clearly an
advantage, being the copper heat pipes problematic in terms of aluminium casting due to their thermal
dilatation, and the stainless-steel ones more suitable to the manufacture process and to withstand system
function in high pressure.

While being true that TEG modules still provide a low conversion efficiency from heat to electrical power
at the present, typically below 5-7% for the temperature ranges of these applications, it is noteworthy that
the studied concept allows a thermal optimization that will be even more valuable as higher figure of merit
thermoelectric materials are steadily appearing in the market. Also, it is harvesting otherwise wasted
energy that was not converted into useful work by the engine. Given its free availability and capability of
conversion, it is only a question of evaluating its implementation viability in terms of economics, energy

and environmental payback.
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8.1 Future Work

In regards to the novel stainless steel HP prototype, future tests are required after valve repair to study in
full the pressure evolution of the TCTG. Also, a wider engine speed range tests are required to fully study
the excess condenser operation feature.

Regarding the ExhaustZEnergy project, after the present validation of the thermal design and the
mathematical model, the LaMoTA research group can confidently take the step of beginning the
construction of a full-size prototype to experimentally validate the prediction of 1.5kW made by the
mathematical model. Also, a full study of the HP behaviour under dynamic conditions, including adverse
forces during breaking and accelerating, and a study of a by-pass valve implementation upstream of the
HX is required. Note that this valve is designed to open once the thermoelectric generator achieves its
full power (unlike competitive alternative designs) since under these conditions the heat exchanger cannot
absorb more heat.

The system has still not been optimized in terms of mass, and form factor. This optimization could be
done, along with the use of phase change fluids that could operate at lower pressures (i.e. DowTherm-A)
to allow a lighter concept

VCHPs could be directly machined or formed into the body of the heat exchanger (as currently explored
in project COOLSPOT), and laser textured surfaces used to improve phase-change

Suitable compact heat exchangers (i.e. wavy fins) combined with the use of these systems with heavy
duty vehicles (as explored in a parallel dissertation) could also be further explored numerically and

experimentally to make this concept further promising.
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APPENDIX 1 — HI-Z 14HV TEG MODULES DATASHEET

. 14 watt module
Ef ='g High Volitage
LTECHNEOGE, W/ Data Sheet

Thanmosaieciric
Materals « Dewces « Sysfems

FEATURES

+ Produce more than 14 watts of power
(Th=250°C, To=50"C)

+ Intermittent Operation beyond 350°C
+ Intermittent Power up to 25 watts

* Rugged Construction (no ceramic, no
aolders, fiber reinforced construction makes
madule bokarant to Abase)

Long life (= 10 years when propery usad)
126 couples (Bi,5b)Te Sehi
Produce 10mW @ AT=5°C

Notches for easy alignment

Hol sache

DESCRIPTION

This module s designed specically for the
peneration of power and 8 able o tolerant
intermittent temperatwres exceeding 350°C but for
maxirmum e expectancy It should not esceed
250°C. These high temperature properties are made
possible by the bonded metal conductors that
eliminate the presence of all solders.

While the module = optimized for wasie heat
recovary ks reversible properties make it suiable as
a thermoeleclric coober, especlally for  high
temperabune applicabons where sensiive elecionic
equipment must be cooled fo below the ambent

Loohd side

Suite T400, 7606 Miramar Road, Zan Diego, CA 82126, Tel 858 84956660, infoi@he-2.com, www_hi=z com
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14 watt module

Data Sheet
Thermal and Electrical Characteristics
Parameter Conditions min yp max [ unils
Power Th=250°C, Te=50°C @maiched bead | 14.0 155 17.0 | Waits
Open Circult Voltage Th=250°C, Tc=50"C TE E.O 8.4 Wolts
Matched load Voltage | Th=250°C, To=50°C 3.6 4.0 4.2 Wolts
Intemal Resistance Th=250°C, Te=50°C 0.8 1.0 1.1 o]
T=25'C 0.55 0.5 D.65 [+]
Current Th=250°C, Tc=50"C @matched kbad | 3.6 4.0 4.2 | Amps |
Th=250°C, Te=50°C (@ishort circuit 7B B.0 8. Armngs
Heat Flux Th=250°C, Te=50°C @matched boad | 410 430 450 Watts
Th=250"C, Te=50"C open circult 200 210 220 [ Walls
Heat Flux Density Th=250"C, Te=50°C @maiched boad | 12 13 14 | Wiem
Mass 64 65 66 | grarms
Power Curve Load Curve
x5 4% 25
] -L'_:_::_\_\_H 5 20 I.-'_ -»,\HH
3 N g, |
186 Ty \‘ =15 | o
\x 2% ] | .
i1|:| F " 1 —
& § —— Power ) | T—
g / —— Efficiency LY 1% 5 |
o Nlogw ol
D1 3 4 5 & T & 9 0 2 4 6 B 10
Currant Rasistance {0}
EJE Power g Voltage Temdfll
z Tomdl'C
230 A TemE0C 3 s
= e TesbrE i
_'_"
[ o
215 i i
10 = @ 2
e
£ B su 1
g 0 — 20~
a 100 200 300 [i] 100 200 30
Temperature Differance [*C) Temperature Difference {°C)
5 Efficiency
4 Toadl"c Stated temnperatures are assumed 10 be on the
i A module surface and not the heat exchangers.
3 Tesiome Module surfaces are conductive and reguine the
3 uge of an insulator when used against metal heat
exchangers. Ceramic wafers with thermal grease
1 provide optimum performance.
o Recommended mounting pressune = 100 1o 200
1] 100 M0 00 pad undlormly distnibuted over the modula surface.

Temparature Difference (*C)

Suite 7400, 7606 Miramar Road, San Diego, CA 82126, Tel 858. 6356660, infoi@hi-z.com, waw hi-z.com
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APPENDIX 2 — SECURITY VALVE DATASHEET

e
<E)E> AmMATUREN

ARI-SAFE-TCP 961 /962 / 963

Technical data

ARI-SAFE-TCP - Standard safety valve DVGIF

Fig. .. .BE2 Fig. — 543 Fig. .- .9 | Fig. .. 962
open lifting device gastight cap optional with lever
Figare Mominal pressure Material Mominal diameter Temperature range Theead
E7.0E1 / DEZ /083 PH100 1.4531EN-JS104S DH15 - 25 IL“;&T&?.‘EE" e DIN 50 226 Part 1
57.961/ 063 PN100 14581 DN15 - 25 f:'g e cuest) | DN S0 228 Part
‘Comstruction
Zalety vahee, spring loaded, direct loaded
Requiremest
Ao o EN S0 41261, VA TUN-leaflet 100, ADCD00-A2
Type-test approval
Standard safety vahve: Fig B61/082/063 TV - 5V - _. 1041 - NG
Stondard safety vahve: Fig 611963 TV - BV _. 1041 -F
Sizing
for sieam, air and waler refer io capacity tables, caloulafions acc. to EN 50 4126-1, TRD 421 and AD2000-AZ
Dietails required
Medum gasiorm Mass fiow (kg'h), molar mass (kglmal), |sobopic exponent, temperature "G}, sel pressure [hang), back pressune (barg)
Wledium liquid: Mass fiow (kghl, :ieﬂsi.jflfhg.‘rn’. wiscosiy, femperature [*C), sel pressure [bag), back pressune (barg)
Order data:
AREEAFE.TCP .« Salety uabve, Figure __ DN _ 7 _ PN _i' _ Material Sel pressure __ bar
standard: without metal bellow

Superimposed back pressure no badkpressure allowed
Built up back pressure max. 10% from et {higher on reques)

2

Edition D515 - Dt subjexct i alerabion - Regularty updaied data on www. ar-armaturen com!
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ARI-SAFE-TCP 961 /962 / 963

Capacity: Saturated steam | Air | Water
Capacity saturated steam | Air | Water (incl. 10% overpressure)
DH 15 20 F-} 15 F- ) F-} 15 Fill 25
fmchy | Gl2xi2 | Gldx1i2 Gix1 GUZx12 | GEx U2 Gix1 GlZx 12 | GEdx 12 Gzl
Connections fmchy | Gli2xdd | Gldxid GUZx Y4 | GEdxId GlZxkd | GEdxId
{imch) Gildx Glidx1 G x1
de [ iz 1 12
Sat preszare Saturated steam (kgh| ir 0°C and 1,613 bara (Nm¥h) Water 20°C (Uh)
o2 {barg) i) 4 14 18 L] 18 062 0A2 062
05 {barg) ] M4 e -} -] -} 0= 088 0=
1 {barg) 35 a5 & 44 44 44 18 138 1.2
2 {barg) 56 B8 5 [l L [l 157 1897 147
: ] {barg) 76 75 [ % 26 % 241 241 41
4 {barg) 56 96 ] 125 125 125 2,78 278 T
] {barg) 116 116 16 150 150 150 an an n
1] (barg) 135 135 135 178 176 178 LY 38 341
T {barg) 153 153 153 2 m 201 1688 368 18
L] {barg) 172 172 172 7 7 227 19 383 393
L] {Fargl 1 Ll 11 750 L] 253 417 417 417
10 (barg) 210 210 210 P T T 440 4480 440
1 {barg) 9 ] 9 34 03 i< 481 461 451
12 (barg) 248 M43 248 vi] 3128 1% 4.8 482 4.8
13 (barg| 267 267 267 B4 354 35 501 5l &0
14 (barg) 286 i armm s 520 520 520
15 (barg) e 34 405 4l 5.3 539 53
18 (barg) i 430 430 a3 5,5 556 5,5
17 {barg) M2 32 435 455 45 673 513 &7
18 (barg) =1 361 31 421 481 481 590 580 590
19 {barg) =0 30 506 506 6,06 606 ]
0 (barg) =4 39 532 532 532 6.2 622 B2
25 (barg) 434 M 454 50 B5% 655 685 -3
] {barg) 530 580 786 786 TH TE2 TH2 TE2
.i 35 {barg) 36 L] 13 913 913 823 B23 82
£ |a {barg) T4 TH TEd 1040 100 1040 8,79 ¥ ] a7
E 45 (barg) B3 Ba3 1165 1165 1165 9.3 933 803
i L {barg) =3 o9& 483 1296 1265 1296 083 983 9,83
a 55 {barg) 1085 1085 1085 420 1420 420 10,3 10,31 10,31
; 1] {barg) &S 1185 1185 1530 1550 1530 w0 10,77 10,77
! B3 {barg) 1290 1290 1290 1675 1675 1675 121 21 1.H
E m {barg) 1400 1400 1400 1E 1800 1E 1183 1163 1163
i TS {barg) 1500 1500 1500 530 1930 530 1204 12,04 12,04
L | (barg) 2055 2055 2055 1244 1244 12,44
BS (barg) 2185 2185 2185 1282 12,82 12,82
b {barg) 2310 210 2310 13,19 31l 13,19
a5 {barg) 2438 M5 2438 135 135 135
100 (barg) 2565 2565 2565 13,76 13,76 13,76
Esition D615 - Data subjed bo sllerafion - Requiarly undaied data on wwe ari-armariunen com! H
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APPENDIX 3 — SCIENTIFIC CONTRIBUTION

Journal Article

“Experimental Validation of a Temperature Control Strategy for Maximizing Aufomotive Thermoelectric
Generator Output under Variable Operating Conditions *,

Energy Conversion and Management Journal - Submitted

Conference Article

“Experimental Validation of a Thermoelectric Generator with Temperature Control Outout design to

operate under Variable Operating Conditions *,

International Conference of Energy & Environment - Submitted

International Conference Presentation

“Experimental Validation of a Temperature-controlled Thermoelectric Generator Concept Developed for

Recovering the Exhaust Heat of a Vehicle”,

2021 Virtual Conference of Thermoelectrics, Book of Abstracts - 19 July 2021
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ANNEX 1 — DYNAMOMETRIC BRAKE CALIBRATION CURVE

No Weight 0 0 20
Just the Arm 2,55818 2,55818 22,2 19,68007874
Weight 1,6024 4,16058 30,1 32,00734194
Weight 3,7024 6,26058 39,8 48,16264194
Weight 7,0786 9,63678 55,8 74,13574854
Weight 10,062 12,62018 69,6 97,08704474
Weight 15,9141 18,47228 97,7 142,10725
Weight 19,2903 21,84848 113,1 168,0803566
Weight 19,98 22,53818 117,1 173,3862187
Weight 21,3903 23,94848 122,6 184,2356566
Weight 22,8903 25,44848 130 195,7751566
Weight 25,8401 28,39828 143,9 218,467968
Weight 29,2163 31,77448 159,6 244,4410746
MAX 166,8
300
250
200
150
100
50
0
0 5 10 15 20 25 30 35

—@— Controller Torque [N/m] —@— Real Torque [N/m]
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ANNEX 2 — FUEL AND CO2 EMISSION SAVINGS SPREADSHEET

Yehicle votal fuel Power 130300 o
= = = Potencia do Alternador ['wW] 1440 b
Alternator’s Eficciency 0,55 Mechanical Power do altternador ['W] 2618151582 e
Volis 12 W Alternator Fuel Power consuption[] T480.51348 !
Amps 120 A TEGs Fuel power if produced by alternator [W] 15538 44156 i
Engine’s Efficiency 0.35
Cp Petrol 45000000 Jikg VYehicle Fuel Consuption 00023 Kgls
Exhaust gas mass flow 00023 Kals Alternator Total Fuel Consuption 00016623 kals
TEGs Durput 300 ! Alternavor Fuel Saving With TEGS [Kgi's] G.6E6TE-06  kois
Alternator Fuel Saving With TEGS [I1h] 0,013 Lh
s Alternator Fuel Power savingsUsing TEGs  20,6333333 “
% Vehicle Fuel Power Savings using TEGs 113420803 b
& B0 Kmih Fuel Savings [LHO00km] 0,03 LHO0Km
Calculations:

i.Vehicle total fuel Power = Cp Petrol - Exhaust gas mass flow rate

i.iAlternator Power = U - |
ii.Alternator Mechanical Power = Alternator Power - Alternator’s Eficciency
iv.Alternator Fuel Power = Alternator Mechanical Power - Engine Eficciency

V.TEGs Fuel power if produced by alternator [W] = TEGoutput/ (Alernator ef ficiency -
Engine Eficciency)
vi.Vehicle total fuel Power = Cp Petrol - Exhaust gas mass flow rate

vii.Vehicle Fuel Consuption = Vehicle total fuel Power/Cp Petrol

viii.Vehicle Fuel Consuption = Alternator Fuel Power consuption / Cp Petrol
ix.Alternator Fuel Saving With TEGS = Alternator Fuel Power consuption / Cp Petrol
x.Alternator Fuel Saving With TEGS = (TEGs Fuel power if produced by alternator/
Fuel Power consuption) - 100
xi.Alternator Fuel Saving With TEGS = (TEGs Fuel power if produced by alternator/
Vehicle total fuel Power) - 100
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