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Resumo

A utilizacao de barro como material de parede para conversao directa de calor em electricidade utilizando
um gerador termoeléctrico (TEG) foi avaliada numa configuracio side wall quenching. A influéncia de
diferentes misturas de combustivel (Metano, Biogas e Biogas + H,) e as condigoes de chama na poténcia
e eficiéncia do TEG foram discutidas. Foi investigada a interaccdo chama- parede (FWI) de uma chama
de pré-mistura em forma de V. A taxa de geragio de calor (HRR) e as distancias de extingdo de chama
foram analisadas com a quimioluminescéncia dos radicais OH* e CH*. O campo de velocidade dos gases
foi estudado recorrendo a técnicas de Particle Image Velocimetry (PIV). Foi utilizada uma parede de ago
zincado para comparacgao de resultados com a parede de barro. Foi desenvolvido um modelo matemaético
para prever a poténcia eléctrica gerada para diferentes condi¢coes de chama, combustiveis, materiais e
espessuras de parede, utilizando o método dos elementos finitos e resultados experimentais obtidos.
Verificou-se que a eficiéncia e as perdas de energia eléctrica entre materiais aumentam com a tem-
peratura da chama. As distancias de extin¢gdo de chama foram maiores na interaccdo entre a parede de
barro e chama. O fenémeno de extingao de chamas foi governado por perdas de calor para os materiais

de parede testados. A conveccdo mostrou ser mais importante quando se utiliza a parede de barro.

Palavras-chave: gerador termoeléctrico, barro, interacdo chama-parede, transferéncia de

calor, quimioluminescéncia da chama
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Abstract

The use of clay as the combustor wall material for direct heat-to-electricity conversion using a Thermo-
electric generator (TEG) was evaluated in a side-wall configuration burner. The influence of different
fuel blends (Methane, Biogas and Biogas + H,) and flame work conditions in TEG power and efficiency
are discussed. Flame-wall interaction (FWI) of a premixed V-shape flame was investigated. Heat re-
lease rate (HRR) and quenching distances were analysed with the chemiluminescence of OH* and CH*
radicals. The gases velocity field was studied with Particle Image Velocimetry (PIV). A galvanized steel
plate was use for comparison with the clay results. A mathematical model was developed to predict
electrical power generated for different fuel, flame conditions, wall materials and thicknesses, using the
finite element method and experimental results obtained.

It was found that the efficiency and electrical power losses between materials increases with flame
temperature. Quenching distances were larger in the flame clay wall interaction. Flame quenching was
governed by heat losses for the walls tested. Convection heat losses were more important when using the

clay wall.

Keywords: thermoelectric generator, clay, flame-wall interaction, heat transfer, flame chemilu-

minescence

ix






Contents

Acknowledgments . . . . . . L. e e v
Resumo . . . . . . e e vii
Abstract . . . . . L ix
List of Tables . . . . o . . o e xiii
List of Figures . . . . . . . o e e e XV
List of Publications . . . . . . . . . . . . xix
Nomenclature . . . . . . . . . . e e e e XX
1 Introduction 1
1.1 Motivation . . . . . . . . e e e e 1
1.2 Thermoelectric technology . . . . . . . . . . . . L 2
1.2.1 Theoretical background . . . . . .. .. ... . L 2
1.2.2  Applications . . . . . . .. L 3

1.3 Biogas . . . . . . . 4
1.4 Flame-wall interactions and wall material . . . . . . ... . ... ... ... ... ..., 5
1.5 Scopeofthe work . . . . . . . . . 6
2 Experimental Setup 7
2.1 Equipment and setup . . . . . . . .. oL 7
2.1.1 Power and temperature acquisition . . . . . . ... ... oL oL oL 9
2.1.2 Chemiluminescence . . . . . . . . . ... 9
2.1.3 PIV . e 10

2.2 Experimental procedure . . . . . . ... 11
2.2.1 Power and temperature acquisition . . . . . . . ... .o oo oL 12
2.2.2 Flame chemiluminescence . . . . . . . . .. ... ... o e 14
2.23 PIV . . 17

2.3 Uncertainties . . . . . . . . . L e e e 18
2.3.1 Power and temperature acquisition . . . . . ... ... oL oL oL 19
2.3.2 Flame chemiluminescence . . . . . . . . . . . ... o 20
2.3.3 PIV . 21

xi



3 Mathematical Model

3.1 Finite Element Method . . . . . . .. . . .. . . e
3.2 TEG governing equations . . . . . . . . . . L oL e
3.3 Boundary Conditions . . . . . . . . . . . L e e e

3.3.1 Essential boundary conditions . . . . . . . ... oL Lo oL

3.3.2 Natural boundary conditi

4 Results
4.1 TEG Performance analysis . . .
411 Claywall ... ... ..

4.1.2 Influence of wall material
4.2  Quenching distances and HRR
4.3 Velocity field . ... ... ...

4.4 Metamaterials . . . . . ... ..

5 Conclusions

5.1 Overview of work performed . .

5.2 Achievements . . .. .. .. ..

5.3 Future Work . ... ... ...
Bibliography

A Technical Datasheets
A.1 TEG GM200-49-45-30 Datasheet

B Results annexes

B.1 Power and efficiency mapas . .

C Wall analysis
C.1 Clay microscopic image . . . .

C.2 Chemical surface analysis . . .

OIS . . . . . . . e e e e e e e e e e e e e e e e e

xii

23
23
25
27
27
28

31
31
31
33
36
41
43

47
47
47
48

49

55
95

59
59



List of Tables

2.1

2.2

2.3

24

2.5

2.6

2.7

4.1

4.2

4.3

GM200-49-45-30 thermoelectric general characteristics . . . . .. . ... ... ... ....
Wall dimensions and thermal conductivity . . . . . . ... ... ... 0oL
Overview of fuel blends and operating conditions tested. . . . . . . .. ... .. ... ...
Uncertainties of gases and water flow rates, equivalence ratio, Reynolds number and flame
power; average and maximum errors calculated based on all conditions tested. . . . . . . .
Uncertainties of the closed circuit voltage, power yield and temperature; minimum, average
and maximum uncertainties calculated for all conditions tested. . . . . . .. .. ... ...
Uncertainties in the determination of the quenching distances; entries without a value for
u, do not have a reference value. . . . . . . . . . . . . e

Radial uncertainty bounds for two fuels tested with ¢ = 0.7 and Re =300 . . . . . . . ..

Average and standard deviations of the Prgg [W] gains with different enrichment tech-
niques relative to BG60 and the clay wall. . . . . .. . ... ... 0oL
Average and u, of the power gains with different enrichment techniques relative to BG60
and the GS wall. . . . . . . e
Average + u, values of K, and Pr for all conditions tested and the temperature at which

they were evaluated. . . . . . . . . . L

xiii



xiv



List of Figures

1.1
1.2
1.3

21
2.2
2.3
2.4

2.5

2.6
2.7
2.8
2.9

2.10

2.11

3.1
3.2
3.3

3.4

A schematic drawing of a thermoelectric device used for power generation applications. . .
A schematic drawing of a thermoelectric (a) thermodynamic and (b) electrical circuits. . .
Quenching distances measurements for (a) parallel walls or inside a cylinder, (b) head on

quenching and (c) side wall quenching. . . . . . . . . . ... .. oL

Pictures of the experimental setup (a) perspective and (b) side views. . . .. ... . ...
Schemes of the burner (a) side and (b) top views. . . . . . . .. . ... ... ... ...
Scheme of (a) thermocouple position and (b) electrical circuit. . . . . . . . ... ... ...
Chemiluminescence experimental setup with (1) camera, (2) image intensifier, (3) lens, (4)
optical filters, (5) main setup shown in Figure 2.1: (a) perspective and (b) top views. . . .
PIV experimental setup with (1) camera, (2) lens, (3) 532 nm optical filter, (4) laser and
(5) main setup shown in Figure 2.1. . . . .. . . ... Lo Lo
Scheme of the system energy balance. . . . . . ... ... 0 0oL
Photo of sphere touching the wall at z = 0, with the wall aligned.. . . . . .. ... .. ..
Wall alignment (a) steps and (b) initial and final misalignment angles. . . . . .. ... ..
Processed image of a photograph for a BG60 flame (¢ = 0.9, Re = 300) with the flame
front position outline in white; the quenching distance d, is defined as the shortest distance
between the wall and the white solid line. . . . . ... ... ... ... ... ... . ...
Calculation of the heat release thickness d;, o and heat release in quenching ¢, on (a)
processed image of BG60 + 20% H, flame and (b) profile of normalized pixel intensity in
the x direction at the height where d, is measured [34]. . . . .. .. ... ... ... ...

Scheme of Interrogation area and overlap. . . . . . . . .. ... ... ... ...

Linear quadratic element. . . . . . . . . ...
Schematic view of one row of the TEG. . . . . . .. ... .. ... . ... ...
(a) Variation of Prgg with Ty and T surface temperatures; dashed lines with unfilled
markers denote the reference values from the TEG datasheet whilst solid black lines with
filled markers the results obtained with the mathematical model (b) temperature distribu-
tion and streamlines across the TEG with Ty = 200°C and T =30°C. . . . .. .. ...
Wall heat flux ¢/ ., for BG100 flames in SWQ); y, corresponds y coordinate where quench-

INZ OCCUIS. . . . . v o e e e e e e e e e e e

XV

10

18



3.5

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11
4.12

B.1

C1
C.2

(a) Velocity magnitude for BG100 flame with ¢ = 0.7 and Re = 300 interacting with the
GS wall and (b) isoline where V.=1.9m/s. . . . .. ... . ... ... . .. ..

(a) Map of Prgg and ng. for BG80 flames with the clay wall; continuous lines link
experimental Prge whilst dotted lines correspond to 7g;0p; black lines denote the values
obtained with the mathematical model (b) temperature distribution and streamlines for
BG80 with ¢ =1 and Re =350. . . . . . . . . . . i e
(a) Map of Prec and 7405 for BG80 flames with the GS wall; continuous lines link experi-
mental Prgg whilst dotted lines correspond to 1405; black lines denote the values obtained
with the mathematical model (b) temperature distribution and streamlines for BG80 with
o=1and Re=350. . . . . . . . . e e e
Temperature profiles for BG80 with (a) ¢ = 1.0 and Re = 350, and (b) ¢ = 0.7 and Re =
150, . o e e
Correlation of Prpg using an equation of the type Prpg = kr T, Re®- . . .. . . ..
Quenching distances for all fuel blends tested, ¢ = [0.7, 0.8] and Re = 300, determined from
(a) OH* and (b) CH* chemiluminescence; error bars represent the u, of the 30 different
dg values calculated. . . . . .. oL
Scheme of flame quenching by conduction and convection heat losses. . . . . . . .. . ...
Quenching distance dependence on the average HRR in the flame tip for (a) Re = 200 and
(b) Re = 300; both quantities d, and % are obtained from OH* chemiluminescence.

Velocity magnitudes and streamlines for BG100 flames at ¢ = 0.7: (a) Re = 200 and
velocity divergence VV; (b) Re = 300 with the clay wall; (¢) Re = 300 with GS wall. . . .
Velocity profiles at y = 35 mm; each fuel mixture has a distinct marker; filled markers
denoted the velocities with Re = 200 whilst hollowed markers correspond to those with
Re = 300; solid lines indicate the results with the clay wall while dotted lines the ones
with the GSwall. . . . . . . . . e
Scheme of metal swarfs arrangement; the flame interacts with the wall on the left side and
TEG is place on right side of the wall. . . . . . ... ... ... . ... .. ...,
Temperature distribution and streamlines of (a) sandwich and (b) z-shape metamaterials.
Temperature distribution at the TEG hot side (x=7.5 mm) with the clay and (a) sandwich

and (b) z-shape metamaterials walls. . . . . . . .. . ... ... oL

Maps of Prgc and g0 for (a) BG60 and (b) BG60 + 20% H, for with the GS wall, and
(c) BG60 and (d) BG60 + 20% H,; continuous lines link experimental Prpg whilst dotted
lines correspond to 7gi0p; black lines denote the values obtained with the mathematical

model ... e e e e e e e

Microscopic image of the clay wall using Scanning Electron Microscopy (SEM). . . . . . .
Energy dispersive X-ray spectroscopy (EDS) spectrum of the clay surface, perform on two

crystals. . . . L e e e e e e e

xvi

34

40

42

43
44

61

62



C.3 EDS spectrum of the galvanized steel surface

xvil



xviii



List of Publications

This work led to a research article submitted to Applied Thermal Engineering:

e D. M. G. Almeida*, S. I. G. Dias and E. C. Fernandes. "The impact of Clay as wall material on

Thermoelectric power generation and flame-wall interaction."

xix



XX



Nomenclature

Acronyms

BG
FWI
GS
HOQ
HRR
HT
HX
IA
LHV
LPM
PIV
SLPM
STP
SWQ
TEG

TE

Biogas.

Flame-Wall Interaction.
Galvanized Steel.

Head On Quenching.

Heat Release Rate.

Heat Transfer.

Heat Exchanger.

PIV Interrogation Area.
Low Heating Value.

Liters Per Minute.

Particle Image Velometry.
Standard Liters Per Minute.
Standard Temperature and Pressure conditions.
Side Wall Quenching.
Thermoelectric Generator.

Thermoelectric.

Chemical species

AL, O,
Bi, Te,
CH,

CH*

Alumina.
Bismuth telluride.
Methane.

Excited methylidyne radical.

xxi



CO, Carbon dioxide.

H,O Water.

H,S Hydrogen sulphide.

H, Hydrogen.

N, Nitrogen.

0, Oxygen.

OH* Excited hydroxyl radical.
PbTe Lead telluride.

SiGe Silicon-germanium.

TiO, Titanium dioxide.

Zr0O, Zirconium dioxide.

Greek symbols

B Camera - wall misalignment angle.
X Molar fraction.

At PIV time interval between pulses.

O fim Flame thickness

dq,0H Heat release thickness in the quenching region, derived from OH* chemiluminescence.
7 Efficiency

K Thermal conductivity.

A Wavelenght of eletromagnetic wave.
W Dynamic viscosity.

v Kinetic viscosity.

10) Air-fuel mixture equivalence ratio.
P Interpolating function.

p Density.

o Electrical conductivity.

T Thomson coeflicient.

Roman symbols

xxil



q Heat generation rate.

1% Volumetric flow rate.

q" Average volumetric heat generation rate.
1A, , PIV interrogation area width, height.

A Area.

D Diameter.

dy Quenching Distance.

E Electrical potencial.

f/ Camera aperture f number.

h Convective heat transfer coefficient.

1 Intensity of image pixel.

1. Electrical current.

L Thermoelectric leg half lenght.

ls Burner slit lenght.

M Image magnification factor.

N Number of pairs of p and n legs in thermoelectric row.
n Number of mols.

Nstoich required number of mols of air to oxidate one mol of fuel, in stoichiometric proportions.
Nu Nusselt number.

ora PIV interrogation area overlap.

D Pressure.

Prim Flame power.

Prea Power generated by TEG.

Pr Prandtl number.

q Heat transfer rate.

q"’ Heat flux.

R? Statistical coefficient of determination.
Ry Ideal gas constant.

xxiii



R, Electrical resistance.

Re.ioad Electrical circuit load resistance.
Re TEC TEG internal electrical resistance.
Re Reynolds number.

res Pixel resolution

S Seebeck coefficient.

T Temperature.

t Thickness.

U, Voltage measured in acquisition board.
Uy Relative Uncertainty.

Ug5% Uncertainty with a 95% confidence level.
Uy Uncertainty standard deviation

U, TEG closed circuit voltage.

U, TEG open circuit voltage.

v Velocity

W Burner slit width

T,Y, 2 Cartesian coordinates.

Yr Fuel mass fraction.

ZT TEG figure of merit.

Subscripts

brt Refering to burnt gases.

C,H Cold and hot sides of TEG.

¢, h cold and hot sides of TEG legs.
cond Conduction heat transfer.

conv Convection heat transfer.

fh Refering to flame holder dimensions.
flm Refering to flame.

flm,ad Refering to adiabatic flame.

xXxiv



fim,0
film,1,2
i,

max, min

b,n

stoich

wall

m)y7z

OH

Point of the flame front closest to the wall.

Point in quenching region bounding 25% OH* normalized intensit of the flame.
Computational indexes.

Maximum, minimum values.

p-type and n-type thermoelectric semiconductors.

Refering to slit dimensions.

Stoichiometric premixed condition or proportion.

Refering to unburnt gases.

Refering to the wall surface exposed to flame.

Cartesian coordinates components.

Derived from OH* chemiluminescence information.

XXV



XXVi



Chapter 1

Introduction

1.1 Motivation

In recent decades, the awareness for climate changes has grown. In 2015, the Paris Agreement was signed
by 197 countries, representing almost the total greenhouse gas emission worldwide, in a joint effort to
limit the temperature rise to under 2 °C, ideally below 1.5 °C, above the pre-industrial levels [1].

Energy demands are expected to continue to increase in the next few decades, following the pre-
dicted growth in world population and industry. Although the share of renewable sources in electricity
production is projected to increase, fossil fuels will still play an important role over the coming years.

At the same time, there is still a vast number of people (almost 1 billion, 13% of world’s population [2])
who live in decentralized rural areas, not connected to the grid, that do not have access to electricity. The
solution commonly adopted by governments and aid agencies is the construction of mini grids powered by
solar photovoltaic panels and batteries, that provide electricity to the village. In this situation, providing
a minimum amount of electricity, e.g. for lighting, can make a substantial difference.

To power LED lights or charge equipment, thermoelectric generators (TEG) are one of the alternative
solutions to solar power in rural electrification. TEG offer great reliability, silent and on-demand elec-
tricity source, instantly converting the heat from flames, furnaces or boilers into electricity [3]. The TEG
is normally encapsulated between a metallic wall and a heat sink. However, stoves in these locations are
usually made of the available materials, namely clay and stone. Clay is a relatively inexpensive material
that presents a high potential and versatility, is easy to prepare and set-up which makes it a very useful
tool in the move towards establishing environmentally "friendly" technologies [4].

Biomass anaerobic digestion is a biological decomposition process which transforms organic matter,
that if disposed without any treatment would be harmful to the environment, e.g. soil and water con-
tamination, into biogas (BG) and inorganic substances. The use of biogas helps cutback on fossil fuel
usage and reduces greenhouse gas emissions. However, the weak combustion properties of biogas restrict
its range of applications. The blending of small amounts of hydrogen (H,) with biogas enables its direct
use in burners without the need for upgrading or purification. The injection of small quantities of H,

into the gas grid represents an intermediate phase in the growth of hydrogen technology.



1.2 Thermoelectric technology

1.2.1 Theoretical background

Thermoelectric (TE) modules are solid-state (no moving parts), reliable and scalable devices that convert
heat directly into electricity, and vice versa. They are made of semiconductor legs, electrical connected,
usually in series, with a thin metallic conductor, and fixed to ceramic plates [3].

In any TE device, there are two types of materials, one positively charged and another negatively
charged, named p-type and n-type, respectively (Figure 1.1). In the n-type leg, free-electrons carry
both charge and heat, while in the p-type leg, this transportation is done by electron-holes. When a
temperature gradient is applied to both sides of the device, the charge carriers diffuse from the hot side
to the cold side to achieve a new equilibrium state. The concentration of charge carriers increases in the
cold side and a positive (negative) potential is built on the cold end of the p-type (n-type) leg [5]. This
phenomena is known as the Seebeck effect. When the two legs are joined with the metallic connector,
a circuit is formed in which the induced voltage drives the movement of electrons, creating an electrical

current.

Heat source

Heat sink TC

Figure 1.1: A schematic drawing of a thermoelectric device used for power generation applications.

If an electrical current is applied, heat will be generated or absorbed at the junction between the two
semiconductors, thus creating a cooling side and a heating side. This phenomena is termed Peltier effect
and allows the thermoelectric to be used as a solid-state heating or cooling device, depending on the
direction of the applied current [3].

The voltage induced at the thermoelectric terminals is proportional to the difference between the
Seebeck coefficient of each leg (S, — S,,), which increases with the thermal gradient in each the leg. To
maximize the electricity generated for a given amount of heat supplied to the module, thermoelectric

materials have a low thermal conductivity, in order to increase the temperature gradient between the hot



and cold side, and should have high electrical conductivity, to allow the conduction of electricity [6]. The
efficiency of the thermoelectric materials is commonly evaluated with the thermoelectric figure of merit

ZT [5-7), defined as:
(Sp — Sn)2T

ZT =
KR,

(1.1)

where K = kL is thermal conductance of the parallel equivalent of the two materials and R, = L/(c A)
is the average electrical resistance of the n-type and p-type materials, and are evaluate at temperature T,
which corresponds to the average between hot and cold surface temperatures (T and T, respectively).

From the point of view of a thermodynamic cycle (Figure 1.2a), the efficiency of the TEG, nreq,
can be defined as follows, where gz is the heat absorbed and Prgqg represents the useful work, electrical

power generated:

NTEG = PZjG (1.2)
A load resistance, Re joqd, 18 typically connected to the TEG terminals (Figure 1.2b). Results from
the numerical model developed by Narjis et at [8] show that in order to obtain the maximum power
output the ratio between R, rrg and Re joqq must be greater than 1 but less than \/ﬁ
(a) (b)

Heat source
RerEg

W

PTEG /
@ Ci)} Uoc Ucc (% Re,laad

I

Heat sink

Figure 1.2: A schematic drawing of a thermoelectric (a) thermodynamic and (b) electrical circuits.

In ideal conditions (adiabatic system and matched load resistance, Re joaq = Re1EG), NTEG Can be

described as function of the thermoelectric figure of merit ZT and surface temperatures |7]:

Te\ V1+2ZT -1

nrec = |(1-— T — (1.3)
H) 1+ 2T+ =<
Ty

1.2.2 Applications

The potential use of a thermoelectric to generate electrical power from any heat source has allowed this
technology to be used in a vast number of applications [5, 9]. Thermoelectric devices have been widely
used to increase the thermal efficiency in the industrial sector [10, 11], specially if the process involves
high temperatures and/or high quantities of waste heat.

The scalability and reliability of this devices, and its technological advances, enables its potential

use in body-mounted electronic devices such as hearing aids and cardiac pacemakers [12]. The power



requirements of these devices are extremely low, ca. 1 mW and 50 uyW, respectively.

The largest advances in thermoelectric technology occurred during the space exploration in the 1950s.
For missions beyond the orbit of Mars, deep space exploration, the radiant heat flux from the sun is not
adequate to power a spacecraft, therefore thermoelectric devices were used to convert the heat generated
by nuclear fissile material into electricity [3]. The TEG used were made of Lead telluride (PbTe) and
Silicon-germanium (SiGe) and operated in the range of 500 to 900K and 800 to 1300K, respectively

Thermoelectric devices have also been studied as a portable electricity generator unit, as an alternative
to batteries and/or solar PV panels, using a small combustion chamber as heat source [13]. Hiranandi et
al [14] developed a numerical model of a TEG with a micro-combustor. They used two Bismuth telluride
(Bi,Te;) TEG, suited for temperatures below 450K, and CH,-Air flames. They achieved a maximum
electrical power output of 5.6 W at an efficiency of 6.8% with a Re jpqq = 2.8 2 load. The maximum
power was obtained with a temperature difference of Ty — T =~ 240° C'. Their system had a volume
comparable to the one of a conventional electrochemical battery.

Aravind et al. [15] developed a micro combustion chamber to pair with two thermoelectric generators
and produce electricity. The TEGs were placed between the combustor exterior walls and a cooling jacket
with flowing water. They achieved a maximum power output of 4.52W, equivalent to a power density of
0.14 W/cm?, with a maximum conversion efficiency of 4.66%.

Although, the range of applications for the thermoelectric technology is vast, their low conversion
efficiency presents a handicap on their potential uses. Several studies have been conducted on TE material
optimization and leg geometries [16]. Erturun et al. [17] studied the effect of different thermoelectric
leg geometries (rectangular, trapezoidal, cylindrical, and octagonal prisms) on thermo-mechanical and
power generation performances of thermoelectric devices using the ANSYS finite-element software. They
observed that for a thermal gradient of 100 °C, cylindrical prism legs obtained the greatest electrical

power output and efficiency.

1.3 Biogas

Anaerobic digestion is a biological process, that takes place in an oxygen deficient environment, where
organic matter reacts with microbial organisms and breakdown into biogas and inorganic matter, which
after appropriate treatment can be used as fertilizer. Biogas composition is affected by the origin of the
organic waste (urban waste, agricultural waste or manure) and the configuration of the digestion process.
Typically, it contains 50% to 75% of methane (CH,), 30% to 50% of carbon dioxide (CO,) and traces
of nitrogen (N,), water (H,0) and hydrogen sulphide (H,S). The considerable amount of CO, in biogas
is responsible for its weak combustion properties (low laminar flame speed, low calorific value and poor
flame stability), which constitute an obstacle to its range of applications.

One of the possible solutions to widen the range of applications of biogas is to upgrade it, i.e. remove
the bulk component of CO, and minor components, dry the gas and compress it. Hydrogen can also be
blended with the biogas to create H, enriched biogas. The addition of small quantities of H, have been

proven to widen the range of flame stability, increase heat release rates and flame speed [18-21].



1.4 Flame-wall interactions and wall material

As a flame approaches a cold surface, there will be a point from which it can no longer survive. This
phenomena is often referred to as flame-wall interaction (FWI) or flame quenching. It occurs because
a portion of the heat generated by the flame is being absorbed by the wall, or consumed in radical
recombination reactions, and not enough is added to the gas, therefore ignition cannot happen. The
incomplete reaction promotes the formation of pollutants in the vicinity of the wall. For small combustion
chambers, with a high surface-to-volume ratio, FWI is the dominant factor in the pollutant formation
and thermal efficiency [20, 22].

One of the main parameters to describe the flame-wall interaction is the quenching distance dg, and
its definition will depend on the type of burner. If the flame lays between two parallel plates or inside
a tube (Figure 1.3a), the d, is characterized by the minimum distance or minimum diameter, for which
ignition can occur. If the flame is only bounded by a single wall, d, equals the length at which the flame
stabilizes from the wall, and the FWI is termed head on quenching (HOQ) if the flame propagates in the
normal direction to the wall (Figure 1.3b), or side wall quenching (SWQ) if flame propagates parallel to
the wall (Figure 1.3c).
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Figure 1.3: Quenching distances measurements for (a) parallel walls or inside a cylinder, (b) head on
quenching and (c) side wall quenching.

In literature, flame-wall interaction, in particular side wall quenching, has been a widely discussed
topic, which has contributed to a better understanding of the phenomena. Most of authors investigated
the influence of flame quenching as a function of wall surface temperature or pressure. However, there
are very few studies on the effect of wall material on the quenching distance.

Héber and Stuntz [23] investigated the influence of the equivalence ratio, ¢ (ranging from 0.76 to
13.5), thermal-barrier coatings (Soot, ZrO, and TiO, on top of ZrO,) and wall material (steel, cast iron,
aluminium) on d, in a SWQ configuration with two different fuels: CH, and propane (C3Hg). They
observed that d, was the smallest for mixtures with stoichiometric equivalence ratio and decreased with
increasing coating thickness. However, for the different materials tested, no significant changes were

observed in d,.



Yang et al. [24, 25] evaluated the effect of wall material (zirconia ceramics, stainless steel STS 304 and
Si) on flame quenching using two parallel walls and CH, stoichiometric premixed flames. They varied the
wall temperature from 100 °C to 700 °C and observed a decrease of d, with increasing surface temperature
Twair, but with different gradients, depending on the wall material. No correlation was found between
the wall thermal conductivity and quenching distances. The decrease of d, with increasing (Tyyqu) was
also reported by other studies of flame quenching in SWQ [22, 26] and HOQ [27].

Kim et al. [28] also investigated flame wall interaction with different materials and parallel walls.
Their work focuses on the influence of thermal and chemical quenching on FWI. They concluded that
quenching can be described solely by heat losses at low surface temperatures, between 100 and 350 °C,
but beyond 400 °C surface reactions become dominant. At low temperatures, the heat transfer to the
wall can be described as pure 1D conduction, based on the Fourier’s law [26, 29]:

" T I Tflm - Twall

Qoond = —K—— = Ruy (1.4)
con dx C dq

where £, is the mean thermal conductivity of the unburnt mixture evaluated at (T't;m — Twair), Lrim

1

I na corresponds to the heat transferred to the wall by conduction

represents the flame temperature and ¢

in quenching.

1.5 Scope of the work

The objective of the present work is to evaluate the potential use of clay as wall material for the direct
heat-to-electricity power generation using a thermoelectric generator and BG + H, lean/stoichiometric
flames. Hydrogen is added in small quantities (10% and 20%) to two different biogas mixtures. The
influence of wall material on power and efficiency are quantified for different fuels and flame conditions.
A galvanized steel wall was used as a reference, to compared the results obtained with the clay wall.
A mathematical model capable of predicting the electrical power generated by the TEG using different
fuels, flame conditions and, crucially, different wall materials and thicknesses, was also developed.

The effect of wall material in the flame wall interaction was evaluated through the determination of
dq using the chemiluminescence of OH* and CH* radicals to identify the flame front and to estimate the
heat release rate in quenching. Additionally, the gases velocity field was studied using Particle image
velocimetry techniques (PIV). No research on the flame quenching with a clay wall was found by the time

this thesis was written.



Chapter 2

Experimental Setup

2.1 Equipment and setup

The experimental setup (Figure 2.1) can be divided into three major groups: (i) the burning system,
which includes the burner and the flow meters used to control gas flow rate; (ii) the TEG system that
encompasses the thermoelectric generator itself, the wall, the heat exchanger and water flow meter; and
(iii) the data acquisition system which will depend on the type of experiment (power and temperature
measurements, chemiluminescence, for analysing quenching distances and heat release rate, or particle

image velocimetry).

(b)

Figure 2.1: Pictures of the experimental setup (a) perspective and (b) side views.

A lamella burner with two slits (length [, = 40 mm and width ws = 2 mm, each) and a stainless
steel flame holder (thickness ¢y, = 3mm) were used to acquire a laminar V-shape flame (Figure 2.2).
One branch of the flame interacts with a vertical wall, positioned 1.5 mm above the burner and 2 mm
away from the flame holder. Connected to the wall is a thermoelectric generator, which extracts heat
from the hot wall to produce electricity. An adapted CPU heat exchanger (Phanteks Glacier C350i) is
placed on the other side of the TEG to draw the excessive heat out and maintain the temperatures on
the cold side of the TEG as low as possible. The TEG used is a commercially available GM200-49-45-30
from European Thermodynamics. The wall is slightly raised above the burner in order to maximized the

area for heat transfer, but not enough for the unburnt mixture to escape underneath. This position is



maintained throughout all experiments. The wall is used to protect the TEG from direct contact with the
flame and from exceeding the maximum temperature advised by the manufacturer. Information about

the TEG module can be found in Table 2.1 and in its datasheet (Appendix A.1).
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Figure 2.2: Schemes of the burner (a) side and (b) top views.

A galvanized steel (GS) and a clay (cooked at 1250 °C for 24 hours) plates, henceforth designated
as walls, are used. The walls dimensions and thermal conductivities of the materials are presented in
Table 2.2. Chemical composition of both walls and a microscopic image of the clay wall can be found in
Appendix C.

Tap water is supplied to the HX and its flow rate is monitored with a Bailey Fischer Porter D10A1197D
flow meter (148 1/h capacity). The water enters at the bottom and exits, after passing through a series
of fins, at the top of the HX. The wall and the HX are fixed to a 3D printed support. The TEG is hold
in place by compression. To reduce thermal contact resistances and improve heat conduction, thermal

paste (AG Termopasty HPX, x = 2.8 W/mK) is applied to all TEG, wall, and HX surfaces in contact.

Table 2.1: GM200-49-45-30 thermoelectric general characteristics

Dimensions 62 X 62 x 5.8mm

Maximum temperature: THmaz = 200°C  Tomas = 175°C
Performance for: Ty = 200°C Tc =30°C
Matched load output power 7.5W

Matched load resistance 0.28Q + 15%

Open circuit voltage 28V

Heat flow through module ~ 149W

Table 2.2: Wall dimensions and thermal conductivity

Material Kwall [W/mK] [30]  lyan [mm]  hwen [mm]  typen [mm]
Galvanized steel 56.7 90 75 1.0
Clay 1.3 80 80 6.5

The different fuels blends are obtained by combining CH,, CO, and H,, drawn from gas bottles (Air

liquid Alphagaz 99.95%). Dried compressed air is used to achieve the desired equivalence ratios. Alicat



Scientific M-series mass flow meters were used to controlled each mixture flow rate. The flow meters
have a maximum capacity of 5, 5, 1 and 50 SLPM, respectively, and their set points are controlled with
an in-house developed program with LabView software. The gases are mixed in a small chamber, which

then connects to the burner via a single tube.

2.1.1 Power and temperature acquisition

Six OMEGA k-type thermocouples and a Data Translation DT9828 acquisition board are used to acquired
the TEG surfaces and water temperatures. Two thermocouples are placed on each side of the TEG,
separated by 30 mm in the y direction (Figure 2.3a). At the inlet and outlet of the HX, a thermocouple
is inserted into the water tube, as close as possible to the HX. The acquisition board is connected to
a computer, where the readings are monitored, and recorded, using the QuickDAQ software. The bare
wires of all thermocouples were coated with varnish to avoid short circuits and false readings. They were

tested with boiling water to verify their accuracy a priori.

@ (b)

burner burner

Figure 2.3: Scheme of (a) thermocouple position and (b) electrical circuit.

The TEG terminals are connected to an electrical load, made of ceramic resistances, and a circuit
divider, which divides the closed circuit voltage (U..) by nearly 10 times and enables the monitoring
of the voltage U,, with the acquisition board. A scheme of the electrical circuit connected to the TEG
terminals is illustrated in Figure 2.3b. The circuit divider is needed because the board can only handle
voltages up to 312 mV, but the TEG open circuit voltage (U,.) can reach up to 3V. The load resistance
used is Re joad = 0.281 8.

2.1.2 Chemiluminescence

An ANDOR Zyla 5.5 sCMOS camera was combined with a Coastal Optics 105mm f/4.5 UV-Micro-APO
lens (permeable to UV light) and a Hamamatsu C9547-03L3 image intensifier to capture the radicals



chemiluminescence (Figure 2.4). The camera has a 5.5 MP sensor and a maximum repetition rate of 50
Hz in single frame acquisition. The image intensifier uses a Multialkali photocathode and has a spectral
response from 185 nm to 900 nm and a maximum radiant emittance gain of 6.2 x 10% (for the wavelength
of maximum response). The camera was connected to a BNC Model 575 synchronizer, and the two were
connected to the computer. The camera configuration and acquisitions were controlled using the Dantec
DynamicStudio v5.1 software [31]. The gain on the intensifier was regulated manually with an analogical
potentiometer.

Two optical bandpass filters were used to select the emission wavelength of excited radical OH*, with
peak emission at 309 nm (Andover 310FS10-50, Tynar = 17.40%, A = 311.142 nm) and excited radical
CH*, with peak emission at 431 nm (Andover 430FS10-50, Tynae = 50.76%, A = 430.850 nm). These were
placed in front of the lens. The chemically excited radicals are from this point forward denoted OH* and

CH*.

(@

Figure 2.4: Chemiluminescence experimental setup with (1) camera, (2) image intensifier, (3) lens, (4)
optical filters, (5) main setup shown in Figure 2.1: (a) perspective and (b) top views.

2.1.3 PIV

Aluminium oxide (Al,O,) particles, with diameter d = 1um, were used as seeding particles. Their
chemical inactivity and high melting point (7" ~ 2350 K) makes then appropriate for studying combustion
reactive flows. The particles were agitated in a flask, with the help of a magnetic stirrer, and carried
with the unburnt mixture. The particle density was controlled by regulating the rotational speed of the
magnetic stirrer. The optimum density is c.a. 10 points per interrogation area.

The Dantec DualPower 65-15 Nd:YAG laser was used to illuminate the Al,O4 particles. The laser
has two beams, which emit light with a wavelength of 532 nm. After passing through a lens, it produces
a light sheet with a thickness of ¢t; &~ 1 mm. The light sheets were adjusted to overlay at the burner exit.
Each light pulse lasts for 4ns.

A Nikon 60 mm f/2.8D lens was assembled to the ANDOR camera to capture particle images. The
camera operated in double-frame acquisition. The laser and the camera were connected to the synchro-

nizer. Exposure times, number of images, repetition rate and post processing were controlled using the

10



DynamicStudio software [31].

For acquisitions of the reactive flow (with the flame) a 532 nm CVI Melles Griot light bandpass filter
(3nm bandwidth) was placed in front of the lens. The filter is only permeable for the light reflected from
the particles, blocking the light emitted by the flame in other wavelengths.

Figure 2.5: PIV experimental setup with (1) camera, (2) lens, (3) 532 nm optical filter, (4) laser and (5)
main setup shown in Figure 2.1.

2.2 Experimental procedure

For all analysis, different fuel blends were used: pure methane (BG100) and two blends of biogas (BG80
and BG60). The number after "BG" denotes the amount of CHy in the biogas blend (BG80 represents
a blend of biogas with 80% CH, and 20% CO2, and BG60 a blend with 60% CH, and 40% CO,).
Hydrogen is added to BG60 and BG8&0 blends in a 10% and 20% volume percentage. The fuel blends are
named BGX + Y% Ho, where X is the volumetric percentage of CHy in biogas and Y is the volumetric

percentage of Hy. The molar fraction of each species in the mixture can be calculated from:

Xu, = Y/100 (2.1)
xcn, = X(1 = xn,) (2.2)
xco, =1 —xu, — xcn, (2.3)

The set point for each gas flow meter depends on the burner Reynolds number (Re) and the mixture
equivalence ratio. Re was calculated based on the unburnt mixture properties with a characteristic
dimension equal to the burner slit width (ws = 2 mm):

_ Vuxws, Vi) (2 x ws x 1g)] x ws Ve (2.4)

Uy Uy 2 X Uy X g

Re
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where V,, [m?3/s], p, [kg/m?], p, [Ns/m?] and v [m?/s] are the unburnt mixture volumetric flow rate,
density, and, dynamic and kinetic viscosity, respectively, and I, = 40 mm is the burner slit length. The
Reynolds number studied range from 100 to 350.

Three lean and the stoichiometric equivalence ratios ¢ are used and were calculated from the stoi-

chiometric number of mols of air (n4:-) required to completely burn one mol of fuel (ntyer), Nstoich:

¢ _ AFRstoich _ [nair/nfuel]stoich _ Nstoich Vfuel (2 5)
AFR nair/nfuel Xaoi;Vair

XH,
2

Nstoich = 2XCH4 + (26)

and X‘éi; = (.21 is the volumetric fraction of oxygen in the dry air used. All fuel and flame work conditions

are summarized in Table 2.3.

Table 2.3: Overview of fuel blends and operating conditions tested.

Reynolds number, Re 100, 150, ..., 300, 350
Equivalence ratio, ¢ 0.7, 0.8, 0.9, 1.0
Base fuels BG100, BG80, BG60
H, dope 0%, 10% ,20%

Min flame power, Pfim min =~ 263 W
Max flame power, Pfim maz =~ 1343 W

A room temperature of T,, = 298.15 K and atmospheric pressure were assumed at the exit of the
burner when computing the volumetric flow rate at standard conditions for temperature and pressure
(STP conditions) for the set points of the flow meters, using the ideal gas law p = p,RoT. The flame
power (Py;,y,) was calculated from the mixture low heating value (LHV [J/kg]), p. and fuel mass fraction
(Yr):

P = LHV X p, x Vi, x Yp (2.7)

The Cantera [32] Python module was used to calculate the different mixture properties. The GRI-
Mech3.0 mechanism [33] was used to compute transport properties (e.g. dynamic viscosity and thermal
conductivity), taking into account the transport properties of each species.

The water flow rate was set to 1.23 LPM, which corresponds to 50% of the flow meter’s maximum
capacity. This flow rate was chosen in order to have comparable results with previous works [34] and was

maintained for all analysis.

2.2.1 Power and temperature acquisition

Temperatures at the TEG hot side were closely monitored, specially in mixtures with equivalence ratio
close to stoichiometric. When using the GS wall, if any of the temperatures exceeded 195 °C, the acqui-
sition would be aborted and that work condition is not taken into account. In the case of the clay wall,

a more conservative approach was used, the temperatures were limited to 175 °C. The highest tempera-
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ture is expected to be located at the same height of flame extinction, and since clay has a low thermal
conductivity and therefore poor heat dissipation, there could be a region of the TEG hot surface with a

higher temperature that those measured by the thermocouples.

During initial tests performed with a clay wall, it was observed that the wall would form a crack after
ca. 3 min with flame, even with weaker mixtures. The heat flux is more intense near the zone where the
flame extinguishes, and even more intense with Re close to flashback, which lead to high temperature
gradients in the wall and may cause it to crack. Therefore, the lower limit of the Re range was set to one
or two intervals higher than the one where flame flashback occurs depending on the equivalence ratio,
e.g. if flame flashback occurs at Re = 150, the Re tested with the clay wall ranged from 200 or 250 to
350. Additionally, the wall was slowly heated with the flame with the lowest T'f;,,, (BG60, ¢ = 0.7) prior

to other mixtures, in order to reduce the thermal gradient between the flame and the unheated wall.

The electric power generated, Prgg, is estimated using the Ohm law and the parameters U, and

Re j0aq using the relation:
_ _ UCC _ U02c
PTEG = Ucc X Ie = Ucc X = (28)
Re,load Re,load

This method was also used by other authors to determine Prgg [15].

V,, (out)
—_—

Figure 2.6: Scheme of the system energy balance.

To estimate the heat absorbed from the flame to the TEG, it was considered that the system is
adiabatic, the heat absorbed by the TEG is either converted into electricity or rejected to the HX, where
all heat is absorbed by the water (Figure 2.6). The total heat flow that enters the device (g;,) was
estimated from:

Gin = Prec + dout = Preg + Vi X py X cp, X (TS" — T (2.9)

where V;, [m?/s] = [LPM] / (1000 x 60), py [kg/m?] and ¢, [J/kg K] are, respectively, the volumetric

flow rate, density and specific heat capacity of water.
The acquisitions lasted 2 min for each condition. A 5 min interval between conditions was adopted

to ensure steady state operation of the system.
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2.2.2 Flame chemiluminescence

The lens distance to the burner was chosen so that the flame tip could be captured for all the conditions
tested and with highest possible resolution. The images acquired had a resolution of 51.26 pix/mm (res =
19.51pum). A lens aperture of f/16 and an exposure time of 10 ms were used. For each flame condition
and radical, 30 images were acquired at a rate of 5 Hz in order to obtain a more precise estimation of the
quenching distance. The images were captured in a dark environment to reduce background noise

In order to compare images of the same radical between conditions, the gain on the intensifier must be
maintained throughout all conditions, that means that for weaker flames, the contrast between the flame
and the background will be weaker than for flames closer to stoichiometry. Therefore, to have the best
possible contrast for weaker flames, the gain should be near the limit, where the pixels start to saturate,
for the flame which has highest chemiluminescence intensity (BG80 + 20% H, and BG100, ¢ = 0.9 and
Re = 200, for the OH* and CH*, respectively). A 5 min interval between flame conditions was kept so

that acquisitions were done when the system was at steady state conditions.

Alignment and wall position

Before the image acquisitions, the wall was carefully align with the camera axis. The determination
of d, is very sensitive to a rotation about the burner’s axis. A misalignment angle of 1° can arise to errors
in the estimation of d, of about 350 ym. Therefore, the setup is mounted in a platform capable precise
rotational movements.

The method used to align the wall with the camera axis was developed by Héber and Suntz [23] and
modified by Santos et al. [34], and it uses a stainless steel sphere with diameter Dgppere = 10.3 mm, fixed
to a small rod, that is gently leaded against the wall. From the image acquired (Figure 2.7), the sphere
shape was identified using the Hough transform in MATLAB image analysis tools, obtaining the sphere
centre coordinates and radius (in pixels). For these images, the smallest lens aperture f/32 was used, to

acquired silhoutte shapes with sharper edges and facilitate image processing.

Figure 2.7: Photo of sphere touching the wall at z = 0, with the wall aligned.

The alignment process can divided into four steps (Figure 2.8a):

1. With the sphere touching the wall at z = 0, the camera position was adjusted until the sphere
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center was located close to the half width of the image acquired;

2. The sphere was moved along the z direction in intervals of 2mm, in the positive and negative axis,
and images were acquired in each position. The images captured were processed, obtaining the
sphere centre coordinates for each position along the z axis and a estimative of the misalignment
angle f3;

3. Small corrections were made to the platform using the millimetric angle adjuster and the previous
step is repeated. If 8 was less than 0.14 ° (corresponding to a 50 um error in estimating d,), we
can proceed to the next step;

4. The camera is moved Dgppere/2 to the right so that the surface is close to the half-width of the

image.

@ [ i
| |
I | (O]
| | X pixel 12
! | I offsets ,—
\ : | | Dsphere 8 -
®» @ ‘— .k_ — 4 . \
N !l| | = -0.016° 0.688°
! [ T E o -0.029°
\ 9]
| | F _:_e
| | =)
| | : 'E -4 —
| | | 9]
| | | 8 @® not aligned
} } | 1 N -8 V clay aligned
| | : | W GSaligned
| | | | 12 4@ ]
| [ | |
™ @ €)] ® 16 = | | | \ | 1
9 6 3 0 3 6 9
Dsphere x offset [pix]

2

Figure 2.8: Wall alignment (a) steps and (b) initial and final misalignment angles.

In the case of the alignment with the clay wall, the small imperfections at the surface would create
errors in the pixel offset and lead to an incorrect alignment. Therefore, a small acrylic was attached
to wall, where the sphere would touch it. The angle misalignment was estimated using linear fitting to
the data points. The sphere was also used to determined the wall coordinates x4 for measuring the
quenching distances. Figure 2.8b presents the final misalignment angle for both walls and an example of

the wall not yet aligned.

Image processing

The technique used to identify the flame front depends on the equipment used and on the data
with it obtained. The flame front can be tracked using the HRR and its derivative VHRR [35-37], the
temperature and heat flux profiles in the vicinity of the wall [22, 35, 36, 38|, the radicals fluorescence
(usually OH) [35, 39, 40] or with the chemiluminescence of flame radicals [23, 34]. In this work, we used
the chemiluminescence signal of the radicals CH* and OH* to identify the flame front location.

The flame front region was defined as the zone where the concentration of OH* and CH* radicals is
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greater than 50% of its maximum value. Results from Quintino et al. [41] show that the concentration
of this excited radicals is proportional to their chemiluminescence intensity. This methodology was also
implemented by other authors in similar studies [23, 34, 42] to anchor the flame front. The use of 50%
intensity rather than the point where chemiluminescence signal vanishes, used by other authors [26, 43],
is a more robust technique, since it has better signal-to-noise ratio and is less sensitive to small flame
perturbations.

Numerical simulations of 1D adiabatic flame for Biogas + H, blends performed by Santos et al [34]
using the Cantera python module and the GRI-Mech 3.0 mechanism demonstrated that the point where
50% OH* radical concentration correlates well with the midpoint between the maximum HRR and its
maximum gradient, whereas the 50% CH* radical concentration correlates better with the location of
maximum HHR. Furthermore, the concentration of OH* was shown to have an approximately linear

relation with the HRR [44].
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Figure 2.9: Processed image of a photograph for a BG60 flame (¢ = 0.9, Re = 300) with the flame front
position outline in white; the quenching distance d, is defined as the shortest distance between the wall
and the white solid line.

An example of an OH* chemiluminescence image is shown in Figure 2.9. The white solid line highlights
the flame front contour, the region of the flame with pixel intensity equal to 50% of its maximum value.
To enhance the precision in determining the pixels with 50% intensity, all images acquired were magnified
to 5 times their original size, resulting in a resolution close to 3.90 pix/um. d, is defined as the shortest

distance between the wall and the white solid line:

dglpm] = (2 f1m,0 — Twanr) [Pix] X res[pm/pix] (2.10)

where  fim,0 and Ty correspond to the most left pixel and wall coordinates.
Given the relation between OH* concentration and HRR, an estimative of the heat released in quench-

ing ¢’ can be obtained from the OH* intensity (Iox) along the x axis where it d, is measured .

T fim,2
dg.on = / Tondzx (2.11)
x

Flm,1
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where f,, 1 and 2 correspond to left and right pixels with 25% normalized intensity, respectively

(Figure 2.10). The distance between the two points defines the heat release thickness:

0g,0H = Zfim,2 — flm,1 (2.12)
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Figure 2.10: Calculation of the heat release thickness d, 0m and heat release in quenching ¢, on (a)
processed image of BG60 + 20% H, flame and (b) profile of normalized pixel intensity in the x direction
at the height where d, is measured [34].

2.2.3 PIV

The lens aperture was set to f/4, allowing for enough light, reflected from the particles, to enter the
camera and the use of small exposure times, which are crucial to avoid the particle motion blur. The
camera position was chosen so that the flame holder, the flame and a portion of the flow upstream of
combustion could be captured. The images were acquired with a resolution of 32.4 pix/mm (res = 30.86
pm/pix), with a magnification factor M = 4.754. 200 pairs of images were acquired at a rate of 15 Hz,
the maximum at double frame acquisition. The laser sheet was aligned with the midpoint of the flame
holder (z = 0). As for the chemiluminescence images, the acquisitions were made in a dark environment.

The time between the two laser pulses At was determined by the flow velocity [V,,V,], the image
resolution, the size of the chosen interrogation area [IA,,IA,] and its overlap percentage [orA s, O1A ]

through the condition:

(2.13)

At < min <[IA$,IAy] X (1 — [01A,25 014 2]) X res)

[Va, Vi
At should be lower than the minimum of the two vectorial components. Figure 2.11 illustrates the
mentioned parameters.

Since the flow velocity is predominantly vertical, IA, should be larger than IA,. The interrogation
area was set to [IA;,IA,] = [16,32], and the overlap to o;a = 75% in both directions. The maximum

velocity V,, was based on the experimental results from Santos et al. [34]. A time between frames of 75
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s was used. Since the flow is statistically steady an average correlation method was used to process the
200 pairs of images acquired. In this routine, velocity is calculated from a weighted average of all pairs
of images and automatically neglects weak correlations, that may result of insufficient particle density in

some frames.
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Figure 2.11: Scheme of Interrogation area and overlap.

2.3 Uncertainties

The uncertainty of any variable or result is evaluated with the 95% confidence level and its relative
quantity, calculated from:

up = 25% 100 (2.14)
a

where a denotes the average of the population with a wugsy 95% confidence interval. Uncertainties
were evaluated following the guidelines from Abernethy et al. [45]. For most cases, populations of

measurements were assumed normal distributed.

The errors between the actual flow rate passing through a gas flow meter and its set point depend
on the flow meter’s capacity and the chosen set point. The precision of the air flow meter is equal to
+0.8% of the set point and +0.2% of the capacity. For the other gases, CH, CO, and H,, the errors
correspond to the greatest value between +0.6% of the set point or +0.1% of the capacity. Precision

values correspond to the 99% confidence interval, for a normal distribution that equals to the interval

[-3us, 3us]|. The 95% confidence interval can be calculated from the flow meter standard deviation u, (V).

Flow meter errors propagate to ¢, Re and Py;,,. Considering that Vfuel = VCH4 + V002 + VHQ, the

variance of the equivalence ratio u,(¢) can be calculated from:

2
o¢ X uZ (Vi) ¢ + {

_9 9%
avfuel,i

2
! 2(Voin 2.15
avm] < (Vi) (2.15)

2 _
=2

=1

where Vfuel,i corresponds to the volumetric flow rate of each species present in the fuel. The partial

derivatives can be computed from Equation 2.5.
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The variance of Re can be calculated from:

2 X1 X1y

uZ(Re) = (1>2 x éum,i) (2.16)

where VM represents the flow rate of each species in the unburnt mixture.

Finally, the variance of the flame power can be determined from:
W2 (Ppim) = [pcn, x LHVen,)? x u(Ven,) + [pn, x LHVy,]? x w2 (Vi,) (2.17)

The 95% confidence interval, and its relative error, was computed from each variable standard devi-

ation, for every flame condition tested. Their average and maximum values are presented in Table 2.4.

Table 2.4: Uncertainties of gases and water flow rates, equivalence ratio, Reynolds number and flame
power; average and maximum errors calculated based on all conditions tested.

U95% U
avg max avg max

Vair  [SLPM] 0.150 0.188 1.01% 1.69%
[SLPM] | 5.3 x107% 8.9 x1073 | 0.42% 0.83%
Voo, [SLPM] | 3.6 x1072 5.6 x1073 | 0.79%  3.09%

Vi, [SLPM] | 1.3 x1073 3.2 x107% | 0.43% 1.07%
Re 2.185 2.698 0.90% 1.47%
) 0.009 0.016 1.07% 1.79%
Ptim [W] 3.125 5.228 0.40% 0.74%
Vi  [LPM] 0.049 0.049 3.97% 3.97%

2.3.1 Power and temperature acquisition

The acquisition board where the temperatures and the voltage U,,, were measured has a 95% confidence
interval ugsy, = +0.18 © C when measuring the temperatures (based on the datasheet information) and a
bias error of uy(U,,) = £20uV and a precision of £0.03% when measuring U,,.

The uncertainty of the closed circuit voltage U.. can be derived from the linear relation between U,
and Uee(Uee = g Upn, g = 1120/120), and the standard deviation of U, during the 2 min acquisitions,

denoted uZ(Uee,7EG):

5ot (Uee) = \/ 0 (Uee) + K2[02 (Uee) + 12 (Uoe )] (2.18)

where k = 2 to obtain the 95% confidence interval. The variance u2(U,.) and bias u,(Ue.) of the closed

circuit measurements

u (Uee) = [9 X to(Un)]? (2.19)
up(Uce) = g X up(Unn) (2.20)
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The uncertainty of the Prgg, derived from Equation 2.8, can be calculated from:

oP 2
u(Prpg) = [ a(TJiG X \/ug(Ucc) + 02 (Ueorpc) (2.21)
OP, 2U,.
ub(PTEG) = alj}cEcG Ub(Ucc) = Re7load Ub(Ucc) (222)
ugsy (Prea) = \/UE(PTEG) + k2u2(Prgc) (2.23)

The uncertainties of each variable were calculated for all conditions tested. Their average and maxi-

mum values are presented in Table 2.5

Table 2.5: Uncertainties of the closed circuit voltage, power yield and temperature; minimum, average
and maximum uncertainties calculated for all conditions tested.

U95% Uy
avg max avg max
Uee [V] | 32.5 x1073 42,7 x1073 | 3.87% 4.72%
Prec [W] 0.042 0.095 1.52%  2.60%
Temperature [° C] - 0.18 - 0.09%

2.3.2 Flame chemiluminescence

The uncertainty in the determination of the quenching distances depends on systematics errors caused
by the pixel resolution and the lens optical aberrations, and statistical errors related with the uncertainty
in the determination of the wall position z,.; and different evaluated flame tip positions, induced by
small perturbations in the flow. Since the flame quenching occurs near the half-width of the image, it
can be assumed that in that region distortions, and thus optical aberrations, are insignificant and can
be neglected. The uncertainty associated with the determination of x4 was quantified by repeatedly
leaning the sphere against the wall, acquiring 20 independent values of x,q;.

The quenching distance uncertainty can be described as:

Ugs% (dy) = \/ul%(res) + E2[u2 (flmfront) + u2(Twair)] (2.24)

where up(res) = 19.51um/2 is the systematic error caused by pixel resolution and, u,(flmfront) and
U (Twan) correspond to the standard deviation in the determination of flame front and wall position,

respectively. For the 95% confidence interval, k = 2.

Table 2.6: Uncertainties in the determination of the quenching distances; entries without a value for w,
do not have a reference value.

U95% Up
avg  max avg max
determine x4 pm - 26.63 - -
flame front position pum | 82.9 177.2 | 6.85% 12.92%
quenching distance d;, um | 87.8 179.3 | 7.28% 13.33%
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2.3.3 PIV

The uncertainty of the flow field was estimated with peak height ratio methodology [46]. Radial uncer-

tainty limits based on a 95% confidence interval were determined for all interrogation areas. Table 2.7

presents the average and maximum uncertainty and its relative value, for two different fuels tested.

Table 2.7: Radial uncertainty bounds for two fuels tested with ¢ = 0.7 and Re = 300

U95% Uy
fuel avg  max avg max
BG60 | 0.044 0.124 | 1.68% 4.14%
Clay
BG100 | 0.039 0.124 | 1.29% 4.13%
as BG60 | 0.036 0.124 | 1.38% 4.14%
BG100 | 0.038 0.124 | 1.27% 4.14%
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Chapter 3

Mathematical Model

The mathematical model developed in this work aims to predict the power generated for a given wall
material and wall thickness, with different fuels and flame conditions. To do so, the model requires
information about the fuel composition (BG composition and H, concentration), flame condition (equiv-
alence ratio and burner Reynolds number), electrical load resistance and the wall characteristics (thermal
conductivity and wall thickness).

The model can also be adapted to predict the work conditions for which a given power output is
achieved. Other parameters can also be studied, e.g. the influence of the water or air flow rate through
the heat exchanger on the electricity production with the TEG.

Given that the heat transferred from the flame to the wall is not constant along the vertical axis,
and in order to have a more precise and robust description of the heat transfer, a two-dimensional model
was developed. It uses the finite element method to solve the heat transfer differential equation in two
dimensions.

Some simplifications and assumptions were made during the development of the model:

1. The system can be reduced to two dimensions, homogenous along width;

2. Negligible thermal and electrical contact resistance between all parts;

3. Negligible thermal and electrical losses in the electrical connectors between p and n legs, since they
have high thermal and electrical conductivities, and small thickness;

4. Isotropic properties of all materials;

5. No heat losses to the surroundings.

3.1 Finite Element Method

The two-dimensional heat transfer problem can be described by a second order differential equation with

a single dependent variable, the temperature T, over the domain 2 with a boundary T" [47]:

—V.(kVT) = f(z,y)in Q (3.1)
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The terms on the left side of the equation correspond to heat conduction and the terms on the right the
heat generation. Following the steps described in [47], the weak form (or weighted integral statement)
over a typical element )., which will be the basis of the finite element model of Equation 3.1 , was

developed:

ow oT ow T R B

where w is a weight function, h [W/m?K] is the convective heat transfer coefficient and T, is the

temperature of the surrounding fluid medium.

The finite element model of the Equation 3.2 was obtained approximating 7' to the temperature of
the element 7¢, which is equal to the sum of all nodal values multiple by the interpolating function ¢ of
the corresponding node, and replacing w by ¢, obtaining a system of equations that describe the heat

conduction problem in an element:

(K¢ + H{Ty ={f}t +{P} +{Q°} (3.3)
where
oe O e e
Kfj:/Q (naqiz Si’—&-naqf; (,;Z>dxdy (3.4)
Ff = ¢drd jousds = ff + Qf :
i /Qefwz wy+£eqnwz s = ff + Q; (3.5)
Hij = h* j{ Yidyds, PP =he f P§ Toods (3.6)
r. r.

After creating the matrices and vectors in Equation 3.3 for all elements of the domain, these were

assembled into a single matrix or vector using the correspondence between global and element nodes.

Once the global matrix and vectors have been established, and empty lines or columns (all zeros)

removed, the system of equations can be solved,

[KS + HO (TS} = {F)} + (P9} & (1) = [KC + B (PS4 PO} (37

The domain  was discretized using linear rectangular elements (Figure 3.1). Their interpolation

functions are written as [47]:

€ = _ — —_ = ¢ = — —_ = ¢ = — = € = —_ — — 3_8
G (1 a) (1 b)7 V2 a <1 b)7 Vs ab’ Vi (1 a) b (38)
The temperature derivatives of each element can be calculated from:
n n n
ore oYs  oTe s
T = Tee = Te = Te =2 3.9
iz:; 2 1/)1 ) 3x zz:; 7 8x ’ ay ; 1 ay ( )
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The heat flux vector ¢ of each element can be obtained from the temperature derivatives

ore ore

or " H@yy

d=—kVT = —k

(3.10)

One node can be connected to up to four elements, therefore the nodal heat flux components are
obtained by averaging the values of the surrounding elements. The difference between the multiple values

will decrease with the refinement of the mesh [47].

A
YTy

b

X

X

Figure 3.1: Linear quadratic element.

3.2 TEG governing equations

The conversion of heat into electricity with a TEG incorporates different thermoelectric effects in both n
and p legs and in the metallic connectors.

The heat conduction through each leg, with section area Ajcy (Aieg = 20.25 mm? for the TEG used
in this work), can be written as:

q= Ay k VT (3.11)

where k is the thermal conductivity of the material. When a thermal gradient is applied to the TE legs,
the flow of electrons or holes from the hot to the cold side causes the build up of an electromotive force

proportional to the Seebeck coefficient (S[V/K])(Seebeck effect):
E=-SVT (3.12)

The electromotive force then drives the electrons from one leg to the other, through the metallic connec-
tors. When the current I, flows through the junctions with a discontinuity in Seebeck coefficient, heat ¢
is generated or absorbed (Peltier effect):

G=I1.AT (3.13)

The Peltier effect is the counterpart of the Seebeck and it is what allows TE to generate (heater) or
absorb (cooler) heat. Within the legs, if the current flows in the same/opposite direction of the heat,

then, by the Thomson effect, heat is being generated/absorbed in the TE legs:

G=7I, VT (3.14)
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where 7 = T x dS/dT is the Thomson coefficient. Finally, as in every electrical circuit, when the electrical

current flows through the TE legs with electrical conductivity o, heat is generated (Joule effect):

2L
L Is 3.15
1= Ao (3.15)
The energy balance of the aforementioned effects can be written as:
d dT, d dT, T I (dT, I?
—_ _— _— _— e _— —_— 0
dx (Kp dx ) * dy (Hp dy > Aleg \ dz * A, o
3.16

d dT, N d dT,, 4 T I, (dT, n I? 0 (8.16)
— ko —— )+ — — =
dz dx dy dy Ajeg \ dz A, o

where the terms of the equation correspond to, transport of heat by conduction in the x and y direction,
Thomson effect and Joule heating, respectively. The constants x, 7 and o, as well as Seebeck coefficients
are evaluated at temperature T, and T,, for the p-type and n-type leg, and their equations can be found

in the TEG datasheet (Appendix A.1).

Since the heat generated/absorbed due to the Peltier effect occurs at the metallic connectors, their
contributions are accounted at the leg ends. For a pair of legs, the heat generated/absorbed at its ends
can be calculated from:

" o _I<Szj;h - Sg;h) Ty
qultier,x:—L - 2 Aleg

(3.17)
. I(Ste — ST) T,
qultier@:L = 2 Aleg
where the superscript T' denotes the temperature at which S is evaluated and L is the half length of the
leg (L = 1.9 mm for the TEG used). T} and T, represent the temperatures at the hot side and cold side

of the legs, right after/before the ceramic plates (Figure 3.2).

The TEG legs are electrically connected in series (Figure 3.2) and arranged in a matrix structure.
Each row i contains N; pair os legs. For the TEG module used in this work, each row contains 5 pairs of
legs, except the top and bottom rows which have one leg less. The voltage built up at the TEG terminals,

U,., can be calculated from:
10 Th
Uoe = ZN/ [Sp(Tp) = Sn(Tn)] dT (3.18)
i=1 Te

The TEG internal electrical resistance, R. rpe was calculated from the leg materials electrical prop-
erties and the aluminium cables (diameter d.qpie = 0.6 mm, length L.qpe = 11 mm) welded to the TEG

terminals.
1 1

+ Lcable
T T
Aleg (Tnp Aleg o,"

do +2 x ——cable (3.19)
Acable g Al

—L

10 L
Rerpc = ZNz/
i—1

From the voltage induced at the TEG terminals and the resistances, the current I, can be calculated:

Uoe
I = 3.20
‘ Re,TEG + Re,load ( )
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Figure 3.2: Schematic view of one row of the TEG.
The electrical power generated, Prgg can finally be calculated from its electrical analog
Prpg = 152 Re,load (321)

Since the thermodynamic circuit was evaluated in two dimensions and the electrical circuit symplified to
one dimension, the difference between heat flows ¢y and g¢ is not equal to Prgg.

The thermoelectric properties (k, o and S) and the heat generation/absorption terms require infor-
mation about the temperature distribution along the leg to be computed. Therefore, an iterative routine
was implemented to solve the system. On the first iteration, it is assumed a constant value for k& along
the TEG legs and the thermoelectric effects are not considered. In the following iterations, the ther-
moelectric properties are calculated with the temperature distribution of the previous iteration. If the
relative difference of I. and R.rpc between successive iterations was smaller than 1074, the iterative

process stops and the model returns the desired outputs.

3.3 Boundary Conditions

Since the Equation 3.1 is a second order differential equation, it requires two boundary conditions. The

model can either work with two essential or two natural boundary conditions (BCs).

3.3.1 Essential boundary conditions

The TEG surface temperatures, Ty and T, were used to solve the system of equations and to estimate
the thermal conductivity of the ceramic protective plates of the TEG. The temperatures Ty = 200°C
and T = 30°C were used as boundary conditions and the thermal conductivity was modified until Prgg
equals the value from the TEG datasheet. The final result was a thermal conductivity equal to Kk = 3.675
[W/mK].

In order to solve the system of equations 3.7 with surface temperatures as boundary conditions, for
an imposed temperature at the node j, the value of K%(i,j) x T; was subtracted to the line i of the
vector F¢

F¢ =F¢ — K%@i,j) x T; (3.22)
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To validate the model for other conditions, the power generated was calculated with the TEG with
Re.ioad = Re,rEc and different combinations of temperatures Ty and T as boundary conditions. The
obtained results were compared with the values in the datasheet, an average difference of 0.03 W was
observed. This overlap between the model and the datasheet can be observed in Figure 3.3a. The
temperature distribution and streamlines across the TEG with Ty = 200 °C and T = 30 °C are illustrated

in Figure 3.3b. The streamlines are obtained from the heat flux vectors (Equation 3.10).

@ 4 _ ® g
-O= T,=30°C =J- T ,=50°C
A- T,=80°C =v=- T,=100°C 50
6 o
—O= datasheet
— 71 | —@— model 40
2 T
o 4 £
e =, 30
o | >
3 o 20
0 l T
50 100 150 200 0 L]
T,[°C] X [mm]

Figure 3.3: (a) Variation of Prpg with Ty and T surface temperatures; dashed lines with unfilled
markers denote the reference values from the TEG datasheet whilst solid black lines with filled markers
the results obtained with the mathematical model (b) temperature distribution and streamlines across
the TEG with Ty = 200 °C and T = 30 °C.

3.3.2 Natural boundary conditions

The heat flux from the flame and burnt gases to the wall is characterized by peak heat flux in the region of
flame quenching, transported by conduction, followed by convective heat transfer of the hot gases. Heat
flux profiles obtained by two research groups are presented in Figure 3.4. Kosaka et al. [22] estimated heat
fluxes using the Fourier’s law (Equation 1.4) and the temperature gradient close to the wall, measured
using Coherent anti-Stokes Raman spectroscopy (CARS). Results from Zirwes et al. [42] were obtained
with CFD simulations. As the authors suggested, their results correlate well with the experimental ones
if multiple by a factor of 1/1.8.

Westbrook et al. [37] suggested that a CH, + Air premixed flame in quenching extinguishes as
the flame temperature approaches T, ~ 1500K. The fraction of the total heat that is transferred in

quenching can, thus, be estimated from dy, the TEG temperatures and g;,:

g _ bu/dg(Tim — Tr) X ls X dpim

3.23
Qin Qin ( )

Given that this fraction is close to 1%, the conduction contributions can be neglected.
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Figure 3.4: Wall heat flux ¢/, ,, for BG100 flames in SWQ); y, corresponds y coordinate where quenching
occurs.

The convective heat flux between burnt gases and the wall can be calculated from:

qgonv (y/) = hy’ (Tb'rt - Twall) (324)

where h, represents the convective heat transfer coefficient at a distance y’ from the leading edge (y' = 0).
Tyrt and T,y denote the temperatures of the burnt gases and at the wall surface. Given the magnitude
of velocities of the flow and the small area where heat transfer occurs, the temperature of the burnt gases
can be assumed to be equal to the adiabatic flame temperature T, qq.

The Nusselt number Nu can be written as a function of h, or described as a function of the Reynolds

and Prandtl number Pr:

=
IS
[
[

a Rezll,_bPrl/3 (3.25)

That correspond to a hydrodynamic boundary layer described as:
_ / —b
d=cy Re, (3.26)

where § corresponds to the height of the boundary layer.

Although there is not a reference velocity to correctly define the boundary layer, it is possible to
describe the development of a hypotetical boundary layer by tracing isolines with a specific V. Figure
3.5a presents the velocity contours and isolines for a BG100 flame with Re = 300 and ¢ = 0.7 interacting
with the GS wall. The points of the isoline with V' = 1.9m/s (Figure 3.5b) with 23 mm < y < 38 mm
(v = y—23) were adjusted to the Equation 3.26 to obtain the value of the constant b. A value of b = 0.667
and b = 0.652 were obtained with an uncertainty of u, < 0.006 for the GS and the clay wall. Different
flame conditions may cause small variations in the value of b, but since its influence on the overall heat
flux is very small, a constant value of b was assumed for all conditions.

The constant a of Equation 3.25 was estimated by minimizing the mean squared error between the

experimentally obtained Prgg and the results calculated with the model. To reduce computational time,
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the error function was minimized for results of BG80 flames, instead of the results from the different fuel
blends. To obtain the area for heat transfer, results from OH* chemiluminescence with the GS wall were
used to obtain the flame height.

The gas properties (k, Pr and v) were evaluated at the average between flame and wall temperatures
T = (T¥im,ad + Twatr) /2. The fluid properties were the result of a 1D freely propagating flame simulation
using the Cantera [32] Python module, with GRI-Mech3.0 [33] mechanism to compute the transport

properties.
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Figure 3.5: (a) Velocity magnitude for BG100 flame with ¢ = 0.7 and Re = 300 interacting with the GS
wall and (b) isoline where V' = 1.9m/s.
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Chapter 4

Results

In this chapter, an analysis of the results obtained experimentally and from the mathematical model is
performed. It begins with a characterization of the TEG operation with the clay wall where the influence
of flame conditions and fuel blends is discussed, followed by the analysis with the GS wall and the influence
of wall material. The values and tendencies predicted by the model are compared with the experimental
ones. Then, the effect of wall material on flame wall interaction is studied, first through the analysis of

quenching distances and the heat release rate, followed by a investigation of the velocity field.

4.1 TEG Performance analysis

To evaluate the performance of the TEG, tests were realized for all fuel blends, Re and ¢ (Table 2.3).
As equivalence ratios approach stoichiometry, the increase in the flame speed led to resonating flames
at higher Re (Re = 300 and Re = 350). On the other hand, for certain fuels, for lower Reynolds (Re
= 100 and Re = 150) flame flashback occurred. In the setup used (flame in SWQ), the flame flashback
is characterized by the flame branch further away from the wall (Figure 2.1b) to burn upside down, i.e.
from the base of the burner up to the flame holder. Conditions where flame flashback occurred were not

evaluated.

4.1.1 Clay wall

For a fixed Re, Prgg increased significantly with the increase of ¢. On the other hand, increasing Re
had a negligible effect on Prgg, for a fixed ¢. The temperature difference between both sides of the TEG
(Ty - Tc) also increased with ¢. Higher AT yields larger voltage drops at the TEG terminals (Seebeck
effect), which results in the increase of Prpg. An example of the influence of work conditions is presented
in Figure 4.1(a) for BG80 flames, Prg¢ is represented by solid lines with different colours and markers,
depending on the equivalence ratio. Power and efficiency maps for the other fuel blends can be seen in

Appendix B.1.

The thermoelectric efficiency nrpg was estimated from the total heat that enters the module ¢;,, and
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the electrical power generated Prgg:
Prec
Qin

NTEG = (4.1)

The flame conditions had the same impact on nrpg as for Prgg and ranged from 1.80% to 2.76% for all
fuels and flame conditions. The minimum was observed for BG60 with Re = 150 and ¢ = 0.7 and the
maximum for BG80 with Re = 300 and ¢ = 1.0.

Since T¢ fluctuates at most 5° C' between work conditions, the fluctuations of Prgg and nrgg (from
Eq. 1.3) will depend almost entirely of the oscillations of Ty. For this reason, the maximum power and

TEG efficiency, in each fuel blend, were attained for the highest ¢ tested.
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Figure 4.1: (a) Map of Prgg and 740 for BG80 flames with the clay wall; continuous lines link exper-
imental Prpe whilst dotted lines correspond to n4i0p; black lines denote the values obtained with the
mathematical model (b) temperature distribution and streamlines for BG80 with ¢ = 1 and Re = 350.

The global system efficiency was estimated from the flame power Py, and Preg:

_ Prec
Nglob P

flm

(4.2)

For a fixed ¢, ngior decreases rapidly with the increase of Re, as shown in Figure 4.1(a) by the dotted
lines, with different colours and markers depending on ¢, for BG80. For all fuels and conditions 740
ranged from 0.17% to 0.39%. Since ngyr is almost insensitive to changes in the Reynolds, the system
efficiency losses with increasing Re must relate with the heat transfer efficiency ngr:

din
P

NeT = (4.3)

For the work conditions studied, nyr ranged from 8.66% to 19.69%, the lowest values attained for high
Re. For BGS8O0, the lowest nyr was 8.93%, obtained for ¢ = 0.7 and Re = 350 while the highest was
19.69%, obtained for ¢ = 0.7 and Re = 200. For a fixed Re, small gains in ngr were observed when

increasing ¢, which may be attributed to the small increase of the n and p-type legs thermal conductivity.
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Since the fluctuations of g are larger than the ones of nrgqg, the heat transfer efficiency is the dominant
factor in the system’s efficiency. The tendencies of Prgg and efficiencies with the work conditions were
observed for all fuel blends tested.

The estimations of Prgg obtained with the mathematical model developed in this work (chapter 3)
are presented in Figure 4.1a through the black lines. The values predicted by the model were very similar
to the experimental results, with an average difference of 0.18 W for all fuels and flame conditions. The
low thermal conductivity of clay causes the heat to flow essentially in the x direction as is illustrated by
the streamlines in Figure 4.1b. This is then reflected on the temperature distribution upstream of flame
quenching (at ca. y = 10.5 mm for BG80, ¢ = 1 and Re = 350), which are significantly lower than the
temperatures downstream (y < 10mm).

Diluting BG100 (CH,) with CO,, in a 80/20 and 60/40 proportion, had a similar impact on Prgg
and g0 as the reduction of equivalence ratio. In both cases, the decrease of combustible fuel causes the
loss of flame and burnt gas temperatures, and lower heat release rate, which generates lower TEG surface
temperatures. Adding 20% of CO, to BG100 causes an average power reduction of 0.11 W (£0.026 W,
lo-standard deviation). Adding other 20% to what is now BG80 causes power losses in the range of 0.17
W < APrgge < 0.67 W. The largest differences occur at stoichiometric equivalence ratios. Blending H,
to the BG mixtures mitigates the electrical power losses caused by CO, dilution.

The power losses and gains between fuels tend to increase as ¢ approaches stoichiometric. The power
increments to BG60 with different enrichment techniques are given in Table 4.1 for the equivalence ratios

tested.

Table 4.1: Average and standard deviations of the Prgg [W] gains with different enrichment techniques
relative to BG60 and the clay wall.

¢ 10% Ho 20% Hy,  50% CH,

0.7 0.16£0.01 0.21+£0.01 0.25+0.01
0.8 0.09£0.03 0.14£0.03 0.214+0.03
09 016x£0.01 0.62+0.12 0.32+0.04
1.0 0.284+0.01 0.63 = 0.05

From this analysis, one can see that, for lower equivalence ratios (¢ = 0.7 and ¢ = 0.8), blending CH,
in a 50/50 proportion with BG60 (acquiring BG80) is better than adding H, in a 20/80 proportion. On
the other hand, for ¢ = 0.9, the gains with 20% H, blending are bigger.

4.1.2 Influence of wall material

The equivalence ratio has the same impact on Prgpg with the GS wall as previously described with the
clay wall. However, the increase of Re resulted in small increments of Prgg, becoming less pronounced
for ¢ = 0.7 and high Reynolds numbers. The trends observed with the GS wall, in regard to flame
work conditions, are in accordance with the results from Santos et al. [34] with an aluminium wall. The
influence of flame conditions on Prgq and 7,0, with the GS wall are illustrated in Figure 4.2(a) for BG80

flames. The Prgg fluctuations due to flame conditions were also reflected by the mathematical model
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(black lines in Figure 4.2(a)). The values of Prgg obtained with the mathematical model deviated, on

average, 0.10 W from the value measured experimentally.
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Figure 4.2: (a) Map of Prgg and 14, for BG80 flames with the GS wall; continuous lines link exper-
imental Prpe whilst dotted lines correspond to 7¢;05; black lines denote the values obtained with the
mathematical model (b) temperature distribution and streamlines for BG80 with ¢ = 1 and Re = 350.

The high Kqau of the GS wall (Kyau = 56.7 [W/mK]) allows the intense heat flux from flame quench-
ing to dissipate downstream, as illustrated through the streamlines of the heat flux obtained with the
mathematical model (Figure 4.2b). Overall, the power generated with the GS wall is higher than the
achieved with the clay wall, with the same fuel and work conditions. The difference in Prpg between
GS and clay, APrgq, increased with equivalence ratio and Re. For ¢ = 0.7, APrg¢ is the smallest, ca.
0.2 W. The maximum APrgg was 1.02 W, observed for BG80 with ¢ = 1.0 and Re = 350. The higher
Kway and smaller thickness of the GS wall, compared to the clay wall, lead to an increase of the heat
transfer efficiency, 0.69% < Angr < 4.27%. Higher temperatures on the TEG hot surface resulted in
higher thermoelectric efficiency, with Anreg up to 0.31%, and global efficiency, with improvements up
to Angiop 0.09% (An; = 1n;(GS) — ni(clay)).

With respect to the influence of fuel blends in the electrical power output with the GS wall, the
same trends were observed, adding CO, causes a reduction of Prgg which are compensated when H, is
blended. Table 4.2 presents the power gains for the different enrichment techniques. From this analysis,
it can be seen that blending 50% of BG100 with BG60 is the method which results in more power gains.
Larger standard deviations arise from the greater sensitivity of the system to small flame perturbations
and to Re.

Compared to the GS wall, the clay wall has a much lower thermal conductivity and larger thickness,
and therefore a higher thermal resistance, which should make a good thermal insulator and achieve lower
temperatures on the hot surface of the TEG. However, the temperatures obtained for both walls with the

lowest thermocouple (positioned at y = 16 mm from the bottom of the TEG) were very similar, always
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smaller than 15 °C. With the increase of ¢, temperatures in the top part of the TEG (obtained with the
thermocouple positioned at y = 16 mm from the top of the TEG), where heat transfer is dominated by

convection, exhibit a larger difference, up to 30 °C.

Table 4.2: Average and u, of the power gains with different enrichment techniques relative to BG60 and
the GS wall.

) 10% H, 20% H, 50% CHy

0.7 031+£0.17 0.32£0.13 0.24+0.08
0.8 0.29+£0.13 0.23£0.06 0.38+0.10
0.9 029+£0.06 0.25£0.05 0.42+0.03
1.0 0.124£0.07 0.49+0.09 0.63£0.13

The small Ky qu(clay) makes heat flow through the wall almost unidirectional (Figure 4.1b), with
negligible vertical heat dissipation, which means that the largest differences (compared to GS) in tem-
perature should occur upstream of the quenching zone. This hypothesis was verified by analysing the
temperature profiles at the hot side of the TEG obtained from the model with both walls (Figure 4.3).

The power losses between the two materials may be attributed to this difference.
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Figure 4.3: Temperature profiles for BG80 with (a) ¢ = 1.0 and Re = 350, and (b) ¢ = 0.7 and Re =
150.

To better understand the contribution of wall material, flame conditions and fuel blend to the power
generated, we attempted to relate Prpe with the wall’s thermal conductivity (kyen [W/mk]) and thick-
ness (twau [m]), Reynolds number and adiabatic flame temperature (T'f;m qq [K]), which varies almost
linearly with ¢ from 0.7 to 0.9 for BG100 flames [48] and encompasses the effects of adding CO,, and H,,
with the equation:

Prpg = ki Thy, Ret (4.4)

where Tya = twail/Kwan represents the thermal resistance per unit area. In addition to the results

obtained in this work, values of Prgg obtained with an aluminium wall (90 x 75 x 1 mm) presented by
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[34] were also incorporated. The parameters a, b, ¢ and k were determined by finding the minimum the

mean squared error of the error function:
F(k, a, b, ¢) = |Prec — kv Ty, Re (4.5)

The final correlation is presented in Figure 4.4. The equation obtained shows good agreement with the
experimental values for all materials, fuels and flame work conditions. The obtained exponents indicate

that:

e T4y, is the dominant factor on Prgg and, since b = 3.79 > 1, for successive increments of T,

the gains on power yielded will increase;

e since ¢ = 0.342 < 1, the gains of Prpg obtained by increasing Re will decrease, until a point where

the effects of Re are no longer noticed;

e since a = -0.0363 <0, for a fixed wall thickness and successive increments of x4, the gains on

power generated will decrease.
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Figure 4.4: Correlation of Prgg using an equation of the type Preg = krgallTﬁlmRec.

4.2 Quenching distances and HRR

Quenching distances were measured for all fuels blends with different flame work conditions. With the
clay wall two different Reynolds numbers and two equivalence ratios were selected, Re = 200 and Re =
300, and ¢ = 0.7 and ¢ = 0.8. For the GS wall, all equivalence ratios and the same two Reynolds were

chosen, excluding those where temperatures on the TEG hot side exceeded 200 °C.
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For the two walls studied, quenching distances increased with the blending of CO, (Figure 4.5) and
decreased with H, enrichment (Figure 4.5) and with the increase of equivalence ratio.

Flames with higher Re stabilize further away from the wall (larger d,).For flames with ¢ = 0.7 in-
teracting with the clay wall, the ratio d,(Re = 300)/d,(Re = 200) was approximately constant, on
average 1.129 (with a u, of only 0.018) and 1.162 (u, = 0.045) using the OH* and the CH* chemi-
luminescence respectively. With the GS wall, and considering all equivalence ratios and fuel blends,
dq(Re = 300)/d,(Re = 200) = 1.167 with a standard deviation of 0.0914 using the OH* chemilumines-
cence and 1.172 (u, = 0.064) using the CH*.
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Figure 4.5: Quenching distances for all fuel blends tested, ¢ = [0.7, 0.8] and Re = 300, determined
from (a) OH* and (b) CH* chemiluminescence; error bars represent the u, of the 30 different d, values
calculated.

For most of the conditions studied, the value of d, obtained with the CH* chemiluminescence was
bigger than with the OH* by an average of 42 um (average of all fuels, flame conditions and walls). This
is in accordance with the numerical simulations perform by Santos et al. [34], who reported a difference
of 84 pm between the peaks of CH* and OH* concentration.

With the exception of BG60 and ¢ = 0.7, quenching distances measured for the clay wall are larger
than for the GS wall. With the addition of H, to the biogas blends (BG80 and BG60), the d, difference
between clay and GS walls tends to increase.

Kosaka et al [22] observed a decreased of 50 pm in the quenching distances of stoichiometric CH,

flames when increasing the wall temperature from 330K to 450K. Due to small thickness and good
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thermal conductivity of the GS plate, the temperature difference between the two sides of the wall is very
small and can be assumed T,,q; ~ Ty. This is not valid for the clay wall, hence T,,,; was estimated
by calculating the heat flux, in the quenching zone, with the Fourier law (Equation 1.4) and Ty. For
the conditions tested, temperatures at the TEG hot surface varied at most 40K between the conditions
tested, a small difference compared to T, — Twarr, which is in the order of 1100K for GS and 800K for
clay. The variation of wall temperature with fuel and flame conditions is, therefore, expected to have a

small impact on the fluctuations of quenching distance between fuels.

Flame quenching is dominated by heat losses to the wall, at lower wall temperatures, as mentioned
in the introduction (chapter 1), and that d, decreases with increasing surface temperature. Habér et
al. [23] considered that for surface temperatures under T,,,;; < 500K, quenching can be described solely
by heat losses, for lean and stoichiometric premixed CH, flames. For H, flames, reactions may occur
at lower surface temperatures since the radicals which recombine are the ones that take part in the
crucial exothermic, low activation energy reactions which then trigger other reactions. The reduction of
important radicals in the flame forces it to stabilize at a higher distance from the wall. For CH, + Air

[49] or H,+O, [38] premixed flames, one of the most important recombinations reactions at the wall is:

H+OH+M — H,0+M (4.6)

Since the concentration of H and OH species increases when H, is blended, and given the difference in
the surface temperatures between materials, this may explain the small variation of d, with increasing

content of H, with the clay wall, comparatively to the GS wall (Figure 4.5).

Following the William’s second criterion for flame extinction [50], if the flame front is modelled as a
slab near the wall with thickness ¢ ¢;,,, (Figure 4.6), the heat losses to the surroundings must approximately

balance the rate at which heat is being generated by chemical reactions inside the slab (dgq X 6f1m x ).
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Figure 4.6: Scheme of flame quenching by conduction and convection heat losses.

In quenching, the heat lost by the flame is transferred predominately to the wall and a smaller portion
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to the unburnt mixture. The energy balance can be written as:

4y (dg Opim 1) =
1

= (5flm l) X (qgénd + qconv) = (47)

T m Twa
= ((5flm l) Eu% +h (Tflm - Twall):|
q

Introducing the Nusselt number Nu in the equation:

777 T m*T’wa hd
qg/ dq :Eu fl y i (1 + (I> —
q

Ky

(4.8)
T m Twa
=R, Lt Zwall (1 4 Ny)
dq
Rearranging the terms of the equation, we obtain:
§'d2 = (RuAT) (1 + Nu) (4.9)

Boust et al. [26] related the non-dimensional heat transfer to the wall, ¢ = gin/Pfim, with the non-

dimensional quenching distance (Peclet quenching number Pe,), Pe, = dy/d fim, through the equation:

1

[ 4.10
1+ Pey ( )

P

The authors assumed that T, — Towau ~ Tim — T, which is valid since the flame propagates towards
the unheated wall. The model was valid from HOQ to SWQ because, during the flame propagation along
the wall (transient process), the temperature of the wall is, in fact, always cold and equal to the unburnt
gases temperature. However, the same simplification cannot be made for our setup. In addiction, their

formulation only accounts for heat losses by conduction.

For a laminar flow parallel to a flat plate, Nu can be written as a function of Re and the Prandtl
numbers Pr :

Nu o Re'/? pri/3 (4.11)

We assumed that the small fluctuation of T, would be approximately equal to ones of Ty, and
therefore, the difference T't;p, —T'weu would remain approximately constant. For the clay wall, T, —Twau
= 1500 - 700 = 800K, and T’y — Twan = 1500 - 400 = 1100K for the GS wall. The thermal conductivity
and the Prandtl of the unburnt mixture were evaluated at the mean temperature of 1100K and 950K,
for the clay and GS walls respectively, for the different fuel blends and equivalence ratios. The values
of each property did not change significantly between conditions. The mean values of K,,;; and Pr are

presented in Table 4.3.

Since k, and AT were considered constant for the range of fuels and flame conditions used, then, for

a fixed Re, Equation 4.9 can be reduced to:
§d2 = a (4.12)
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where as is constant for a given Re and wall material. Therefore, if quenching is dominated by heat

losses, we get the relation d, o< @_0-5,

Table 4.3: Average + u, values of %, and Pr for all conditions tested and the temperature at which they
were evaluated.

Wall %, [W/mk] Pr (Tim + Twan)/2 K]

Clay 0.0845+0.0015 0.6988 +0.0092 1100
GS 0.0751 £0.0017 0.6973 £0.0104 950

Previous authors [34, 44] have reported a linearity between the HRR and the concentration of the
OH* radical , for CH,, biogas and H,, enriched biogas premixed flames. We used the chemiluminescence
of OH* at the flame tip to estimate an average HRR in the quenching region. From the images acquired,
at the same height of the pixel considered to measure the quenching distance, we extracted the intensity

of the OH* radical, Iom, over a horizontal line

Zflm,2 I d
i
T AT fwflm,l OH

4 = C¢dg0om =€ ( (4.13)

Tflm,2 — xflm,l) X ls

where % i, 1 and x gy, 2 are pixel coordinates [m] of the left and right limits of the normalized 25% pixel

intensity of OH* chemiluminescence, Ioy. Data points were fitted to curves of the type:

——0.5
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Figure 4.7: Quenching distance dependence on the average HRR in the flame tip for (a) Re = 200 and
(b) Re = 300; both quantities d, and q;’jo  are obtained from OH* chemiluminescence.

The curves obtained from Equation 4.14 (Figure 4.7) show good correlation with the experimental

values, with coefficients of determination above R? > 0.8. Deviations from the fitting curve may be due

to (i) a non pure linear relation between ¢

q

recombination reactions.

I

" and OH* chemiluminescence; (ii) the existence of radical

For the same fuel and work condition, the values of ¢, are approximately equal between GS and



clay, meaning that more energy is being lost when the flame interacts with the clay wall, since quenching
distances are larger. On the other hand, the clay wall acts as an insulator and the heat that is transferred
to the wall by conduction is less than with the GS wall. Therefore, the FWI with the clay wall must
result in more heat losses by convection.

Since Ry, AT and Pr in Equation 4.9 are equal for the same fuel blend and equivalence ratios, the
higher values of the parameter a for Re = 300 (Equation 4.14) show in Figure 4.7 suggest that the
convection contribution for heat losses in quenching increases with the unburnt mixture velocity. From

the parameters a obtained for clay and GS and Equation 4.9, we can write:

" 2
|:CQq,OHd Llay  [Emia AT+ Nu)lyy, (aclay>2 N
[cq;”’OHdQ} s [fmia AT (1 4+ Nu)lgg aGs (4.15)

(14 Nu)eay _ 0.0751 x 1100 (2487.2\% e
(14+ Nu)gs  0.0845 x 800 \2210.7) ~

This means that convective heat losses in the quenching region are greater with the clay wall. Furthermore,
the higher surface temperatures cause a lower unburnt mixture density, compared to the FWI with the GS
wall, which lead higher velocities in the quenching zone and, ultimately, to higher quenching distances.
The higher porosity of the clay surface could also promote radical recombination reactions, which could

force the flame to extinguish at higher distances from the wall.

4.3 Velocity field

Since large part of the total heat transferred to the wall is done by convection, the visualization of the
velocity field using PIV techniques permitted a better understanding of trends observed for Prgpg and
NHT-

The divergence of velocity contours, shown in Figure 4.8a, helps to identify the flame front. The rapid
increase of flow temperatures leads to a sudden change in the flow’s density which by the continuity leads
to a positive value of the velocity divergence:

op

V(pV)=v. 5 +Vy?9

+pVV =0 (4.16)

According to numerical studies of flame wall interaction in SWQ configuration, the strongest temper-
ature gradients occur in the flame front [38, 42, 51]. As the left jet of unburnt mixture ignites, streamlines
curve away from the wall, due to the reduction in gas density and the presence of the wall. On the right
branch, the thermal expansion of the gases away from the wall influences how the flame stabilizes, which
combined with the absence of walls leads to a gradual consumption of the unburnt mixture, that flows
almost normal to the flame speed.

The increase of the Reynolds number lead to the increase in the magnitude of velocities and the

combustion products moving further away from the wall, illustrated for BG100 flames with Re = 200

and Re = 300 in Figure 4.8a and 4.8b, respectively.
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Figure 4.8: Velocity magnitudes and streamlines for BG100 flames at ¢ = 0.7: (a) Re = 200 and velocity
divergence VV; (b) Re = 300 with the clay wall; (c) Re = 300 with GS wall.

Velocity magnitudes profiles were taken at y = 35mm, where the flow is predominantly vertical, and
are shown in Figure 4.9. Data points relative to the GS wall at Re = 200 have been omitted for the
sake of clarity. For each material, two distinct groups of curves can be identified, each with its own

characteristic Reynolds Number.

For flames with Re = 300, the peak velocity was ca. 0.8 m/s higher than with Re = 200. Increasing
the equivalence ratio from ¢ = 0.7 to ¢ = 0.8 (BG60, Re = 200) led to higher velocities, ca. 0.1 m/s in
peak velocity at y= 35 mm. However when increasing from ¢ = 0.8 to ¢ = 0.9, the maximum velocity
remained almost constant but in a position further away from the wall. The increase of Ty, causes
a decrease in the gases viscosity, increasing the buoyancy forces, which accelerate the fluid and lead to
higher velocities on the right end of the profiles. Increasing T, is also accompanied with the increase
on flame speed Vi, which results in a lower flame height and larger area of heat transfer. Higher

temperature gradients in the vicinity of the wall (x = 0) result in a higher gcon, and ng7.

The increase of Re results in higher quantities of heat released (Py,,) and higher gas temperatures
along the y coordinate due to the stronger advection. However, it also leads to a larger portion of Py,
to be lost to the atmosphere (due to thermal expansion) and a reduction in the area of heat transfer,

which explain the decrease of nyr for a fixed ¢ seen in section 4.1.

For the same fuel and work condition, velocities magnitude were greater when using the clay wall
(comparing 4.8b and 4.8c for BG100 flames at ¢ = 0.7 and Re = 300 interacting with the clay and GS

walls, respectively).

From the data points extracted at y = 35mm, the difference in the maximum velocity magnitude was
ca. 0.3 m/s for Re = 300 (Figure 4.9). Since less heat passes through the wall and the surface is at
a higher temperature than the GS surface, the lower thermal gradient may lead to lower gas densities

which would lead to higher buoyancy forces, accelerating the flow and resulting in higher velocities.
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4.4 Metamaterials

In section 4.1, it was shown that it is possible to generate electricity using clay as a wall material but
with lower efficiencies than other materials. In the context of the rural application of a TEG with a clay
combustor, even though having electricity might be more important than the efficiency of the system,
improvements are always possible. To improve the heat transfer of the clay wall, metal swarfs could be

placed within the wall to form a metamaterial and create:

e A thin wall in the middle to dissipate the heat evenly across the TEG surface and reduce the

thermal gradient, specially in regions closest to the flame quenching (Figure 4.10a).

e An z-shape profile that transfers the heat from the flame quenching region to a section of the TEG

upstream (Figure 4.10b).

@ (b)
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™o
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o | swarfs S

Figure 4.10: Scheme of metal swarfs arrangement; the flame interacts with the wall on the left side and
TEG is place on right side of the wall.
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The performance of these metamaterials was evaluated using the mathematical model. As reference
thermal conductivity of a metal swarfs, it was used kyqu = 56.7 [W/mK] of GS. For the case illustrated
in Figure 4.10a termed henceforth sandwich, it was considered an interior wall with thickness ¢ = lmm
and a total thickness of t,,4;; = 7.5mm, so that the wall thermal resistance remained approximately equal
to the clay wall used in this work (f,eu = 6.5 mm). In the case of the z-shape profile, the thickness of
the horizontal and vertical sections was 5 mm and 3 mm, respectively, and ¢,,4;; = 7.5 mm.

The flame condition chosen to evaluate the metamaterials was the one that yielded the highest tem-
peratures at the TEG hot side, with the clay wall, i.e. BG80, ¢ = 1 and Re = 350. For that condition,
Prpa was 3.40 W, obtained with the model.

The Prgg obtained with the sandwich and z-shape metamaterials was 3.49 W and 3.55 W, respec-
tively, which corresponds to an increase of 2.6% and 4.4%. Figures 4.11a and b illustrate the temperature

distributions and the heat flux streamlines of the sandwich and z-shape metamaterials, respectively.
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Figure 4.11: Temperature distribution and streamlines of (a) sandwich and (b) z-shape metamaterials.

In the case of the sandwich metamaterial, one can see that heat streamlines curve as they approach the
metallic section (3.5 mm < z <4.5 mm, Figure 4.12a), leading to a more uniform temperature distribution
along the hot surface (Figure 4.12a), compared to the clay wall. Regarding, the wall with the z-shape
profile, heat is conducted to the bottom of the TEG causing an increase of surface temperatures beyond

Tt maz = 200°C (Figure 4.12b).
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Chapter 5

Conclusions

5.1 Overview of work performed

The main objective of this work was to evaluate the potential use of clay as a wall material in the direct
heat-to-electricity power conversion using a thermoelectric generator. The influence of wall material to
the system performance (TEG output power and efficiency) and to the flame wall interaction (d,, heat
release rate and velocity field) was studied. A mathematical model was developed, based on the finite
element method, to complement the analysis of the contribution of the wall (thermal conductivity and
thickness) to the electrical power generated.

Walls made of clay and GS were tested. The results with the GS wall were used as reference, to
compare with the clay wall. Each wall was studied with seven fuel blends. BG100 and two biogas
mixtures (BG80 and BG60), to which H, was added in small quantities (up to 20%), were selected. Each
fuel blends was studied with a range of equivalence ratios (from 0.7 to 1.0) and burner Reynolds number
(from 100 to 350). Chemiluminescence of OH* and CH* radicals was used to evaluate the influence of
wall material in the heat release rate and quenching distances. Velocity fields were investigated using

PIV techniques.

5.2 Achievements
The main findings of the present work are:

1. Prgg and nrpe increase significantly with ¢, regardless of the wall material. Changes in Re cause
variations of Prpg with the GS wall, but not with the clay one. The increase of Re causes large

drops in ng0p. The difference in Prgg between wall materials increases with flame temperature.

2. For a flame in SWQ), d,; are larger with the clay wall than with the GS wall. The chemiluminescence
intensity of the radical OH* was related with d,*® (with a coefficient of determination R? > 0.8).
The increase of unburnt mixture velocity causes higher convective heat losses. The convection

contribution for heat losses in the quenching zone is greater when the clay wall is used.
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3. The decrease in gases density in the flame front causes streamlines to deviate away from the wall
right after the quenching region. Higher temperatures at the clay surface decreases gases density

in the vicinity of the wall, resulting in higher velocities.

4. The mathematical model developed showed an excellent agreement with the experimental results,

with an average error under 7%.

5.3 Future Work

The results obtained with the mathematical model, regarding the use of metamaterials to design the wall
might serve as starting point for its experimental investigation. Other designs of metamaterials could
also be studied using the model developed.

In the perspective of the application of the TEG as an electricity source, different heat exchanger

setup should be considered, such as:

1. A closed water circuit using a small pump powered by the TEG. This could maintain the temper-
ature gradient across the TEG legs, and therefore its efficiency, relative to the experimental setup

used in this work.

2. Replace the heat exchanger by a finned heat sink assembled to a water reservoir. Opposite to the
previous idea, this setup would not need a water pump, hence the power yield would be higher
during short periods. Over time, the increase in water temperature would lead to a decrease in

Ty — Te and electrical power output.

3. A similar concept to the one presented in the first topic would be to use a finned heat exchanger
assembled to a fan powered by the TEG, to increase convection over the fins. That system would
not require water and would generate a constant power output. However, the likely lower convective
coefficient (due to the relative specific heat of air, when compared to water) could lead to higher

temperatures on the cold side of the TEG and, subsequentially, lower power yielded.
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Appendix A

Technical Datasheets

A.1 TEG GM200-49-45-30 Datasheet
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Appendix B

Results
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Figure B.1: Maps of Prg¢ and 1g, for (a) BG60 and (b) BG60 + 20% H, for with the GS wall, and (c)
BG60 and (d) BG60 + 20% H,; continuous lines link experimental Prge whilst dotted lines correspond
t0 Mg10p; black lines denote the values obtained with the mathematical model
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Appendix C

Wall analysis

C.1 Clay microscopic image

100pm MicroLab
20.0kV SEI  SEM

Figure C.1: Microscopic image of the clay wall using Scanning Electron Microscopy (SEM).
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C.2 Chemical surface analysis
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Figure C.2: Energy dispersive X-ray spectroscopy (EDS) spectrum of the clay surface, perform on two
crystals.
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Figure C.3: EDS spectrum of the galvanized steel surface.
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