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Abstract

A model based on one-dimension steady-state heat transfer was developed, to calculate the
generated current, voltage and power of the TEG system. Using the Finite Element Method
(FEM) and the temperature dependent conductivity, resistivity, Seebeck coefficient, and
Thomson coefficient, the output current and voltage were compared for the FEM and the
Average Method (the average value between the hot and cold surface). The FEM and the
Average Method showed different values, especially at high temperature differences AT

above 80 K for the current and above 130 K for the voltage.

The effect of changing the load resistor was studied, proving that the maximum current can
be obtained when the load resistor is equal to the internal resistance of the TEG. In addition,
the model is used to find the optimum combination of size and length of the p-n materials
(thermocouple). The result shows that larger area and the shorter length for the design of

the thermocouple, gives the maximum power.

Parallel to the modelling, the effect of the size of the applied heat system on the current
and voltage was investigated experimentally, showing the effect of the size of the heated
area on the current linear fitting. It is found that the larger the size the better linear fitting.
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Nomenclature

Symbol Parameter Unit
A Cross-sectional Area m?
Cp Specific Heat Capacity J/Kg.K
H Hight m
I Electrical Current A
J Current Density Al m?
Kk Thermal Conductivity W/m.K
K Thermal Conductance W/K
L, L, Lp Length, n-type Length, p-type | m
Length
N Number of Thermocouples -
P Output Power W
Q Heat Flow W
Qp Peltier Heat w
Qr Thomson Heat w
R Internal Electrical Resistance Q
Re Electrical Load Resistance Q
T Absolute Temperature K
\/ Voltage \Y/
w Width m
ZT Figure of Merit Dimensionless
o Seebeck Coefficient VIK
n Efficiency %
p Electrical Resistivity Qm




Electrical Conductivity 1/Q.m
Thomson Coefficient VIK
Peltier Coefficient VIK
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Chapter One
Introduction to the Study

1.1 Waste heat recovery

Waste heat is not well defined in the literature, but it is generally considered
as the unused heat in the atmosphere that generated due to the flow of energy

between two systems with different temperatures (Mahmoudi et al., 2018).

In our surroundings, waste heat is in large numbers and increasing rapidly
because of the expansion of the industrial processes in addition to the heat

produced from natural sources.

The process of burning the fuel, the radiated heat of the ventilation systems,
vehicles and other machines, the radiated heat from solar energy, geothermal
and human bodies are examples of the waste heat sources. Figure 1, shows the
different sources and their contribution to the heat waste in the industry
(Mahmoudi et al., 2018).
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Figure 1: Heat sources (Mahmoudi, Fazli, & Morad, 2018).

This heat can be classified into three grade categories according to its
temperature: Low grade (T < 100°C), Medium grade (T: 100 — 400°C) and
High grade (T > 400°C) (Jouhara et al., 2018).

Waste heat recovery systems are one of the solutions used to improve the
instrument’s efficiency and can be used as a useful alternative source of
energy. For example, the heat can be harnessed and converted to a useful
electric power using the thermoelectric effect where the thermal energy (heat,
temperature difference, and temperature gradient) is converted into electrical

energy and the electrical energy is converted into thermal energy.



1.2 Research Problem

The main limitation found in all work done to model the thermoelectric
generator (TEG) is that most of the models studied the effect of one or two
parameters. However, all the parameters are interdependent, which will affect
the performance at the same time and give inaccurate results as the number of

assumptions are increased.

The main aim of this research is to accurately model the thermoelectric
generator based on its physical specification considering all the parameters,
such as Thomson coefficient and understanding the relationship between
different parameters using experimental methods that help to improve the

performance of TEG.

This research will underline different parameters regarding the performance
and output power of thermoelectric generators: the approximated Thomson
coefficient, the one-dimension heat transfer assumption and the Seebeck

coefficient as a function of temperature.
1.3 Research Questions

1. What are the equations used to model the thermoelectric generator?

2. What is the current research done in the field to improve modelling the
system?

3. Are the assumptions used in the modelling valid and can be generalised?
4. What are the main parameters affecting the performance of the TEG?

5. Which parameter can be theoretically investigated to the modelling?

6. How to improve the performance of the TEG?

4



1.4 Research Objectives

The objectives of this project are:

1. Develop a TEG model taking into account different physical effects, which
are neglected or approximated.

2. Find optimum parameters that give better performance.
1.5 Research Significance

TEG are used in various applications that do not need frequent maintenance
ranging from small scale in wearable devices to the large scale in industries.
However, they still have low efficiencies and give low power and electricity

compared to the system cost.

The research is important to study and understand the behaviour of the
thermoelectric generator under different conditions such as the ratio of the
heated area to the TEG surface and the coordinate of the heated area. Also,
this project helps in designing the optimal device for different operating
conditions based on the heat generated and other parameters which is

important for performance optimisation.

This research can give an overview of TEG behaviour that will help in
developing more accurate model for steady state in this work and transient

state in future and also to find how can TEG be used in different applications.



1.6 Thesis Outline

The thesis includes five chapters; chapter one gives a brief introduction about
the waste heat recovery, the objectives, and significance of the project.
Chapter two shows the physics of thermoelectric generator and the literature
review of the other researches. In chapter three, the finite element method is
described and implemented in MATLAB to find the TEG output.

The results of the experiments and the implementation are discussed in

chapter four and the work’s conclusion in chapter five.

1.7 Research Terminology

TEG: Thermoelectric Generator is a device that converts temperature

difference into electricity.

e TEC: Thermoelectric Cooler is a device for cooling and heating.

o FEM: Finite Element Method, a method used in finding the solution of
a partial differential equation by dividing it into small nodes and solve

each node separately.

e FVM: Finite Volume Method, a method used in finding the solution of
a partial differential equation by dividing it into controlled volume cell

with boundary conditions.
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Chapter Two

Theoretical Framework and Literature Review

2.1 Theoretical Framework

Thermoelectric Generator devices (TEG) has various applications because it
does not need frequent maintenance, and it can range from small scale in
wearable devices (Siddique, Mahmud, and Heyst, 2017) to large scale in
industries (Champier, 2017).

One of the greatest merits for the thermoelectric power generation is its
lightweight, high reliability, environmental friendliness, no moving parts, and
no fluids needed. Therefore, thermoelectric generators are used as waste heat
recovery from power plants and automotive vehicles. In addition, it can
provide reliable power for rural or remote areas, such as on top of mountains

for telecommunication systems or in space probes.

In addition, thermoelectric technology can contribute to power generation as
an alternative to the conventional systems. It can be used in applications where
renewable technologies cannot be used, or it can be combined with renewable
energy to improve the efficiency and the performance of conventional or solar
thermal power generation (Twaha, Zhu, Yan, & Li, 2016).

On the other hand, Thermoelectric Cooler (TEC) systems are implemented in
refrigeration and temperature control, which are mostly used in medical

instruments and many electronic packages.



2.1.1 Thermoelectric Effect

Thermoelectric effect is explained in three main effects:

a. Seebeck effect: The production of an electromotive force (EMF) from two
dissimilar materials with different temperature as shown in Figure 2, it was
discovered in 1821 by Thomas Seebeck when the junction of two dissimilar

metals was heated, and a voltage difference (V) was produced.

The voltage difference between the two metals can be calculated using Eq.1,
where AT is the temperature difference between the hot and cold sides (T —
Tc), and a is the Seebeck coefficient, and it is defined as the difference of the

Seebeck coefficient of the two metals (0. = oy — o)

V = aAT = (ag - ac)AT (1)

| Hot Side TH |

Conductor

R,

Figure 2: Seebeck effect

b. Peltier effect: The heat absorption or generation when the current flows

through the junction. In 1834, Jean Peltier discovered that as the electric

9



current passes through the junction of the two dissimilar metals, heat

absorption or generation appears.

Eq. 2 shows the relation between the rate of heat generated/absorbed (Qp) and
the current (1) passing through the junction where T is the Peltier coefficient,
and it causes the heating flow when two materials are used with different

coefficient values (1 = g — 11¢)

Qp =1l = (g — )l (2)

| Cold Side |
| — |
S) ® D
| [
® P

i Qp

p-type
il —

| Hot Side

=
v

R <D <O

Figure 3: Peltier effect

c. Thomson effect: The emission or absorption of heat in a single metal when
it has a temperature difference between two points, and there is a flow of
electric current through it. It was discovered by Willian Thomson in 1854
when he discovered that temperature difference occurs in a conductor when a

voltage difference is applied between two points.

10



The rate of heat Qr can be calculated using Eg. 3 where t is Thomson
coefficient, J is the current density, and dT/dx is the temperature gradient. The

negative sign represents the flow direction.

dT
0r = —yT = —tl— 3)
;= T% (4)

However, for single material having a temperature gradient, the effect of Joule
heating appears: As the current flows through the conductor having resistance
(R) the Joule effect is internally appear (Dziurdzia, 2011); this heat rate (Q;)

can be calculated using:
Q; =1I°R (5)
Combining both Thomson and Joule effects gives the net heat rate Q,,.; as

follows:

dT
Qnet:Q]_QT:IZR_TIE (6)

The electrical Seebeck effect can be related to the thermal Peltier and
Thomson effect using “The Kelvin relationship” which combine the three
effects, thermodynamically, as follows:

dm (7)
——=a+T
m=aTl

11



2.1.2 Thermoelectric Generator (TEG)

The thermoelectric generator, illustrated in Figure 4, is a semiconductor

device consists of a number of thermocouples (p-n materials) that are

connected thermally in parallel and electrically in series, to give the maximum

output voltage (Montecucco, Siviter & Knox, 2014).

Insulator

p-type
Semiconductor

n-type
Semiconductor

YT P

TIEITT

!
n-type -typ!

— | — | ——
Cold Side ‘
Ry
ANA~

Figure 4: Thermoelectric Generator Module

~d b
& <o

Those p-n junctions are connected by conductors and is sandwiched between

two ceramic plates that work on isolating the module and supporting it.
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The optimum size of the TEG depends on the application’s conditions and the
required output. For example, in the hearing aid, the area of TEG should be in

the range of mm? while in the industry it can reach the range of cm?,

The TEG working mechanism based on thermoelectric effect generally and
Seebeck effect especially, where the voltage is produced due to the excitation
of the electrons and the flow of current when there is a temperature difference

in the thermocouples.

The efficiency (1) of the TEG is calculated using Eq. 11:

Power output

n 9)

~ Power absorbed by hot junction

The materials used in the TEG has an impact on the efficiency of the device
since the physical parameters like conductivity, resistivity, Seebeck’s and

Thomson’s coefficients are temperature dependent.

The performance of the thermoelectric material is calculated using the figure
of merit (z) that relates all the mentioned coefficients. It is represented in the
following equation:

2

zT = T (10)
PK¢c

The figure of merit can be found if the efficiency is maximum and the
temperatures and the ratio of the load resistor to the internal resistor (m= R./R)
are fixed. Using the steady-state heat equation, the figure of merit can be

found:

13



P 2R,

1=, " KAT + aIT, — % I?R
2
) (r5R;) B
KAT+0((%7};L)T,I VA (%)ZR
2
) (7t ) @
B mAT
_Z—§(1+m)+Th—1/z%
_ mAT
n_%(1+m)+Th—1/2%

From the steps above and from Eq. 10, the efficiency (n) of the TEG increases
as the value of the figure of merit (z) get larger, and this can be reached by
choosing materials with high Seebeck coefficient, low thermal conductivity,

and low electrical resistivity (for single material).

The development of nanotechnology in material science has improved the
efficiency and performance of the thermoelectric generators. However, they
still have low efficiencies and give low power and current compared with the
system’s cost. The performance of the generators under different conditions
(high and low temperature difference and gradient) has been investigated by
introducing new materials and alloys, such as, BiSb and Bi,Tes or thin films
like p-Sbh,Te; and n-Bi,Tes;, that are characterized by high electrical
conductivity and low thermal conductivity (Twaha, Zhu, Yan, & Li, 2016).

14



Materials used in the TEG should go under financial investigation by
considering different costs (raw material, components, and fabrication) and
coupled thermal and electrical transport factors. (LeBlanc, Yee, Scullin,
Dames & Goodson, 2014)

Figure 5 shows the value of the figure of merit for different thermoelectric

materials, for most materials the value is increasing as the temperature

increases.
a)z ; p-type thermoelectric materials
20+ PbTe-SrTe-Na
56(91\“
Na-Pb-Sb-Te 5

1.5 4

il Bi,Sb, Te,

N

B-doped SiGe

Hf, s Ti, ,C0Sb, ;Sn, ,
(Half-Housler)

25 L UL e | T T T T T T | LS B LY B
2.0+
g’) PbTe-Ag,Te-La CoSbn
A L2005 Dot {
154 Ba’“"sku“e\'\‘d‘w
PR
';; Bi,Te,,Se
1.0
0.5+
(Clathrate)
00 1 1 1 1 1 1 1 1 1 1

VL PSSO LS S SS.®
PSP EEOE P S

Temperature (K)

Figure 5: Figure of merit for different thermoelectric materials
(Rull, Moure, Fernandez, & Martin-Gonzalez, 2015)
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2.1.3 Thermoelectric Generator Heat Equation

The heat equation of the thermoelectric generator, in general, is the sum of the

heat sources and losses (Qnet = QPeltier + Qconduction + Q]oule +

QThomson)-

The radiation heat loss from the thermocouples can be neglectable since it has
a small value as well as the convection heat loss for small modules (Bjerk,
Christensen, Eriksen, & Pryds, 2014). Eq. 11 represents the heat equation of
the TEG:
aT g - — ]2 e
paCyp (—) =V.(kVT)+TJ(Va); +——1J.VT
dt o
(11)
—7(k|7T)+TI Fa)y + - — 7192 5y
- 2Vt =T aar
Where the first term on the left represents the transient heat rate, while on the
right, the first term is the conduction heat, the second is Joule heating, and the

third is Thomson heat.

Since the thermal conductivity, electric conductivity and Seebeck coefficient
are temperature dependent then for a single material each parameter can be

calculated as a function of temperature using the following equations:

k=k,*(1+F(T —T,)+G(T —T,)?) (12)
c=0,*(1+F(T—-T,) +G(T—T,)? (13)
a=a,*(1+F(T—-T,) +G(T—T,)?), (14)

where F and G are the temperature coefficients of the material.

16



For each thermocouple, the thermal conductance and the resistance should be
calculated by finding the average conductivity and electric conductivity of the

p-n materials as follows:

T
k,..(T)dT
= ch p,n( ) , (15)
P Ty —T¢
k,A, k,A
K= (224 "”), (16)
(5,
Th
T)dT
5 . _ fTC O-p,n( ) ’ (17)
P Ty —T¢
L L
R=(=2 .
<5PA29 ¥ 5nAn>’ (18)
Th
T)dT
& . _ ch ap,n( ) , (19)
P Ty —T¢
a = (a, — ay), (20)

As a result, the heat equation for the thermocouple will become as follows:

Q ,, = KAT — I?R + @, T,I — ITAT 1)

Q . = KAT + I’R + a,T.I + ITAT (22)
where Qp and Qc are the heat rate at the hot and cold sides of the TEG.

The current generated from the TEG can be calculated using the following
equation:
ahTh — aCTC — AT

I= R+R, (23)

17



The voltage will be equal to:

V= N(a,T,, — a.T, — IR — TAT) (24)

where N in the number of thermocouples in the module.
The output power will be equal to:

P =0Qy —Q; = N(ayT, — a,T.)] — >R — ITAT) = I?R, (25)

Therefore, the efficiency will be:

_ (anTy — acT I —I*R — ITAT I?R,;
T="KAT —I?R + a,Tyl — ITAT _ KAT — I?R + a, Tyl — ITAT (26)

The maximum output can be calculated when the derivation of the power
with respect to the load resistor is equal to zero, which can be obtained when
the load resistor equals the internal resistor (R_ = R) as shown in Eq.28 and
Eq.29.

dP _ o
dR
d d 27)
—= (@ Ty = @ Tl = PR = ITAT) = — (I’R,) = 0
Then,
ahTh —«a,.T. — TAT
Imax = N ZCRC ) (28)
an Ty, —a.T. —1AT)?
Pmax — NZ ( hth c*c ) (29)

4R ’

18



The maximum voltage can be found when the current equal to zero (open

circuit) as follows.

Vinax = N(apTp — a T, — TAT) (30)

By including the effect of Thomson, the figure of merit becomes:

_ P I?R;
=4 = KAT + aplT, — % I2R — % IAT
aAT — TATN?
_ ( R+ R, ) Ry
B aAT — TAT aAT — TAT\? aAT — TAT
ol +an (T )~ % Crrr ) B % (Crer, )T

aAT — TAT\?
- (m) (mR)
aAT — AT\, _ ., (@AT —TAT\*p - (aAT — AT
KAT+ah(R+(mR))T’”‘ /2<R+(mR)) : /”(R+(mR))AT
— mAT
-~ _KR B — T
(@—1)2 (1+m) + (a — D[, Ty, — Y2 TAT] AT
(apTp — a T, — TAT)(ay — a. L) 9n
— Th kn
knop | Ty

Figure 6 shows the parameters that go in the heat (Eg.11) and in calculating
the output of the model.
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* Thermal Conductivity(Th)
* Electrical Resistivity(Th)
* Seebeck Coefficient(Th)

Material Properties

* Dimensions (x,y,z)

* Number of elements

* Density

» Temperature Coefficient
* Thermal Conductivity

* Electrical Resistivity

* Seebeck Coefficient

* Thermal Conductivity(Tc)
* Electrical Resistivity(Tc)
* Seebeck Coefficient(Tc)

Cold
Temp

Hot Ceramic I Ty :

—_—d

é_—_

|
]
]
F Hot Conductor
!
]

Qu= K(THCDM —Ty)

) R Y1 T T T
: : @
v N vy
Voltage
Cold Cold =
T =T ; [ VA
Conductor Conductor Geond " "(materialt) || To_,
Q.= ((Tcwnd =Te)
Cold Ceramic T,
AN

Figure 6: TEG Boundary condition



2.2 Literature Review

Modelling the TEG devices to investigate its performance and to find the
optimum design requires a comprehensive understanding of the
thermodynamics and analysis of the thermal/electrical behaviour under
different operating conditions. (Goupil, Seifert, Zabrocki, Muller & Snyder,
2011) and (Twaha, Zhu, Yan, & Li, 2016).

In the literature, the TEG was modelled under different conditions, different
analysis methods (Finite element method, Finite volume method...etc) in

addition to several validation techniques (experimental or theoretical).
In general, the literature can be divided into three categories, as follows:

1. Studying the TEG parameters such as the thermal contact resistance,

Thomson coefficient, heat losses ... etc.

e The contact thermal resistance was investigated, and the constant heat
gradient and constant heat flow were implemented (Siouane, Jovanovic,
& Poure, 2016a).

e Studying the influence of the contact layer resistance, Thomson effect,
Joule heat and thermo-pellet gap heat leakage. However, the Thomson
coefficient was assumed to be constant (Wu, Zuo, Chen, & Klein, 2016a).

e The equivalent electrical circuits of thermoelectric generators under both
constant temperature gradient and constant heat flow conditions (Siouane,

Jovanovi¢, & Poure, 2016b) and (Siouane, Jovanovi¢, & Poure, 2017).



Coupling the temperature field and electric potential field by developing
a three-dimensional numerical model (Wang, Huang, Cheng, Ta-Wei Lin,
& Kang, 2012).

The conduction, convection, and radiation heat losses were considered,
and they found that the convective heat loss can be neglectable -only for
the small size- and they suggested some solution in manufacturing the legs
to maximise the efficiency (Bjerk et al., 2014).

The convection heat loss has an impact on the performance by studying
the behaviour analytically including different parameters such as ohmic
heating, Peltier, Seebeck and Thomson coefficients exposed to convective
boundary conditions for the one-dimension heat transfer and then
developed it numerically to two dimensions heat transfer (Rabari,
Mahmud, Dutta & Biglarbegian, 2015).

The temperature dependence of Seebeck coefficient, electrical resistance,
thermal conductance, and figure-of-merit experimentally was studied by
calculating the average values of a group of direct measurements acquired
every second (Mitrani et al., 2005).

A correlation between Seebeck coefficient and its impact on the system’s
performance (Liu etal., 2017). However, the correlation was validated for
one system and a new definition ‘‘effective Seebeck coefficient’” was
proposed (Hsu, Huang, Chu, Yu, & Yao, 2011).

An analytical model was derived to find the effective temperature
difference as a function of the load current and propose the ‘‘effective
Seebeck coefficient” (Kim, 2013).
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e A study modelled the system with a three-dimensional numerical model
including nonlinear fluid-thermal-electric multi-physics coupled effects
(M. Chen, Rosendahl, & Condra, 2011).

e Theoretically analysing two parallel TEGs based on thermodynamics
theory, semiconductor thermoelectric theory and law of conservation of
energy and tested the model experimentally (Liang, Zhou, & Huang,
2011).

e Thermal-electric coupled multi-physics analysis technique was used to
find the thermal and electrical performance numerically with considering

the effect of thermal and electric contact (Wenguang Li et al., 2015).
2. The impact of TEG structure and design on the efficiency.

e Developing a maximum energy conversion model mathematically. A
new compact TEG is designed by changing the internal layout and
arrangement of the p-n materials to be alternative inline, and that has
improved the performance compared to the traditional TEG (Ming et al.,
2017).

e Two numerical models were developed work by solving the conservation
equations of Seebeck and Ohmic potentials using the implementation of
finite volume method in computational dynamic fluid software
(FLUENT) without including the contact resistance effect in the
simulation to understand the heat and electricity transfer characteristics,
in addition to the investigation of the shape of the semiconductor (Niu et
al., 2015).

It was found that the power increases when the cross-sectional area of the

semiconductor is varying because it will affect the temperature gradient.
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e The influence of the pin material configuration on the performance was
studied (Ali & Yilbas, 2016) and the relation between the leg sizing and
spacing and the performance was derived (Erturun, Erermis, & Mossi,
2015).

¢ Studying analytically the performance of the TEG including the influence
of Thomson effect and the effect of the leg geometry by introducing the
dimensionless geometry/shape parameter for various operating
temperature ratio (Lamba & Kaushik, 2017).

3. The analysis method used to model the TEG (FEM, FVM)

e Using the finite time thermodynamics method to model the internal heat
generation inside the TEG, taking into consideration the effect of Joule,
Thomson, and Peltier effects, and the external heat transfer which was
found that the last one has no effect on the characterization of the TEG
performance (L. Chen, Meng, & Sun, 2012).

Also, optimizing the maximum power and efficiency for different linear
and nonlinear heat transfer laws such as the Newtonian heat transfer,
radiative heat transfer law and generalized convective heat transfer in
addition to others using Euler-Lagrange functions. It was found that the
Newtonian heat transfer had the maximum power and efficiency

compared to the other heat transfer laws (Figure 7).
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Figure 7: IV curve for different heat transfer laws
(L. Chen, Meng, & Sun, 2012).

e Using the finite element method (as shown in Figure 8) in addition to the
integral averaged Seebeck coefficient to study the effects of the
temperature dependence of thermoelectric materials and Thomson effect
(Shen, Wu, Xiao, & Yin, 2016).

Heat source Ty~

]

>|
>

T(i-1)

Ty(0)
~ Ty(i+1)
T(i+2)

Ty(n-1)

Figure 8: Models schematic view
(Shen, Wu, Xiao, & Yin, 2016).
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The model takes the segments and initial temperature distributions of p-type
and n-type legs, calculate the physical properties of each segment base on the
temperature distributions that has been improved and then the electric current
() is found. However, they assumed that the p-type and n-type legs have the
same segments. It was found that the relative errors of the output power and
efficiency increases if the side surface of the legs is increased, also the degree
of nonlinear temperature distributions along the legs increases when the side
surface heat transfer coefficient increases, whereas both the junction

temperatures and the temperature difference between two junctions decrease.

e Using the temperature-dependent coefficients in three subdomains: the
high and low sides heat exchanger and the thermoelectric material (Figure
9) which was based on the finite volume method (Yan, Dawson, Pugh, &
El-Deib, 2014). The results of the simulated and measured data were

almost the same; however, the contact resistance was not considered.

oE
0E —oaVT + SE =/
I II I1I

T ar 2 2 ar
e v(kVT) pCozr = V[(k + 0a®T)VT — 6aTE] + 0E? — 0aEVT pcva

A B C D

oC, = P(kVT)

Figure 9: Model's subdomain
(Yan, Dawson, Pugh, & EI-Deib, 2014).

Table 1 and Table 2 summarise the surveyed TEG models with different

assumptions and methods.
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The finite element method is applied to steady-state heat equations including
the influence of the Thomson effect, Joule resistance, Seebeck effect, and heat
conduction. Also, the effect of current on the temperature distribution and the
effect of applying different heat sources will be studied in order to understand
the behaviour of temperature on the TEG output. Finally, this model will

studies the effect of thermocouple size on the performance of the TEG.
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Table 1: A summary of TEG models in the literature for parameters used and different analysis methods

Parameters
Authors Thermal Heat Heat Analysis Comments
a | T contact Method
: Losses | Transfer
Resistance
(Md Yusop, Mohamed, & \ Transient heat sources
Ayob, 2013)
(M. Chen et al., 2011) R FVM
(Cheng, 2016) YRR Insulated
(W. Li et al., 2017) \ V FEM
(Liang et al., 2011) \ With heat sink
(Singh, 2003) \ FEM
(Siouane et al., 2017) \ Electrical Modeling
(Yan et al., 2014) \ \ FVM | Transient + steady state analysis
(Bjork et al., 2014) All Radiation, Conduction, Convection
(Marchenko, 2018) N N 1D Perturbation method
(Zou, Kanimba, Diller, Tian, &
He, 2018)
(Wu et al., 2016a) N [N A 1D Steady state analysis
(Ali & Yilbas, 2016) \
(Lazard,2009) R Assumption: Thermophysical
FEM | properties are constant + Steady state
analysis




Table 2: A summary of TEG mathematical models in the literature

Paper

Assumption and
methods

Equations

Conclusion

Effect of Convection Heat
Transfer on Performance
of Waste Heat
Thermoelectric Generator.

(Rabari, Mahmud, Dutta &
Biglarbegian, 2015)

e Steady state

e Neglect contact
resistance

¢ With convection heat

e 1D Heat Transfer

d?T I?R
__|_ —_— = T_
dx? kA2 (

Tl dT
kA dx

I’R
T(x) = CleDlx + Czesz + % + Ta

(ap—an)(T1—T2)
R+R;,

I =

__ 1AV I((ap_an)(Tl_Tz)_IR)
q1 q1

D -2 =0

the convection heat transfer
coefficient affects the
performance of TEG.

thermoelectric generator
(Wu, Zuo, Chen, & Klein, 2016b)

A model to analyze the device
level performance of the

e Steady state

¢ With contact
resistance

e Constant Thomson
coefficient

e 1D Heat Transfer

d*T 1?’p 11 dT
dx? AAZ QA dx

Th— Tc_

TIx/AA __
Teoy = oTIL/AA_q (e

1) Ipx

Th(anp—ann)-Te(acp—acn)—TAT
Rc-Ry

I =

Thlanpn—ATITpn—1*Rpn—1?R;

n=

Trlanpn+(Kp—Kn)AT+1%(Rp+R;,—Rpn) —ATITpn—I?Rcpy

e Thomson effect has a big
impact on the higher
temperature gradient.

e The thermal resistance of
the contact layer reduces
the temperature drop and
the electrical resistance
lower the power output.

e Minimising the gap
between the pallets makes
the performance better.
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Chapter Three

Methods and Procedure

3.1 Research Study’s Methodology

Since it is difficult to model the TEG with considering all the parameters
without knowing the effect of varying each parameter individually, the impact

of Thomson coefficient is considered in this work.

In addition, all the detailed properties and dimensions in the model will make
it more complicated, as well as, ignoring and simplifying the equations used

in the model will lead to an inaccurate result.

To improve the modelling of the TEG, the research methodology was divided

into two main stages:

e Developing a theoretical model for TEG.

e Investigating the optimum size of the element for a specific

temperature difference.

Furthermore, to understand the behaviour of the TEG voltage and current with
temperature and size. This work has included an experimental part which will

be discussed in the following section.



The model was built in the MATLAB, where for each thermocouple, the
length of the element was divided into intervals, and the finite element method
was applied by finding the temperature distributions for each part and then
calculate the average properties of that part. Following this, the average
properties are calculated, and the output current, voltage power, and efficiency

is found. The following flowchart shows the steps of the model:

Input initial Temperatures

Togry  Taga

Find
Ryis Rugio Reo
Koz Ko Ky
Ooik) %ngk) %o

Find
Iy Vo

Find
Tp(i,kﬂ) Tn(i,kﬂ )

Find
Qu Qc P 1

Figure 10: Matlab flowchart

The main objectives of this model are:

1. Tocompare the average value of conductivity, resistivity, Seebeck and
Thomson coefficients using the average of the cold and hot sides and
using the finite element method.
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2. Tofind the effect of hot temperature variation on the current generated,
voltage and power output.

3. Tofind the optimum value for the load resistor that gives the maximum
power output.

4. To find the effect of the length and area on the output power and
efficiency.

5. To study the effect of temperature variation along the length of the

material.

3.1.1 Modelling Thermoelectric Generator using Finite Element
Method

The main limitation found in all the works done to model the TEG is that most
of the models studied the effect of one or two parameters. However, all the
parameters are interdependent, which will affect the performance at the same

time.

This section will underline some of the main parameters and assumptions that
affect the performance and output power such as the approximated Thomson

coefficient and Seebeck coefficient as a function of temperature.

The second part of the model is to find the matched load resistor for a specific
temperature difference and to find the relation between the length and the area

of the thermocouples on the TEG performance.

The Finite Element Method (FEM) is used in this work since there is a
temperature gradient along each thermocouple which will affect the properties

of the material.
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Figure 11 shows the scheme of applying the FEM to the model.

£ k7
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Figure 11: Model's scheme

In this model, the module is assumed to be perfectly insulated, where there is
no heat on the side surfaces, and the hot and cold sides temperature equals the

ambient temperature.

The temperature distribution function of the material over its length is
assumed to be decreasing linearly from the hot to the cold temperatures, and
to validate this assumption, the temperature function including the effect the
current generated Eq.32 and Eqg. 33 (Wu, Zuo, Chen, & Klein, 2016b) was

used to find the temperature distribution behaviour:
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Ty = Toow = 7,57 21(j) /fenA
— T nin _—
Tngjy = oTlLn/kndn — 1 (e !
_-A 5T (])*'Tﬁ00
T T + — l L
p(1) — ‘pn) 7 _
T. . = ApGpT (eﬂ(f)/kpAp _
r(J) eTILp/kpAp -1
Ap_ -(I) + Ty

1)

1)

(32)

(33)

The following code was used to find the effect of the temperature distribution

as the current flows in the p-n material using Eq. 32 and Eq. 33

for t=1:tend

for j = 2:1o0ps
Tni = Txn(j-1,:);
Tpi = Txp(j-1,:);

conductivity T nTypeUnit =
conductivity T pTypeUnit =
Conductance = ...

resistivity T nTypeUnit = ...
resistivity T pTypeUnit = ...
Resistance =

seebeck coef T nTypeUnit =
seebeck coef T pTypeUnit
Seebeck n avg = ...
Seebeck p avg = ...

thomson coef T nTypeUnit =
thomson coef T pTypeUnit =
Thomson voltage = ...

(Current* (Rtotal)) ;

Current=((Th*Seebeck H)-(Tc*Seebeck C)-
(Rtotal + RL);
Voltage=((Th*Seebeck H)- (Tc*Seebeck C)-

(Thomson voltage))/

(Thomson voltage)) -
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Tn n = (Th-Tc-Current*mean (resistivity T nTypeUnit) *L/
(Thomson_n_avg*A))*(exp(Thomson_n_avg*Current*dl*(x)./(mean(con
ductivity T nTypeUnit)*A))-1)./ (exp(Thomson n avg*Current*L/
(mean (conductivity T nTypeUnit)*A))-1)+ Current
*mean(resistivity_T_nTypeUnit)*dl*(x)./(Thomson_n_avg*A) + Tc;

Tn p = (Th-Tct+Current*mean (resistivity T pTypeUnit) *L/
(Thomson_p_avg*A))*(exp(Thomson_p_avg*Current*dl*(x)./(mean(con
ductivity T pTypeUnit)*A))-1)./ (exp(Thomson p avg*Current*L/
(mean (conductivity T pTypeUnit)*A))-1)+Current
*mean(resistivity_T_pTypeUnit)*dl*(x)./(Thomson_p_avg*A) + Tc;

T diff n = -diff(Tn n);

T diff p = -diff(Tn_p);

Txn(j,:) = (Tn n(l:end-1)+Tn n(2:end))/2;
Txp(j,:) = (Tn p(l:end-1)+Tn p(2:end))/2;
End

Eq. 15 to Eq. 26 listed in the previous chapter have been modified using FEM.
The equations for calculating the conductivity, resistivity and Seebeck
coefficient as a function of temperature were derived from fitting the graphs
provided in the data sheets.

Since the average conductivity, resistivity, and Thomson are volume
properties so they are calculated for each A, then the conductance (K),
resistance(R), and average Thomson coeffiecent (t) are calculated as follow:

- kn(jy + kngj+2)

Knijs1) = > (34)
_ koo + kp;
_ —rQ) p(+2)
kp(j+1) = > (35)
k,A, k,A
Ky =( zl), Z + 2 o) (36)
p n

_ Pnij) T Pn(j
Priisn) = n(j) > n(j+2) (37)
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_ Pp() T Pp(j+2)

Po(j+1) = >
pﬁLp Pnln
Ry =(F—+—7)
) Ap A,

Tp(j) t Tp(i+2)

Tn(j) = 5

Tp(j) t Tpi+2)

() = >

Tty = (fp —Tn)

(38)

(39)

(40)

(41)

(42)

However, the Seebeck effect occurs only between the junction of two

materials which mean that it affects only the surfaces of the material and the

generated current as follow:

Un(1) T An(n)

Un(jy = — (43)
(04 +
&p(j) _ p(1) . p(n) (44)
Ay = (&p — Qy) (45)
_(ay = am)(Tay = Tmy) — 7y (Twy = Tey)
R(t) + RL
_ 2
Vi = (@) = am) Ty = Tew) = 70 (Ty — Tew) — IR (47)

To compare between the average method and the finite element method the

following code was used:

$———-Finite Element Method
for i=1:n

conductivity T nTypeUnit = 1.098018*(107-13)* (Ti"5)
10)*(T1i%4) + 4.194853*(107"-=7)* (Ti"3)

7.41657* (107-2)*Ti - 4.678652;

- 3.359249* (10"-

- 2.596344*(10"=-4)*(T1i"2) +
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conductivity T pTypeUnit = -6.020716 *(107-14)*(Ti"5) +

1.685395*% (107-10)*(Ti"4) - 1.851765*(10"-7)*(T1i"3)+1.026943* (10"~
4)*(Ti"2) - 3.144958 *(107-2)*Ti + 6.002589;

conductivity n avg = (conductivity n avg +
conductivity T nTypeUnit/n);

conductivity p avg = (conductivity p avg +
conductivity T pTypeUnit/n);

resistivity T nTypeUnit = 1/(7.795516 *(107"-9)*(Ti"5) - 1.970185
*(107=5)*(Ti"~4) + 1.774757 *(10"-2)*(Ti"3) - 5.836094* (Ti"2) -
3.849606* (1072) *Ti + 4.877652*(10"5));

resistivity T pTypeUnit = 1/(-1.021713*(10"-8)*(Ti"5) + 2.610834
*(107=5)*(Ti"~4) - 2.497777 *(10"=-2)*(Ti"3) + 1.133756*(10)*(Ti"2) -
2.728566 *(1073)*Ti + 3.977257*(10"5));

resistivity n avg = (resistivity n avg + resistivity T nTypeUnit/n);
resistivity p avg = (resistivity p avg + resistivity T pTypeUnit/n);

seebeck coef T nTypeUnit = 2.800502 *(107-18)*(Ti"5) -

7.003341* (107-15)*(Ti%4) + 8.500587*(10"-12)* (Ti"3) - 5.754601* (10"~
9)*(Ti"2) + 1.629824*(10%-6)*T1i + 2.786129* (10"-4);
seebeck coef T pTypeUnit = 3.821203 *(107-17)*(Ti"5) - 9.49083*(10"-
14)*(Ti"4) + 8.648769 *(107-11)*(Ti"~3) - 3.556152*(107-8)* (Ti"2) +
6.80366*(107-6)*Ti - 4.40752*(10"-4);

Seebeck n avg = (Seebeck n avg + seebeck coef T nTypeUnit/n);

Seebeck p avg (Seebeck p avg + seebeck coef T pTypeUnit/n);
thomson coef T nTypeUnit = Ti*(5*2.800502 *(107-18)*(Ti"4) -
4*7.003341*(107=-15)*(Ti"3) + 3*8.500587* (10"-12)*(Ti"2) -
2*5.754601* (107=9) *(Ti) + 1.629824* (10"-6));
thomson coef T pTypeUnit = Ti*(5*3.821203 *(107-17)*(Ti%4) -
4*9.49083* (107-14)*(Ti"3) + 3*8.648769 *(107-11)*(Ti"2) -
2*3.556152* (107°=-8) *(Ti)+ 6.80366* (10"-06)) ;

Thomson n avg = (Thomson n avg + thomson coef T nTypeUnit/n);
Thomson p avg = (Thomson p avg + thomson coef T pTypeUnit/n);
if 1 ==n

conductivity n C = conductivity T nTypeUnit;
conductivity p C = conductivity T pTypeUnit;

resistivity n C = resistivity T nTypeUnit;
resistivity p C = resistivity T pTypeUnit;
seebeck coef n C = seebeck coef T nTypeUnit;

seebeck coef p C seebeck coef T pTypeUnit;
thomson coef n C thomson coef T nTypeUnit;
thomson coef p C = thomson coef T pTypeUnit;
end
if 1 ==
conductivity n H = conductivity T nTypeUnit;
conductivity p H = conductivity T pTypeUnit;
resistivity n H = resistivity T nTypeUnit;
resistivity p H = resistivity T pTypeUnit;
seebeck coef n H= seebeck coef T nTypeUnit;
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seebeck coef p H = seebeck coef T pTypeUnit;
thomson coef n H = thomson coef T nTypeUnit;
thomson coef p H = thomson coef T pTypeUnit;
end
Ti = Ti - Tn;

end
%$-—---Average Method
sum _cond n TcTh = (conductivity n H + conductivity n C
sum_cond p TcTh = (conductivity p H + conductivity p C
sum _resis n TcTh = (resistivity n H + resistivity n C)
+ resistivity p C)

sum_resis p TcTh = (resistivity p H
sum_ Seebeck n TcTh =

sum_Thomson n TcTh

(seebeck coef n H+ seebeck coef n C
sum_ Seebeck p TcTh = (seebeck coef _p_H+ seebeck coef P C)/2
(thomson coef n H + thomson_coef_n_C)/2

sum Thomson p TcTh = (thomson coef p H + thomson coef p C)/2;

Also, the passing current will affect the amount of heat transfer by changing

the value of total conductance and resistance of the module; the new values

are calculated using the equations below:

Kt = Tnl
") 1 — g~Tnlln/knAn
* _ fpl
P)  oTpllp/kpdp _ 1
i} k A, 1
Rn(t) n(t)(— L, 11— e—ntLn/knAn)

. kA, 1
Py — (t)(—  oTpllp/FpAy _ 4

The generated heat on both sides will be calculated as follow:

Uy = Tl + (K5, o Kio) Ty = Tow)

2 * *
+ 18 (Ryy tRuy — Rey) = T (Tawy = Temy) ey

— % 2 *
QC(t)—“(n)T<n>’(t)+(Kp(t) Kio) Ty = Tow) + IRy
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However, there is no significant impact on the output due to the above

equations at the steady state.

Current(t)=((Th*Seebeck_H)—(Tc*Seebeck_C)—(Thomson_voltage))/
(Rtotal + RL);

Conductance star n(t)= Thomson_n_avg*Current(t)/((l—exp(—
1*Thomson n_avg*Current (t) *L/ (A*conductivity n avg))));

Conductance star p(t)= Thomson_p_avg*Current(t)/
((exp (Thomson p avg*Current (t) *L/ (A*conductivity p avg)))-1);

Resistance star n(t) = Resistance n(t) *
((A*conductivity n avg/(Thomson n avg*Current (t)*L))-(1/(1-
exp(—l*Thomson_n_avg*Current(t)*L/(conductivity_n_avg*A)))));

Resistance star p(t) = Resistance p(t) * ((A*conductivity p avg
/(Thomson_p_avg*Current(t)*L))—(1/(exp(Thomson_p_avg*Current(t)
*L/ (conductivity n avg*A))-1)));

Resistance star(t) = Resistance star p(t)+Resistance star p(t);
RstarTotal = Resistance star(t);

Q Hot (t) = Seebeck H*Current (t)*Th +(Conductance star n(t)+
Conductance star p(t))* (Th-Tc)+((Current(t)"2)*

(Resistance Thomson p(t)+Resistance star n(t)-Rtotal)-
(Thomson n avg*Current(t)));

Q Cold(t)= Seebeck C*Current (t)*Tc + (Conductance star n(t)-+
Conductance star p(t))* (Th-Tc)+ ((Current(t)"2)
* (Resistance Thomson p(t)-Resistance star n(t)));

The output power was calculated using two equations:

Py = Quey — Qe (54)

Pey = IRy (55)
and the efficiency is found by:
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P

= (56)
Qu(
% 1
Power (t)= Q Hot(t)- Q Cold(t);
% 2
Powerl (t)= Seebeck H*Current (t)*th(t) - Seebeck C*Current (t) *tc
- Ttotal*Current (t)*dt - (Current(t)”"2)*Rtotal;
% 3
Power2 (t)= (Current (t)"2) .*Rls (t);

Effeciency (t)= Power(t)./Q Hot(t);
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To find the current versus power curve the following code was used:

Rls = 0:0.001:1;

for i = 1l:steps;

RL = Rls(i);

Stotal = Seebeck p avg - Seebeck n avg;
Ttotal Thomson p avg - Thomson n avg;

Current (i) =((Th*Seebeck H)-(Tc*Seebeck C)-
(Thomson_voltage))/ (Rtotal + RL);

Voltage (1)=(Th*Seebeck H)-(Tc*Seebeck C)-(Thomson voltage)-
(Current (i) * (Rtotal)) ;

Q Cold(i)= Seebeck C*Current (i)*Tc +
(Ktotal) *dt+0.5* ((Current (i) ~2) *Rtotal) ;

Q Hot (i) = Seebeck H*Current (i) *Th + (Ktotal)*dt-
0.5* ((Current (i) ~2) *Rtotal);

Power (i)= Q Hot (i)- Q Cold(i);
Power2 (1) = (Current (1) *2) .*RL;

Effeciency(i)= 100*Power (i) ./Q Hot (i);
end

hold on

subplot (2,2,1)

plot (Current, Power)
hold off

hold on

subplot (2,2,2)

plot (Current,Voltage)
hold off

hold on

subplot (2,2, 3)

plot (Rls, Effeciency)
hold off

hold on
subplot (2,2,4)
plot (Rls, Power)
hold off
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The variation of temperature with different parameters was found using:

Th = 320:500;

for Tc = [280,300,320]
for i = 1l:steps;

dt = Th(i) - Tc;
Tn n = linspace(Th(i),Tc,n+l);
Tn_p = Tn_n;

RL = Rtotal ;
Rls (i) = RL;

Current (1) =((Th (i) *Seebeck H)-(Tc*Seebeck C)-
(Thomson_voltage))/ (Rtotal + RL);

Voltage (1)=(Th (i) *Seebeck H)-(Tc*Seebeck C)-
(Thomson voltage) - (Current (i) * (Rtotal));

Q Cold(i)= Seebeck C*Current (i) *Tc +
(Ktotal) *dt+0.5* ((Current (i) ~2) *Rtotal) ;

Q Hot (i) = Seebeck H*Current (i) *Th(i) + (Ktotal)*dt-
0.5* ((Current (i) ~2) *Rtotal) ;

Power (i)= Q Hot(i)- Q Cold(i);
Power2 (i) = (Current (i) "2) .*Rls (1) ;

Effeciency(i)= 100*Power (i) ./Q Hot (i);
end

hold on
subplot(2,2,1)

plot (Th,Voltage)
xlabel ('T H o t (K)"')
ylabel ('? (V/K*2)")
hold off

hold on

subplot (2,2,2)

plot (Th, Current)
xlabel ('T_ H o t (K)")
ylabel ('? (V/K"2)")
hold off
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hold on

subplot (2,2, 3)
plot (Th, Power)
xlabel ('T H o t (K)')
ylabel ('? (V/K*2)")
hold off

hold on

subplot (2,2, 3)
plot (Th, Power)
xlabel ('T H o t (K)"')
ylabel ('? (V/K"2)")
hold off

end

The last part was to find the optimum length and area for specific efficiency

and output:

for k=1:1:A steps

A=Area (k) ;
for j=1:1:L steps
1=L(3);
for t=1:1:steps
Ti = th(t) - 300;
dt = th(t) - tc;
Tt (t)= th(t);
Tn = dt / n;
dl =1 / n;

S <

for i=1:n

Ti = Ti - Tn;

end

RL = Rtotal ;
Rls(t,j,k)=RL;
det(t,j, k)= dt;
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K total(t,j,k) = Ktotal;
R total(t,Jj,k) = Rtotal;
S total(t,j,k) = Stotal;
T total(t,j, k) = Ttotal;

Current (t, j, k) =(

)=((th(t) *Seebeck H) - (tc*Seebeck C)-
(Thomson voltage))/ (

Rtotal + Rls(t,j,k)):

Voltage (t,]j,k)=((th(t)*Seebeck H)-(tc*Seebeck C)-
(Thomson voltage))-(Current(t,j, k)* (Rtotal));

Q Cold(t,j, k)=Seebeck C*Current (t,]j,k)*tc+(Ktotal)*dt+0.5*
((Current (t,J,k)”"2)*Rtotal)+ Ttotal*Current(t,j,k)*dt/2;

Q Hot(t,j, k)= Seebeck H*Current (t,j,k)*th(t)+ (Ktotal)*dt-0.5%*
((Current (t,J,k)"2)*Rtotal) - Ttotal*Current(t,j,k)*dt/2;;

Power (t,j,k)= Q Hot(t,j,k)- Q Cold(t,Jj, k),
Effeciency(t,Jj, k)= 100*Power(t,j,k)./Q Hot(t,J, k)’
end
end
end

subplot(2,2,1)

surf (Area, L, reshape (Current (1, :,:), [L_steps,A steps]));
xlabel ("Area (m"2)"')
ylabel ('Length (m)"')
zlabel ('Current (A)'
view (3)

) 7

subplot (2,2,2)

surf (Area, L, reshape (Voltage(l,:,:), [L steps,A steps]));
xlabel ("Area (m"2)"')
ylabel ('Length (m)"')
zlabel ('Voltage (V)'
view (3)

) ;

subplot (2,2, 3)

surf (Area, L, reshape (Power(1l,:,:), [L steps,A steps]));
xlabel ('"Area (m"2)")

ylabel ('Length (m)"')
zlabel ('Power (W) ');
view (3)

subplot (2,2,4)

surf (Area, L, reshape (Effeciency(1l,:,:), [L_steps,A steps]));
xlabel ("Area (m"2)"'")

ylabel ('Length (m)"')

zlabel ('Effeciency (%) ')

view (3)
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3.2 Experimental Setup

The main aim of the experiments done in this work was to study the behaviour
of the temperature distribution on the surface of the TEG with time and to

investigate the effect of the coordinate of the heated area on the output.
3.2.1 Previous Work’s Setup

The investigation of the behaviour of the TEG, experimentally, looking at the
effect of the thermal contact on the thermal, electrical properties was
conducted by applying two different clamping forces as shown in Figure 12
(Jouhara et al., 2018).

Heater

S Copper plate
. % — TEGmodule
— Copper plate

Liquid cooling
system

Figure 12: Experimental setup (Jouhara et al., 2018).

To ensure getting uniform thermal field, two copper plates on both sides of
the TEG were used, and had used two thermocouples to measure the

temperature difference.

In other work (Kwan, Wu, & Yao, 2018), a liquid cooling system and
electrical heating system with temperature sensors and variable resistor is
used (Figure 13).

47



Liquid Cooling
System

TEG Assembly . Heat Source

Temperature Load Resistor
Measurement

Figure 13: Experimental setup (Kwan, Wu, & Yao, 2018).

3.2.2 Experimental Setup

Using a combination of different experimental setups mentioned in the
previous section, the setup of this experiment is illustrated in Figure 14. The
TEG was installed in a foam box to ensure that there is no air flow on the
sides, the two fans were used for the cooling systems, the wilder with the
square area metals were used for the heating system. Pasco Capstone interface
was used for the data acquisition, and two temperature sensors were used to
measure the temperature on both surfaces (hot and cold). The voltage/current
sensor to measure the output of the TEG and the resistor was used to fix the

load resistance.
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Voltage and Current Sensors
Temperature Sensors

o

Figure 14: Experimental setup

The electrical circuit is shown in the following Figure 15:

Pasco Interface

Figure 15: Experimental circuit diagram
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Chapter Four

Results and Discussion

As mentioned previously, it is important to understand the behaviour of the
TEG to know the relevance of the different parameters in the modelling. The
results of the experimental part and the output of the modelling will be
discussed herein.

The experimental results were measured for TEC1-12706 module, and the
modelled data were calculated using the properties of PbSnTe n-type and p-

type materials.
4.1 Experimental Result

Metals of different sizes (0.2mm?, 0.4mm?, 1cm?, 2cm?) were used to find the
effect of the heated area on the output of the TEG.

The effect of changing the heating size on the current and temperature is

shown in Figure 16.
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Variation of current and temperature for different heating

sizes
35
30
25
< 20 —0—0.2 mm"2
‘f’ 15 —0—0.4 mm"2
’*"___‘,’4 lcm”2
10 —8—2 cm”"2
—0
5
0
295 300 305 310 315 320 325 330 335 340
Th (K)
Figure 16: Variation of Current and Temperature
Table 3: Linear Fitting details
Size 0.2 mm? 0.4 mm? 1 cm? 2 cm?
Fitting
_ 0.1216x - 33.326 | 0.2862x - 81.442 | 0.6016x - 177.21 | 1.0763x - 324.37
equation

RZ

0.6362

0.7364

0.9528

0.9728

The graphs show the relation between the hot side temperature with the output

current for different heating system sizes and Table 3 summarises the fitting

data. It is clear that the generated current is higher as the heating surface is

increased. Also the linearity of the fitting shows that the temperature is

varying faster with the larger surfaces.

The relation between the current and temperature is linear (Eq. 46) and the R?

for the different sizes show that the larger the surface, the better the fitting,

I.e. the sensitivity of the modelling accuracy with the area.
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Figure 17 shows the variation of hot and cold side’s temperature with time

when applying a heat source to the TEG. The upper plot was by covering the

whole surface, and the lower one was by covering quarter the surface.

307
306

—~ 305

= 304

S 303

@

5 302

o

£ 301

F 300

299

Figure 17: Variation of Temperature with Time

Full Surface
He Steady State Heat Removed '
App;  State
i Hot Side Temperature
Cold Side Temperature
o S 00 s 200 250
Time (S)
1/4 of the Surface
Heat Transient State Steady State Heat
App————— Removed
ljed 1
3 \
Hot Side Temperatur =\-\_\
~~
0 20 40 60 80 100 120 140
Time (s)

The hot side temperature reaches the maximum by covering the whole surface,

and it takes more time to reach the steady-state temperature, however covering

smaller surface allows the cold side to keep its temperature for a longer time

with less variation. The graphs show the temperature behaviour in four

periods: when the heat source is applied, the transient state, the steady state
and when the heat source is removed.
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Resistivity (Ohm.m)

4.2 Effect of using Finite Element method

The result of the TEG modelling using the modified equations for calculating
the parameters using FEM is compared with the same equations without the
modification. The equations 15 to 26 considered an average value for the
calculation of temperature difference between hot and cold sides whereas,

FEM divides the length of the thermocouples to small nodes.

The results of using the finite element and averaging methods are shown in
Figure 18, Figure 19 and Figure 20 for the conductivity, resistivity, Seebeck
coefficient and Thomson coefficient, respectively.

. Variation of Resistivity with T Variation of Conductivity with T ; |
%10 Hot BB e PP
Th e e DT LR S PIRIEEE -
FEM nType
13F-| —— FEM pType
Asrerage nType
Average pType

&
E T e Lo e
% B R FEM nType
FEM pType
B L T I R Average nType .

Avrerage pType

i i i i ; i i i j i i i i : i i i i
R I R Ry e —— 30 340 30 30 400 420 440 460 480 500
Ty, (K) Tt (K

Figure 18: Variation of hot side temperature with conductivity

and resistivity using FEM and average values
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Figure 19: Variation of hot side temperature with Seebeck and Thomson's coefficients
using FEM and average values
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Figure 20: Comparison between FEM and Average values on the current and voltage

55



As mentioned in the previous chapters, all the parameters except the Seebeck
coefficient depend on the gradient of the temperature along the material, and
it is clear from the plots that using the difference between the hot and cold
temperatures as one block gives different values than using the finite element
method especially if the temperature gets higher.

However, because the Seebeck coefficient is affected by the temperature
difference of the junction of two materials (i = 1 and i = n), which has the hot
and cold temperatures in this situation, the values of the two methods are
almost the same.

The output voltage and current using the FEM method and average values
including the influence of Thomson coefficient were studied (Figure 20). The
difference between the two calculation methods appears more as the
temperature increases, while they gave almost the same results if Thomson

coefficient was neglected.

4.3 Effect of current on the temperature distribution

Figure 21 shows the impact of flowing the current on the p-n material
temperature distribution. From the figure, the effect is insignificant in the
steady-state and can be approximated as a linear variation decreasing from the

hot temperature side to the cold temperatures side.
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Variation of Temperature with length in nType material
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Figure 21: Variation of Temperature distribution over the length
4.4 Temperature with Current, VVoltage, and Power

The effect of different temperature on the steady-state output is shown in

Figure 22.

The load resistor is set to equal the internal resistance of the module to get the
maximum output, and the effect of temperature on the steady-state output was

investigated as shown in Figure 23.

The figures show that as the hot side’s temperature increases, the voltage,
current, and power output are increasing. Also, it is clear that decreasing the
cold side’s temperature gives more output since the temperature difference is

larger.
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Variation of Current with THDt
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Figure 22: Current and Voltage variation with temperature
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Variation of Power with THUt
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Figure 23: Power variation with temperature

4.5 Load resistor versus Current, VVoltage, and Power

In this section, the hot side temperature is fixed, and the load resistor is varied.
Figures 24 to 27 show the impact of changing the load resistor on the power
current curve, the voltage-current curve the resistor power curve and the

resistor efficiency curve, respectively.

From the graphs, the maximum power and efficiency can be found at the point

where the load resistor equals the internal resistance.
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Also, the maximum power can be found when the current is half the maximum
current of the module, while the voltage is maximum when the current is zero

(open circuit).

Variation of Power with Current

—TC =280K
—TC =300K
T,=320K

03r

02F
:
0.15
0.1
0.05
D 1 1 1
0 2 4 B 8 10 12
T
Figure 25: Variation of current with power
Variation of Voltage with Current
012
_Tc =280K
—TC =300K
IREY Tc =320K
005
g 0.06 ¢
=3

0.04

0.02

D 1 1 1
0 2 4 & g 10 12
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Figure 24: Variation of current with voltage
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Variation of Effeciency with Load Resistor
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Figure 27: Efficiency variation with load resistor

Variation of Power with Load Resistor

04
——T,=280K
0.35 — T =300K
T, =320K

Dn n‘n /—|I'—| nlr. nI1 ﬂlr nI.—- n“r n‘n
Figure 26: Power variation with load resistor

61



4.6 Area and length versus different parameters

From the experimental result, the size and area were important for the overall
performance of the TEG device. So, in this section and using the modelling,
the size, and length of thermocouples is found to have an impact on current,

voltage and power. The results are shown in Figures 28 — 30.

The maximum power and current can be found as the area get larger, and the
length is shorter because as the length increases the resistivity of the materials
increases too which resist the flow of current. As the area increases, the
thermal conductivity of the surface increases which allows more heat to
transfer. While the voltage stays constant and depends only on the properties

of the material and not the size and the area.

Variation of Current with Length and Area

0.35
0.4 -
: 0.3
0.3
— :
4 0.25
4=
E 02
5 {02
01
{0.15
0.1
0.05

Area (mn 2)

Figure 28: Current variation with area and length
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Figure 29: Power variation with area and length
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Figure 30: Power and voltage variation with area and length
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Chapter Five

Conclusion and Recommendations

5.1 Conclusion

5.2 Recommendations
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Chapter Five

Conclusion and Recommendations

5.1 Conclusion

Thermoelectric Generators (TEGS) are widely used in industry for different
applications as a form of waste heat harvesting and energy production. The
need to have an accurate model was the aim of many researchers. Different
modelling methods and techniques have been used. However, these methods
did include a different assumptions for the TEG parameters, one of which was
the Thomson effect. Also it neglects the impact of the averaging values for

the parameters, especially the calculation of the temperature difference.

In this work, it was important to understand the behaviour of the TEG device
experimentally, however, the devices used for the experimental part did not
have a complete data sheets which will help in modelling the same devices.
The experiment was done to study the impact of the size of the heated area on
the TEG output. It showed that the larger the size the better linear fitting for

the current readings.

The model developed for one-dimensional heat transfer in the thermoelectric
generator is made using the finite element method. It included the influence
of temperature dependent coefficients. Although, the output curves from the
model are similar to the curves that the TEG should give, the FEM and the
Average Method showed different values, especially at high temperature

differences; AT above 80 K for the current and above 130 K for the voltage.
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The use of the FEM will help to improve the modeling of the TEG devices,
especially with a high-temperature difference, and less impact on the low-
temperature difference. Consequently, the Thomson effect is very important
to be included in the modeling, which has shown a huge difference in the

current and voltage calculations.

The model also showed the impact of temperature, dimensions and load
resistor on different output variables and investigated the optimum size of the
p-n material that gives the best power. It was shown that the voltage remains
constant while the power, current and efficiency increase where the area
increases and the length decreases, which helps in designing TEG module

with minimum size.
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5.2 Recommendations

To further improve the TEG modelling, the following need to be considered:

|
1

Investigating more parameters and their impact on the module
performance such as including the conductor and ceramic layers in the
model.

Solve the time-dependent equations and find the temperature behaviour
at transient-state.

Developing the model to includes the effect of side heat losses and the
convections losses.

Evaluating the developed model using experimental methods,
providing full information about the TEG material parameters.

To, thoroughly, understand the TEG behaviour, experimenting more
type of TEGs using advance setup (perfect insulation, different methods
for cooling and heating, and calibrated sensors) to get more accurate
results and to control as much as variables, which helps in modelling

the temperature distribution and variation with time.
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