Open Access Journal POWER
Journal of Power Technologies 95 (Polish Energy Mix) (2015) 63-67

TECHNOLOGIES

Insttute 0 HeatEnEineermg journal homepage:papers.itc.pw.edu.pl

WARSAW UNIVERSITY
oFTECHNOLOGY

Seebeck phenomenon, calculation method comparison1

Kamil Lubikowski*?, Stanistaw Radkowski?, Krzysztof Szczurowski?, Michat Wikary?

“Warsaw University of Technology, Faculty of Automotive and Construction Machinery Engineering
Narbutta Str. 84, 02-524 Warsaw, Poland

Abstract

This paper primarily investigates the Seebeck effect and modeling of thermoelectric phenomena observed during the
work cycle of thermoelectric generators (TEG) in cogeneration systems. A simple mathematical model was applied for
calculations, and subsequently the durability environment of the Ansys computer program for the purpose of modeling
geometry and physical conditions, having assumed the starting conditions and material data. Tasks encountered in
technical domains frequently require the modeling of complicated geometry of real objects, applying discontinuous or
differentiable functions, which enable description of physical parameters and boundary conditions. This fact involves
the introduction of a model divided into a finite number of parts with relatively uncomplicated shapes that will allow
a solution to be obtained within their scope, subsequently combining them together in the finite element method (FEM).
For empirical research use was made of the Laird Technologies generator: “56890-503 CP14, 71, 045” Laird PL26.
In order to determine the load characteristics appropriate temperatures were applied to the cold and hot side of the
thermoelectric generator. Subsequently, the system designed to regain energy from the heat was burdened with resistors.
The final stage of the tests was installing the system in the exhaust section of the laboratory test stand at the Integrated
Laboratory of the Mechatronics System of Vehicles and Construction Machinery, Warsaw University of Technology. The
tests were carried out and the abovementioned characteristics designed. Laboratory classes for students were conducted
at the test stand, illustrating the Seebeck effect.
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1. Introduction

Growing attention has been directed lately to the use P
and development of cogeneration systems and renewable
energy sources. In the automotive industry energy recov-
ery systems, as well as bi-fuel combustion engine systems,
hybrid systems, and others [1-6] are being developed in Figure 1: Finite Elements [7]
order to improve the energy transfer of the fuel-air mix-
ture explosion to the wheels, decreasing at the same time

consumption of conventional fuels. Thermoelectric Generators (TEG) [8—10]. The finite ele-

The systems of energy recovery fall into the main scope  ment method (FEM) was applied to simulate thermoelec-

of interest of this paper, especially systems based on the  tric phenomena. The finite element method is a tool used

semi-conductor method, which was used in constructing  in the modeling of a wide spectrum of physical phenom-

ena by means of solving differential equations (extraordi-

c . nary solutions). Tasks encountered in technical domains
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tiable functions, which enable description of physical pa-
rameters and boundary conditions. This fact involves the
introduction of a model divided into a finite number of
parts (dimensions, Fig. 1) with relatively uncomplicated
shapes that will allow a solution to be obtained within
their scope, subsequently combining them together in the
finite element method.

The Peltier modules, in essence, act as a heat pump
or electric generator [11, 12] (converting heat energy into
electric energy). Depending on the direction of the current
flow, the direction of the heat transport is determined; sim-
ilarly, depending on the direction of the heat flow (temper-
ature difference), electric energy is emitted.

The principle of operation for the thermoelectric cells
is based on five physical phenomena: the Peltier effect,
the Thomson effect, the Seebeck effect, the Joule effect,
and heat (thermal) conduction.

2. Modeling of thermogenerators

2.1. Analytical Model

The TEG energy characteristics depend mostly on the See-
beck coefficient resulting from thermoelectric qualities [11—
14]. The Seebeck coefficient is defined as a linear de-
pendence and is basically conditioned by the material fea-
tures of the applied semi-conductor, as a connector, for the
building of the module. Mathematical relations are shown
below [5, 11, 14]:

V=a aT (1

where: V—opotential difference observed at the terminals
of the cell, V; a—Seebeck coefficient,
V/°C; AT—temperature difference.

AT =Ty T, ()

where: Tj,—temperature of the hot side of the cell, °C,
which is supplied thermal energy (heat) in the form of heat
radiating from the heated exhaust; T.—temperature of the
cold cell, °C, which receives the heat flowing through the
"plate"”, the cooling.

In Fig. 2 the voltage value is shown, depending on the
temperature difference between the cold and hot sides of
the thermoelectric generator. For the cold side, the tem-
perature of 40 °C was adopted and remained constant (it
was left unchanged during calculations). The temperature
value of the hot side was originally assumed for the pur-
pose of calculations at 50 Celsius, and it was increased till
itreached 100°C. The maximum voltage value of the elec-
tric energy was obtained for the temperature difference of
60°C and it was 1.5 V.
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Figure 2: Results, voltage (theoretical method/analytical model)
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Figure 3: Engine performance according to [15]

2.2. Modeling with FEM

The computer software in durability environment, such as
the Ansys program [7, 15-17], was used to simulate the
operation of thermoelectric generators (TEG). First, the
starting and boundary conditions were established in this
program, then the geometric models shown in Fig. 3 were
made. For the purpose of calculations the models of finite
elements of the Peltier module were applied, as shown in
Fig. 1. Because of its simple construction, the geometry
does not require the introduction of simplifications, which
could significantly affect the correct rendering of the ther-
mogenerator’s operation.
All round-ups were removed during the preparation of the
computer model, in order to decrease the number of finite
elements and enable shorter calculation times. The mesh
in places that required such an operation was made dense.

The analysis was divided into 6 steps, with each of
them being assigned a maximum 5 sub-steps in order to
gradually apply thermal load. The temperature on the
“cold” side, which in reality corresponds with the side
being cooled, was set at 40°C and put at the bottom sur-
face of copper connectors (Fig. 4). During performance of
analyzes this temperature has a determined and constant
value.

On the “hot” side, which corresponds with the heated
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[ Temperature 3: 100, °C
- Temperature: 40, °C
. Voltage 2: 0, mV

Hot side TEG
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Figure 4: The boundary conditions

Electric Voltage Time [s] | Maximum [mV] | Time [s] Maximum [mV]
Type: Electric Voltage 02 7,19607 32 798,14
Unit mV 04 5,196.07 34 848,03
Time: § 0,73 3,658 3,73 Y31,17
1 249,42 4 997,68
1497 Max 12 299,35 4.2 10470
1330 14 349,19 a4 1097,4
1164 173 432,33 a,73 1150,6
97,7 2 498,84 5 1247,1
B4 22 548,72 5.2 1257
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Figure 5: Results, schedule voltage

side, the temperature was increased during the simulation.
In the first step the value of 50°C was determined and it
was increased by 10°C with every subsequent step until it
reached 100°C. In order to direct the current flow of the
electric energy generated when receiving the temperature
difference, zero potential was placed at one of the ends.

The analysis results of the presented model are shown in
Fig. 4. The Figure illustrates the voltage flow in the com-
puter model, and its growth together with the increasing
temperature difference. Maximum values were obtained
in the last time step, i.e., for the temperature difference
of 60°C. The greatest value registered is 1.497 V. The
values of electric energy voltage (mV), which were ob-
tained during subsequent steps, are shown in the table at
the top right-hand corner of Fig. 5. The central bottom

Type: Temperature Time [s] | Maximum [C] | Time[s] | Maximum [*C]
Unlt:'"L 02 10 32 722
Tinaie 04 40 34 7a
i nii an 173 77,333
100 Max 1 50 [] 80
933 12 52 4.2 82
86,1 14 54 a4 84
0 173 573 473 873
2 60 5 90
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Figure 6: Results, temperature
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Figure 7: Results, voltage (Finite Elements Method)

part shows the characteristics of temperature growth in
time. The abscissa axis denotes the time step of the simu-
lation, whereas the ordinate axis shows the voltage values
expressed in millivolt units. The next figure, Fig. 6, il-
lustrates the temperature flow on the model of geometric
TEG. The way of denoting data is similar to the previous
figure (voltage flow). The FEM results of the values of
electric energy voltage during temperature change on the
hot side are shown in Fig. 7 in the form of linear charac-
teristics.

3. Laboratory tests, verification models

For empirical research, use was made of the Laird Tech-
nologies [18] generator: “56890-503 CP14, 71, 045 Laird
PL26, Fig. 8.

The idea of testing generators, analogically to the math-
ematical calculations and FEM simulations, consists in
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Figure 8: An example of Thermoelectric module [9]
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Figure 10: Setting the position of the Peltier cells. (A) view of the ter-
minals of the test cell, (B) view cell with thermocouples to determine
the serving temperatures

using the Seebeck effect, i.e., in delivering heat energy
to the hot side of a thermoelectric generator (TEG), with
simultaneous absorbing of heat energy from the cold side,
in order to carry out observation of electric energy.

In order to deliver heat energy the Peltier generator
was employed, the hot side of which heated the tested gen-
erator’s hot side (in the later phase a modified part of the
exhaust system was used at the laboratory work stand).
For heat absorption the Peltier cell was also used, con-
necting with thermoconducting paste the cold side of the
tested generator and of the cooling generator.

Three Peltier generators were used in the first phase.
The middle generator with clamps visible on the radia-
tor’s left side (green and purple, Fig. 10A) was tested,
so it functioned as an electric energy source. The other
generators operated in accordance with their intended use
(Fig. 10B). They were powered with electric energy from
adjusted laboratory supplier GWINSTEK GPS-4303 [5].
This is a four-channel supplier with adjusted voltage val-
ues 0...30 V and values of current 0...3 A. Two channels
were used for tests, connecting two generators, one with
cooling properties, the other with heating properties. The
system is pictured in Fig. 9.

10 20 30 40 50 60 arr Lr

laboratory research

Figure 11: Results, Voltage (laboratory measurements)

A Spartan HE923 radiator with a fan was used, to absorb
heat from the surface of processors in PCs. After pre-
liminary tests it was observed that heat energy should be
discharged from the generator’s hot side, which was used
for cooling the tested generator. This results from the heat
balance of the energy delivered to the generator with the
purpose of cooling the cold side of the tested generator.
This explains the necessity of using the radiator to cool
the hot side.

A Lutron TM-909 infrared thermometer was used to

read the temperature values. A Kazemaster Pro temper-
ature and rotational speed fan controller was also used.
It is an electronic system originally used to control the
temperature inside stationary computer units (PC). The
Kaze Master set consists of a 6-channel electronic con-
troller (allowing for simultaneous change of speed of two
fans and for temperature reading from two thermocou-
ples, attached to the tested surface), wires for connecting
the fans, and thermocouples. Unfortunately, the electronic
controller and the selected thermocouples were designed
so as not to exceed 100°C on the surface of the tested
element of the PC motherboard, and after exceeding the
temperature of 75°C a sound alarm is activated, indicating
heat hazards for PC elements. During tests at the labora-
tory stand, a pyrometer was used for reading temperatures
above 75°C.
The basis for the tests were voltage measurements at the
determined (constant) temperature of the cold side, and
at the gradual increase of the temperature of the hot side
(T¢=40°C). The results of the performed tests are shown
in Fig. 11.

4. Summary/Conclusions

Recapitulating: the aim of the performed calculations and
simulations was to verify their compliance with real tests
and results. Upon comparison, it was seen that the theo-
retical calculations results and the FEM (computer) simu-
lations were very similar. The comparison of the calcula-
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Figure 12: Characteristic of voltage electricity values

Table 1: Summary of results obtained by electric energy voltage

T.,°CT,,°CAT°C U,V, U,V, U, Vv,

Test FEM Analytical

Bed model
40 50 10 0.3 0.24 0.25
40 60 20 0.55 0.49 0.5
40 70 30 0.82 0.748 0.75
40 80 40 1.12 0.99 1
40 90 50 1.32 1.2 1.25
40 100 60 1.52 1.49 1.5

tions, simulations, and test results is illustrated in Fig. 12.
Table 1 shows the electric energy voltages, obtained from
three different methods of tests and analysis.

Analyzing the results, it can be stated that increasing
the temperature difference between the hot and cold sides
could make it possible to obtain and infinitely large volt-
age value of the concurrently achieved electric power. Un-
fortunately, due to the occurrence of Joule’s heating and
the phenomenon of heat conductance, thermogenerators
should be employed in the defined scope of temperature
difference. The simulations presented in this article justify
the practical possibilities of module modeling, by means
of the finite element method. Special emphasis should be
placed on the boundary conditions, the number of mesh
elements and the shape of the finite element used for mod-
eling. All these elements significantly affect the process
of modeling the thermoelectric phenomena observed in
TEG.
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