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Abstract

In today’s life, the public is starting to be aware of the importance of renewable
energy. However, fossil energy still plays a massive role in global energy production.
The use of natural gas, fuel, and coal to generate electricity is harmful to humans and
contributes to air pollution and global warming. These days, the development of
technology has really skyrocketed, the efficiency of devices has increased a lot during
the past years. Some of the things that we could only dream of had become the facts.
Hydropower, thermal power, wind power, tidal power, and many other resources that
come from nature have become more and more grown methods to generate energy.
Over the last decade, the size and the power consumption for wireless sensors have
significantly decreased, which brings the topic to this report. This report investigates
the method to provide a robust power supply for autonomous wireless sensor
networks in the environment. This project will involve the optimization of a thermal
energy harvesting device. The technologies discussed in this report are thermoelectric
devices known as thermal generators. Simulations of thermal generators are going to
be done in different situations.

Keywords: Renewable, technology, efficiency, size, power consumption.



1. Introduction:

After the industrial revolution, a lot of modern equipment was built. During the
operation of the machine, thermal energy is produced as a by-product of every kind of
generation or industrial process. For a power station, fuel has to be buried to spin the
turbine, and that is how the mechanical energy is formed; after this, we need a
generator to convert the mechanical energy to electrical energy. During the process,
about two-third of energy is lost as heat. And this brings me the idea of how I could
reuse this resource to do something useful.

Almost all the equipment is installed with sensors to track some important
parameters. In recent years, the size and the power consumption of the sensor have
decreased significantly, and a lot of them are still running with batteries. This puts a
limitation on the lifetime of the sensor. Once the battery runs out, we must change the
battery manually. It is time-consuming, and it could be costly. The first thing that
comes to mind may be to increase the battery capacity so that we can extend the
lifetime of the sensor, this might be the possible solution for some cases, but while
increasing the capacity of the sensor, the volume of the sensor would increase as well.
If the geometry of the sensor changes, it might no longer fit in the position that it was
used for. Of course, there are people just wondering that why don’t we connect cables
to the sensor, so the energy supply would not be a problem anymore. In this case, the
sensor would not be wireless, and the place we can put this wireless sensor would be
limited according to the length of the cable, and if we have hundreds of sensors
installed, it will not make sense to connect all the sensors with cable. As such, we
need a reliable energy resource to avoid all these unnecessary costs.

If we can make a device that can absorb energy from its surroundings, and it
would be a perfect solution. The sensor networks can achieve a lifetime for years. If
we will have a device like this, it could reduce the cost dramatically as the energy
harvesting device can continue providing the energy to the sensor. The lifetime of the
sensor is theoretically limited by the reliability of its own.

The problem of the power supply must be solved in order to accomplish the goal
of monitoring. The renewable power source would vary according to the time in
general, for example, time of the day, time of the year. If we would have an equipment
that runs at a relatively constant temperature which is higher or lower than ambient
temperature, we can attach the thermoelectric generator to it. Some of the heat flow
will be transferred into power, and we can use that amount of power to run the sensor.
This concept was inspired by the papers that my supervisor has done[1] [2] [3].

This paper is about “Thermal energy harvesters scavenge energy from natural
temperature gradients, to provide a robust power supply for autonomous wireless
sensor networks in the environment. This project will involve optimization of a
thermal energy harvesting device”.



2. Applications

2.1 Electricity generation in extreme environments.

In order to achieve a huge temperature gradient, some extreme situations can be
imagined. For example, if someone is living in a freezing area, like the north or south
pole, if there is heat generated, we can use the thermoelectric device to generate power.
If there is an extreme cold situation, the same method can be applied. The only problem
will be if we are running the operation in a critical environment, the lifetime of the
device would be a big question.

2.2 Solar,

When it comes to heat or temperature, the first thing that comes to my mind is the
sun. one interesting fact is that the surface of the earth receives about 1kW per meter
squared power from the sun, and this adds a lot of potentials if we are going to apply
solar as one of our factors to build the thermoelectric generator. Imagine if we have the
material under the sun, it would definitely absorb energy since the solar radiation would
have an effect on it. The material would no doubt has a greater temperature than the
ambient temperature. If we could apply the same method to the thermoelectric generator,
we would have the heat resource for the hot side. The only thing remaining is decreasing
the temperature on the cold side to achieve better power output.

2.3 Automobile

A thermoelectric generator is a relatively simple device. We need to find the heat
resource to make it work. And Automobiles can be one of them, during the operation
of the automobile, a lot of heat will be generated. If we can take advantage of it, we can
install it around the engine or on the exhaust gas pipe, theoretically anywhere if there
is heat generated. I have seen one paper that talks about the Automotive exhaust
thermoelectric generators[11].

3. Theoretical background

The main theory behind the thermoelectric device is going to be invested. There
are temperature differences exiting between two sides which would result in a heat
flow from hot to cold in order to keep a thermal equilibrium. The heat flow can be
used as one way to generate energy. This process follows the laws of
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thermodynamics; therefore, the efficiency is calculated by the ratio of the useful work,
which is represented by the letter W, to the input heat, which is Q, which is
constrained by the fundamental Carnot efficiency. The Carnot efficiency can be used
for all the heat engines and generators, and we can calculate it by using the two terms,
“hot temperature” and cold temperature as[4]:

W _ Tu-TC

n==

o= 1n e

From the efficiency formula, we can tell the efficiency would be extremely limited
if the temperature difference between the hot side and the cold side is low. For example,
if we have a heat source that is 303.15 Kelvin(30°C) and it is placed inside the room
with the room temperature of 293.15 Kelvin(20°C), even in the ideal case, the
temperature difference between them will be 10, which would result in 3.3% of the
efficiency. In case you might be wondering, what if we can just increase the temperature
difference? And yes, the task of this project will be optimization, and it serves one aim
only. Expand the temperature difference. For example, we have a heat source that will
be 373.15 Kelvin(100°C), and the environment will be the same 293.15 Kelvin(20°C).
In theory, we would reach 26.8% of the Carnot efficiency. But all of these are based
on the background of the ideal state. In reality, the efficiency that we can achieve can
not be as high as the ideal case.

Since the efficiency of the device is low, a larger amount of heat is required in
order to harvest enough energy for consumption. In theory, the heat transfer would be
present in three ways: via conduction, convection, and radiation. Roundy et al. [5]
made an analysis to determine the power that can be generated from temperature
difference by assuming heat conduction through a material. He found that if the
temperature gradient is small, the heat convection and heat radiation would have a
really small impact compared to the heat conduction. Due to this reason, the formula
of the heat flow is:

q=rk- — 2)

L

Where q denotes heat, k denotes the material's thermal conductivity, AT denotes
the temperature differential between the cold and hot sides, and L denotes the
material's thickness.

We know the formula to compute the heat flow now the unit of the heat flow will
be [W / m?]. Therefore, we just need to multiply the heat flow with the area, and then
multiply the value with Carnot efficiency, which is mentioned as equation 1. We can
calculate the power output:

Power output =(heat flow)(cross-section area)(Carnot efficiency)

Poue=q-A-n =k A =T (3)

Although one of the ways to absorb energy is to increase the temperature

L Ty

difference to hundreds of Kelvins, but in this case, we are going to use this device on
hot water. There is no way that we can achieve that amount of gap for the temperature
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difference. We will put our focus on how we can get a suitable amount of energy to run
the sensors by optimizing the system.

One more thing that is worth mentioning will be the ZT value. Figure-of-merit (ZT)
is a dimensionless index. S is Seebeck coefficient, ¢ is the electric conductivity, A is
the thermal conductivity. The reason why this value is important is that this value will
be the key factor in determining whether the thermoelectric material is the best one to
be used. Suppose we are going to have a high value, then it means the material is
suitable for thermoelectric purposes. For a very long time, this value has been kept
around the value of 1. However, during the modern days, we have made progress within
the laboratory, but the final goal will be reaching the value above 4.

=22 (22 @

4.Intruduciotn to softwares

4.1 Amesim

SIEMENS
Iug&h«f‘y{ora{z

Version 16.1

- Simcenter

Simcenter Amesim Student Edition

Siemens PLM Software

Figurel. picture of Amesim software

In this project, we will use Amesim to simulate. You might be wondering what
Amesim is; amesim stands for “advanced modeling environment for simulations of
engineering system.” Amesim was published in France by the company called
“Imagine” in 1995. In 2007, it was bought by “LMS,” which stands for learning



management system. Finally, Simcenter bought the “LMS International” with 680
million euros in 2012.

Simcenter Amesim is a software that performs the simulation; it can be used for
modeling and analyzing the multi-domain system. We can build a model that contains
many different physical fields and complete the simulation calculations. We can also
do the analysis like plotting and so on.

Engineering designers can use the integrated set of Amesim application libraries
to design a system. Experiments have rigorously tested and verified all these models
from different physical fields. Amesim helps engineers to quickly reach their goal of
modeling and simulation: analyzing and optimizing engineers’ designs, thereby
helping users reduce development costs and shorten development cycles.

There are many libraries in the software, which are signal, mechanical, hydraulic, and
thermal, and many more other libraries to select. In this project, we will put more
focus on the thermal library. It contains everything that we need in order to carry out
this project.

Library tree

1 Search: N @ < More

Match case
Usze regular expreszions

@ Favorites

dt Simulation

EEE Ports
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Mechanical
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Figure2. picture of amesim s library tree

4.2 Inventor

When it comes to creating the model of the thermoelectric generator, I selected
Inventor as the software to go. The reason why I choose Inventor is that I have
experience with the software before. I have used Inventor for two of my classes, which
are “introduction to CAD” and “machine Element.” I will do a basic introduction for
Inventor.

Inventor is one of the CAD software tools among all other software. The original
author for Inventor is called Jacob Sain, and it is one of the software at Autodesk now.
The initial release date was in 1999. It is operating at windows system.

Inventor is one of the design software in Autodesk. You might know the other
famous design software in Autodesk as well, which is called AutoCAD. Both of them
create 2D and 3D models. But Inventor has its own terminology and workflows. You
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may find it strange when you are switching from one to another. In the case of Inventor,
parametric and features are the main idea of the software. We can use its own feature-
based system to create a sketch, 3D parts, assemblies, and then drawings. We have to
strict the dimensions and relationship between the parts to avoid the deformation of the
object that you are creating. Product design, tool creation, mechanical design, and
product simulation are all made easier using Autodesk Inventor. Users can use the
software to create precise 3D models that can be used for simulation and visualization
before building their products. Inventor has become more and more popular these days.
When it comes to design, many companies rely on this platform.

1 INVENTOR

Figure3. icon of inventor

5. Modeling

5.1 Geometry of the model

In this section, I am going to build the model for simulation; before I get into the
modeling, I would like to introduce the geometry of my project, and I think it would be
easier to visualize the project in a general view.

Geometry overview:

(a)
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(b) (c)

dome

Al plate
TEG

\insulator

\AI heatsink

Figure4. Geometry overview of the system and (a),(b),(c) is the 3D versions of the model.

insulator/

Wl

I created this model in Inventor, and I am going to have a brief introduction to my
system. We have the heatsink, insulators, thermoelectric generator, aluminum plate, and
we have the dome to cover the design. Once those components are assembled, we need
a washer and bolt to fix the system as we can see in the picture. The geometry will be
introduced as well. in the case of the heatsink, it is a cuboid, with a length of 100mm
and a side of 40mm. For the TEG, it is a cuboid as well, with a length of 4mm and a
side of 40mm. The next one will be the aluminum plate, it is a disk with a radius of
75mm, and its thickness will be 2mm. For the dome, it will be hemispheric with an
inner radius of 300mm, and its thickness will be 4mm. For two insulators, they will
have a radius of 75Smm and 180mm, and a thickness of 15mm and 30. Also, there is a
plate for locking the system in between two insulators, it will have a thickness of 3mm
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and a radius of 180mm.

5.2 Simulation steps:

There are four steps in general, which will be the sketch, submodel, parameter, and
simulation. We are going to create them one by one in order to run the simulation. First
of all, we are going to have a fully connected system, and then, we should determine
the submodel of each component. The next step will be to fulfill the parameters of every
component. After we finish all the necessary steps, we will be able to carry out the
simulation. In our case, since there is not any phase change throughout the process, we
are going to use the standard submodel for every single component.

There are multiple components that are involved in this simulation. First, after the
industrial process, the heated wastewater (50°C) will have heat convection with the
aluminum heatsink. And, of course, there will be heat transfer within the system since
the thermal electric generator is installed on the aluminum heatsink. Because they are
in touch with each other, so the phenomenon called heat conduction would occur. In
order to have the heat flow within the thermal generator, I need to increase the
temperature gradient between the top and bottom sides of the TE generator. In order to
achieve the goal of increasing the temperature difference. I installed an aluminum plate
on the thermal generator in order to decrease the temperature of the top part of the TE
generator. And then, the aluminum plate would release the heat by the phenomenon of
heat convection and heat radiation with air inside of the dome and the environment. The
heat transfer would occur with the air inside the dome and dome. And finally, the dome
will be in contact with the ambient air.

In order to do the simulation, all of the material above will have its own properties,
so I will have to create the so-called “th_solid data” for each component. Of course, all
the thermal relationship has to be set to do a successful simulation. And here is what
my sketch will be looked like:

12



©OO0 OO0 00

water

air . air
plexidome
inside

TE TE TE
lower part middle upper part

AL heatsink part dome

release
plate

Figure5. sketch of amesim

As you may have realized already, I have divided the TE generator into three parts,
which will be the mid part and two insulators part, which is called alumina ceramic.
For the lower and upper TE part it has a thickness of 0.7mm. I think in this case,
separating it into three different solids helps us to visualize the relationship between
them, and most importantly, we can see what is going on within the TE generator, and
this also helps us in increasing the accuracy of the model. If we are going to use the
temperature gradient between the release plate and the heatsink, the measurement will
not be accurate. Just like this, the sketch is done. The next step will be trying to input
the properties of each element.

Cold side

/ |

Alumina ceramic

3
o]
o
e
=3
e

Electrode

Hot side

Heat flow Heat flow

Figure6. sketch of thermoelectric

We can start with the wastewater: 1 assumed that the wastewater has a constant
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temperature of 50°C. Within the software, I need to use two components to simulate
this simulation process. In the software, it is called a “piecewise linear” and a
“th_temperature _converter.” The piecewise linear is like a device for signal input, and
the thermal temperature converter receives the signal, then it will have the temperature
as output. As we can see below, we can set many different stages for signal input and
duration time, but since we have assumed the temperature is constant, we only need
one stage and the duration time till the system becomes equilibrium.

sl piecewise linear designer [piecewiselinear] 7 x

RWeLL t + #

mmber of stages |1 bl Drag® bubbles to modify start timefvalue
: [Drago diamonds to modify end walue
ocyclic no v
So —
ztage start time =tart value duration 11 ]
1 0 50 le+07 i
55 —
50— -~ o—— 0
45 —
L > |
zhow ztagez on plot i
&
Split stage |1 v 40 —— T x10

1 L L L L
1 4 -2 0 2 4 6 8 10 12 14

[0]:4 Cancel Apply

Figure7. data of input heat temperature

After setting the temperature of the water, the next step will be the heat convection
between the water and the heat sink. In this case, we need a component called
“th_convection2p.” The 2p stands for two ports. We need to use the geometry of the
heatsink and the water properties to fulfill the table. As for water properties, it is pretty
straightforward. We can search on the internet, it was found on this website[6]. For the
velocity of the fluid, it does not matter since we are looking for the stationary state.
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Change Parameters

Submodel

th_convection2p [THGCVZ2]
m‘l‘fm external mized
convective exchange
with thermal port

Parameters
Title Talue
caloulation type flat plate with predefined correlation
inclination angle with respect to horizental (fluid is = =l
width 40
length 13

velocity of the fluid
v [ fluid properties
fluid properties

1

constant properties

denzity of the fluid 988._02
specific heat of the fluid 4181
abzolute viscoszity of the fluid 0. 5b018
thermal conductivity of the fluid 0. 6435
volumetric expanzion coefficient at constant pressur-— 4e-05

» [ heat exchange

Save

Load

Help

Figure8. convection properties between water and heatsink

Ezternal wariables

Unit Tags
degree
mm

mm

n's

kg/m#*3
T/ke/K
cP
Wim/deg
/K

Close Options >»

The next step is to set the parameters of the aluminum heatsink. We also need two

components to define the heatsink. One is called “th _solid data” which will be
presenting the material of the heatsink. The other one is called “th_c” which stands for
the essential parameter of the heatsink. First, we need to identify the material of the
solid. In this case, we just choose aluminum, and after that, the basic geometry of the

heatsink should be defined, and it will be shown as follows:

k- Change Parameters ? *® Change Parameters
Submodel Submodel
- th_c [THCOOO]
th_solid_data [THSDOO] External variables A
. thermal capacity
[ (with or without
> thernal solid 5 enerey stats

properties (generic) I variable)

Parameters Parameters
Title Talue Tnit | Tags Title Walue
v salid type index 1 v (#) temperature

material definition purs alumimum (A1) solid type index
adding enerzy state variable
mass or volume

volume of material

Save Save
Load Load
Help Optioms >> Help

AL_HEATSIRE_VOLUNE

External wariables

Tnit |Tags
20 degC
1
no
volume

mEEG

Options >>

Figure9. material properties of the heatsink
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Since the aluminum heatsink is in contact with the TE generator, heat conduction
would occur; we should set the values for thermal conduction and select the
fundamental quantities of TE. To do this, we need a component called “th_conduction”
and in order to do this, we need to know the area of the contact surface and the thermal
contact conductance. We do have a reference model, so the contact area is known, as
for the thermal contact conductance, it will be set in standard value for now, but we will
talk about it later in this project.

Change Parameters T X
Submodel
th_conduction [THCDOO] External wvariables
AR
- Generic conduction
model
Parameters
Title Talue it Tag=s
zetting = filarea, thermal conductance)
contact zurface contact_area m¥¥2
thermal contact conductance 10 Wim#*#2/degC
Save
Load
Help Optionz >>

Figurel . thermal conduction properties between the heat sink and the lower TE

We need to set the parameter for TE. As we have mentioned above, the TE device
is divided into three parts. We need two components to be able to compute the material
quantities and fundamental geometry quantities. For the material quantities of the
insulator, I have chosen the material that is called alumina ceramic, which is an
excellent insulator. And the series code of it is “A-479”[9]. , we can find all of its
property on its website.
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Change Parameters

Submodel
th_solid_data_1 [THSDOO]
@ thermal solid
properties (generic)
Parameters
Title Value

s0lid type index
naterial definition

type of definition

validity domain: ninimal tems
validity domain: maximal tem™
density of the material
specific heat of the material
thernal conductivity of the *
nane of the solid

Save

Load

Help

T
2

user defined
constant values
-100 degC
660 desC
3800 kg/m#+3

? x

External variables

nit | Tags

9 I/k2/K
29 WK

alumina ceramic

Optiens >

Change Parameters

Submodel

th_c_1 [THCO000]

thermal capacity
(with or without
energy state
wariable)

&}

External variables

Parameters
Title Walue Unit Tags
@ temperature 20 degC
solid type index 2
adding energy state wariable % no
mass or wolume volume

wvolume of material

Save

Load

Help

contact_area*0. 0007

mkk

Options »>>»

Figurell. material properties of the lower part of the TE

Of course, we need to set the parameter for the middle part of the TE. As we have
mentioned above, we need two components to be able to compute the material
quantities and fundamental geometry quantities. For the material quantities of the TE,

we are using the semi-conducting material Bismuth Telluride, and it has a thermal
conductivity of 1.20 W/(m-K). and all the other material parameters are given by my
supervisor Dr.Josh Davidson[1][7].

Change Parameters
Submodel

th_solid_data_2 [THSDOO]

thermal solid

properties (generic)

Parameters

Title Talus
s0lid type index

material definition

type of definition

validity domain: minimal tem™
validity domain: maximal tems
density of the material
specific heat of the material
thermal conductivity of the
nane of the solid

Save

Load

Help

3

user defined
constant values

-1o0
[agiii]
700
159
1.2
1E

Ezternal variables

Unit  Tags

degC
deeC
ke/mkn3
I/ ke /X
WK

Change Parameters

Submodel
th_c_3 [THCO000]
..-.. thermal capacity
5 (with or without
energy state
wariable)
Parameters
Title

@ temperature

solid type index

adding energy state variable
mass or volume

volume of material

Save

Load

Help

External variables

Value Unit  Tags
20 degC
4
] -
volume

contact_area*0. 0007 m#+3

Figurel2. material properties of the middle part of TE

For the parameters of the heat conduction of the upper part of the TE, it will be the
same as the lower part of the TE, which is the alumina ceramic insulator. The area of
the contact surface will be the same, and for the thermal contact conductance, it will

still be the standard value.

The next step will be the heat conduction between the upper part of TE and the
aluminum release plate, and just like the workflow we did above, we need to determine

the contact surface and the thermal contact conductance.
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Change Parameters 7 >
Submodel
th_conduction_3 [THCDOO] External wariables
AN
- Generic conduction
model
Parameters
Title Walue it
setting = = f{area, thermal conductance)
contact surface contact_area m¥¥2
thermal contac: 10 Wim#**2/degC
< >
Save
Load
Help Cloze Qptionz »»

Figurel3. thermal conduction properties between the upper TE and plate

The next step will be the material properties and the fundamental quantities of the
aluminum release plate, but in this particular object, we do have one more component,
which will be heat radiation. In the software, it is called “th_rad2”. I am going to show
the properties of heat radiation first, and then I will show the properties of the material
and the basic quantities.
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|

Submodel

th_rad2 [THRO03]

w1

o3

Parameters

Title

equivalent emi--

exchange area

temperature of-"

Save

Load

Help

radiative exchange
gazifwall

Talue
1
PLATE DIA 2%pifd
20

External variables

Mit Tags
mall
| T2 )
deglC

Cloze Options »»

Figurel4. thermal radiation properties of the aluminum plate

The properties of the aluminum release plate will be shown below.

Change Parameters

Submodel

th_c_4 [THCO000]

.. thernal capacity
. (with or without
energy state
variable)
Parameters

Title
@ temperature
solid type index
adding enerzy = [{
mags or volume

Talue

volume of mate

Save

Load

Help

PLATE_DIA 2%pif4#plate_thick m#+3

? * Change Parameters ? ®
Submodel
External variables th_solid_data_4 [THSDOO] External wariables
@ thermal solid
properties (generic)
Parameters
Unit  Tags Title Value it  Tags
20 degC solid type index 5
5 material defin pure aluminum (A1)
no
volume
Save
Load
ogtions 5] | [ Eelp ogtions 5

Figurel5. properties of the aluminum release plate
The next step will be heat transfer between the air inside the dome and the
aluminum release plate, since the air is a fluid. Heat convection will take place in this
process. We are going to set the parameter for heat convention. The geometry is known,
and since the dome covers the system, | would assume the velocity of the air to be zero.
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Change Parameters ? x
Submodel
th _convectionZp 1 [THGCV2] Szl wasealbilen
m?(\fm external mixed
convective exchange
with thermal port
Parameters
Title Walue Mnit Tz
calculation type cylinder with predefined correlation
length 0.002 =
radius PLATE DIAf2Z =
welocity of th' 0 ns=
» [J fluid prope
* [ heat exchange
< >
Save
Load
Help Optionz »>

Figurel6. heat convection properties between the aluminum release plate and the air

For the material quantities and the geometry of the material, we can find the

Change Parameters ? X
Submodel

th_solid_data_5 [THSDOO]

thermal solid

properties (gemeric)

External variables

Parameters
Title Talue Unit  Tags

solid type index 6
material defin' user defined
type of defini* constant values
validity domai' -100 desC
validity domai' 860 degC
density of thew 1.2 kefwwrd
specific heat 1000 J/ke/E
thezmal conduc' 0.025 W'k
name of the sor AIR

Save

Load

Optiens >>

Help

thermal properties of the air using the internet. It is a related simple question since it is
operating at room temperature. I would say the temperature of the air is 20 °C. The
parameters of air can be found[8]. As for the geometry of the air, it will simply be the
volume of the hemisphere by using the inner diameter of the dome.

Change Parameters ? X

Submodel

£

th_c_5 [THC000]
Bxternal variables
thernal capacity
{with or without
energy state
wvarishle)

Parameters
Title Value Unit  Tags
(®) tenperature 20 degC
solid type index 6
adding energy no
mass or volume volume

volune of mate'

Save

Load

Help

pl_dian 3%pif12 w3

Options >»

Figurel7.properties is the air inside the dome
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The next step will be the heat convection between the air inside the dome and the
dome. We are going to show the parameter for heat convection as usual, and the velocity
is zero again since we have assumed it to be zero in the previous case.

Change Parameters 4 pesd

Submodel

th_convection2p 2 [THGC¥2] External variables

m‘i(\fm external mixed
convective exchange
with thermal port

Parameters
Title Talue it
calculation t¥pe cy¥linder with predefined correlation
length 0.004 m
radius pl_diam#*pi/2 m
velocity of the 0 ns

» [J fluid prope-
* [ heat exchange

Save

Load

Help Optionz »>

Figurel8.heat convection properties between the air inside the dome and the dome

For the dome material, I will go for a Polycarbonate dome. The material properties
can be found on the internet and for the volume using the outer radius minus the volume
using the inner radius.

Change Parameters ? X Change Parameters 7 X
Submodel Submodel
th_c_6 [THC00O]
External wvariables th_solid_data_6 [THSDOO] External variables

.. thermal capacity
- (rith or without
T thermal solid

energy state
variable) properties (generic)

Parameters Parameters
Tatle Value Unit  Tags Title Value Tnit Tazs
(@ temperaturs 20 degC solid type index 7
z0lid type index 7 material defin-- user defined
adding energy " % no type of defini~ constant values
nass or volume volume wvalidity domai- -100 degC
volune of mate pl_diam 2%pif4%pl_thick m++3 validity domai 560 deeC
density of the 1200 kg/m#3
specific heat ™ 1300 J/ks/K
thermal conduc 0.19 W'n'K
name of the so— Polycarbonate
Save Save
Load Load
Help Options 3> Help Options »r

Figurel9.material properties of the polycarbonate dome
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Finally, the dome is going to have heat convection with the ambient air. Just like
what we did, the parameter will be shown:

Change Parameters 7 o
Submodel

th_convection2p_3 [THGCY¥2] External variables
m?{lﬂm external mized
convective exchange
with thermal port

Parameters
Title Talue Tnit Tags
caloulation type -—nder with predefined correlation
length 0.004 m
radius

pl diam*pif2 =
velocity of the 0.1 nfs

¥ [0 fluid prope
» [ heat exchange

Save Default walue Max. walue
Load Eezet title Min. walue
Help

Cloze Options »»

Figure20.heat convection properties between the dome and the ambient air

The last step will be setting the temperature value for the ambient air, and just like
what we did to set the temperature of the water. I need a “piecewise linear” and a
“th_temperature_converter” In order to compute the last process.
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4 piecewise linear designer [piecewiselinear_1] ? *

RRLL 4+ H

number of stages |1 v Drag® bubbles to modify start time/wvalue
. Drage diamonds to modify end walue
cyclic no v
30
ztage start time start wvalue duration 13 )
1 ] 20 le+07 |
25 -
20 4 ==~ H——=eP -
15
< >
zhow stagez on plot i
6
Split ztage |1 v 10 T L Ix“)

L T T 1
1 4 -2 0 2 4 6 8 10 12 14

(0] 4 Cancel Apply

Figure2l. ambient air temperature

Just in case you might be wondering, all the parameters that are shown with letters, this
is because that I have stored all of the often used parameters in the column called Global
parameters. All of them are stored with units as well.

Global Parameter Setup - Huang_original.ame ? X
Right click to set global parameters: Search: v @ More
ame Title Talue Unit Tags Minimum
[ thesis
AL _HEATSINE_VOLUME title 0,040, 1%0, 04 m*+3
TE_THCIE title 0,004 m
TE_K title 1.2 W im#E)
PLATE DIA4 title 015 m
plate thick title 0,002 m
pl_diam title L3 m
pl_thick title 0,004 m
contact_area title 0.04%0.04 m##*2
{ b
Help 0k Cancel Apply

Figure22.global parameters
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6. post-processing

6.1 Variation of the release plate

At this moment, we have the geometry of our TEG, and we have all the parameters
set to the individual component. Since this project is about optimizing the TEG, we will
try to select one or two parameters as variables. There are many different parameters
within the system. We will start with examining the temperature output of each
component and the power output of the TEG by setting the diameter of the aluminum
release plate as our first variable. In our model, the diameter of the aluminum plate is
150mm. Since the contact surface has already been set, so the low area of the plate
should be bigger than the contact surface area, which is 40 X 40mm?.

Al release plate

Jiy;

Figure23.sketch of the model

After a simple calculation, we can start with a diameter of 60mm. There is a
function called “batch run” inside the Amesim software. We can run the simulation with
one variable. Before using the “batch run,” we need to set the parameters. Within a tab
called “study manager,” we can drag the variable to the column and click next. The
picture will be shown below:
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Study Manager - C:/Users/mayn/Desktop/FINAL PROJECT/my_project/Huang_original.ame ? X

Input parameters

Submodel Simocenter Amesim Title Hame Mnits |Type Possible walues Default walue Lower bouru

GLOBAL (PLATE_DLA) title FLATE DI& m Real 0.15 —letld

< td

> | Simple outputs Compound eutputs

Help Next 08 Cancel
Figure24.study manager

And here we are at the table for setting the variable. In this project, my reference
value will be 150mm. I put the step size to 10mm, as you can see in the picture below.
My initial value will be 60mm, and my max value will be 290mm since the diameter of
the inner dome will be 300mm. In this case, the simulation will repeat itself 24 times.

Study Manager - C:/Users/mayn/Desktop/FINAL PROJECT/my_project/Huang_original.ame ? *
Parameters
j [F] Start Fun
& Default_BEatch Definitions
Varying between 2 limitz ~ Show dezign matrix

Batch files

Load... Save...
HName Tnit Value Step size |[Num below  Num above MNin walue | Max walue ]
| FLATE_" m 0.18 0.0t 9 14
< >

Hide umused

Help Back Cancel

Figure5.step value and numbers of simulation
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We have defined the batch parameter, and there are three more things to be set: the
start time, final time, and the print interval. Once everything is filled, we will be able
to run the simulations now.

Run Parameters ? X

General Standard optionz Fixed ztep optionsz

S5imulation settings Simulation type Integrator type
Parameter Value Tnit * Single run ® Stapndard integrator
Start time i 2 ® Batch  |Design matrix Fixed step integrator
Final time 10000 =
Print interval v 1 5 v Parallel processing Information
< >
Continuation run hizcferences @ Frint interval: 1 =
Usze old final values Nu.mbey.: of points: 10001
Result file(s) Sampling frequency: 1 Hz
Easily observable frequency: 0.1 Hz
Niscellaneous Mumber of saved wariables:
¥| Monitor time 16.8 .
Statisti Estimated size:
tatistics 13 18

Generate CSV Estimated total size:

13ME x 24 = 312 MB

Help Default OF Cancel

Figure26. simulation settings
We can check the simulation result of the aluminum plate first. We will see how

the temperature would vary according to the change in the diameter of the aluminum
plate. The simulation result will be shown below:
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6.1.2 Results

Plot -1 - o x
File Edit View Iools fmalysis Help ®

RAELL t+Hb OB ORE Wk 18

[degC]
26 &
e — tenperature [degC] PLATE_DI&=0.06 n "
25 —— tenperature [degC] PLATE_DI&=0.07 m * J—

_ 1
_| 2"
temperature [degC] PLATE_DIA=0.08 m *3"

temperature [desC] PLATE_DIA=0.00 n "d”

temperature [desC] PLATE_DI&=0.1 m “§"

temperature [desC] PLATE_DIA=0.11 m "6" | —

—temperature [degC] PLATE_DIA=0.1Z m *7" | —

temperature [desC] PLATE_DIA=0.13 n "8"

—— temperature [degC] PLATE_DIA=0.14 m “9”

temperaturs [degC] PLATE_DIA=0.15 m *10”

temperature [desC] PLATE_DIA=0.16 m "11" [ —

22 temperature [desC] PLATE_DIA=0.17 m "12" f —

—— tenperature [degC] PLATE_DI&=0.18 m “13”
temperature [degC] PLATE_DIA=0.19 m “14”
— temperature [degC] PLATE DIA=0.2 m "15"
—— tenperature [degC] PLATE_DI&=0.21 m “16"
temperature [degC] PLATE_DIA=0.22 m “17"
temperzture [degC] PLATE_DIi=0.23 n "187
temperature [degC] FLATE_DIA=0.24 m "18"
temperature [degC] PLATE_DIi=0.26 m “20"
—— tenperature [degC] PLATE_DIA=0.26 m "21"
temperature [degC] PLATE_DIA=0.27 m "22"
—— tenperature [degC] PLATE_DI&=0.28 m "23"

temperature [degC] PLATE_DIi=0.20 m “24" x103
T T

8 10

¥ Time [s]

Figurel7.temperature of the aluminum release plate

As we can see, once the temperature drops below 21°C, which is the line in orange
and it represents the diameter of 160mm. We will see the temperature does not change
much by then. Although the diameter will keep increasing to 290mm when we compare
its temperature to the previous value, we would see only a 0.5°C difference even we
almost have two times the diameter.

The next step is that we are going to investigate the temperature between the lower
and upper parts of the TEG, we are going to check the temperature difference between
them, and then we can use the formula for power to compute the power output.
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Figurel$. the temperature difference between the upper and lower TE plate

From the graph, we can see that the temperature difference between the lower and

upper parts of the TE is significant according to the diameter of the aluminum release

plate. The larger the diameter, the greater the temperature gradient value we will have.

But at some point in the graph, the effect of the diameter variable is decreasing. When

the temperature difference reaches 14.5K(line no.11), we can see the diameter which

represents this line will be 160mm. Even the simulation keeps operating till the

diameter reaches 290mm, but it does not have that much effect on the temperature

difference. We can see the temperature difference variation between two diameters will

be around 0.3K even though the difference between two diameters is quite large.
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Figure29. the power output of the TE device

Just like what we have evaluated above, the diameter of the aluminum release plate
does affect the temperature difference. And it will obviously affect the power output
since the temperature difference is one of the quantities within the power equation. Like
what we mentioned above, the output value would no longer change rapidly according
to the variation of diameter. We will use two same diameters as a reference,160mm and
290mm. We can see that at 160mm (line 11), we will have around 0.32W as power out.
In the case of 290mm (line 24), we will have 0.335 as the power output, which does not
have that much of a difference.

Once we know the power output, we will be able to select a proper wireless sensor
in order to complete the system. Saba Akbari[10] has written a paper about energy
harvesting for wireless sensors. I will choose the sensor type: “SGS-21XX
Semiconductor Sensor,” and it is made by the company of “Delta, Russia” with a power
consumption of 200 mW. Although we have a power output of 320mW in theory, in
reality, we would only have lower power output.

6.2 Variation of input temperature

The second variation will be the temperature of the water. We will set the
temperature as 40°C,50°C, and 60°C. The case in 50°C is already mentioned in the
previous section. Since the temperature has changed, the thermal properties of the water
would change as well. And we can use the formula to compute power. We knew that
the power output would not change significantly after the diameter reached 160mm. We
would only simulate the situation until 160mm.
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Figure30. thermal properties of water at 40°C
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Figure31.power output when the temperature is 40°C
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Change Parameters

Submodel

aive

th_convectionZp [THGCV¥Z]

external mixed
convective exchange
with thermal port

External wariablez

Parameters
Title Walue Unit
calculation type flat plate with predefined correlation
inclination angle with respect to horizo—- 90 degree
width 40 mm
length b6 mm
velocity of the fluid 1 n's
v [ fluid properties
fluid properties constant properties
denzity of the fluid 983. 13 ke m¥+3
specific heat of the fluid 4185 J/ke/K
abzolute vizcozity of the fluid 0.47 cP
thermal conductivity of the fluid 0. 65282 W/n/deg
volumetric expansion coefficient at oo 4e-05 1/E
» [0 heat exchange
< >
Save Default walue Nax. walue
Load Rezet title Min. walue
Help Cloze Optionz >»
. . 0,
Figure32. thermal properties of water at 60°C
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Figure34.power output when the temperature is 60°C

31



From the graph, we can see that even the gap between the temperature input was
10°C, but the value of the power output changed dramatically. It went from around
0.32mW at 50°C to 0.14mW at 40°C. The power output is almost half the initial value.
When the heat input reaches 60°C, the power output goes from 0.32mW to 0.55mW. It
increases significantly.

6.3 Variation of thermal contact conductance

The third variation will be the thermal contact conductance. Thermal contact
conductance is the quantity that indicates the thermal conductivity between two bodies
that are in contact, the inverse property of the thermal contact conductance is called
thermal contact resistance. There are many factors that can influence the contact
conductance, which will be the contact pressure, interstitial material, surface roughness,
surface deformation, and surface cleanliness between 2 bodies.

Like we have mentioned, the value of contact conductance can vary due to many
factors. This is the reason why I want to find out how this property would affect the
temperature of the material.

In order to reduce the number of contact conductance that I personally used in the
system, I would like not to separate the TE device into three parts. I will consider the
TE device as one component using the material property of Bismuth Telluride. In this
case, I would only have contact conductance for the heatsink with the TE device and
the TE device with the Al plate. Since both materials are in aluminum and they are both
in contact with the same TE device, I would assume that they will have the same value
for contact conductance.

In this case, I will need to reduce the component of the system and construct a
relatively similar model to the one I used in the previous case. The geometries are the
same as the reference. For the parameters, it would also remain the same besides the
value for contact conductance.
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AL hestsink

Figure35. amesim sketch when the TE device presents as one component

In this case, we are going to investigate how this particular value would change the

temperature of the TE device in general. The value of the thermal contact conductance

that we used is 10 [W /m?/ deg C], and I would like to simulate this value from 1-210

with the step value of 1. We can simulate this process using “batch run” again, and we

can finish the settings from the menu called study manager. Once everything is

completed, we will be able to carry out the simulation.

Study Manager - C:/Users/mayn/Desktop/FINAL PROJECT/my_project/Huang_changed.ame ? x

| Default_Batch Detinitions
Varying between 2 linits v Show design matrix
Batch files
Load. .. Save...
Hane Unit. Value Step size Mum below | Kum sbove Min value Max value |Mumber of simulations
PLATE DIA m 0.15 a 0 0
| thernal comtact_contacta  Wmer2/desC 10 1 9 200
Hide wmzed
@) The cutputs are not used for Default Batch study. ®
Help Back OK Canrel

Figure36. step value and numbers of simulation

After the simulation is done, we will be able to compute the temperature value
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according to the changes in thermal contact conductance. The temperature will be
shown below:
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Figure37. the temperature of the TE device

From the graph, we can see that the thermal contact conductance does have a
significant effect on the temperature. The temperature changed from around 37°C to
around 50°C. When we have a higher value of thermal contact conductance, we will
receive a greater value of the temperature of the TE device. But we can see from the
graph that when the temperature of the device reaches around 47 °C, even the value of
the thermal contact conductance keeps increasing, it does not show a significant value
change in temperature.

7. Conclusion

This project is carried out under a highly ideal circumstance. We have managed to
compute the power output of the TE device, but there were some assumptions about
some of the quantities that were used during the operation. For example, I have set the
water temperature and the ambient temperature to a constant number. In reality, it
would not be as accurate as we have assumed. This would cause some errors
compared to the real-life situation. Another critical factor will be the thermal contact
conductance. Like what we have mentioned in the project, the value of the thermal
contact conductance may have either a positive or negative effect on the system. We
need to know the accurate value for this in order to compute a better simulation.

There are also many other ways to optimize the system. For example, we can
have a greater heat input to make the hot side of the TE device even hotter, but we
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should find a way to cool down the other side of the TE device to make a more
significant temperature gradient. We can also use different materials instead of the
aluminum that I used in my system. We can use a different material for the thermal
electric device as well. Once we find a material that has a better ZT value, this means
that the system can achieve better results.
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