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Abstract

It is well known that the seats in a parked vehicle become very hot and
uncomfortable on warm days. A new self-powered thermoelectric car seat cooler is
presented to solve this problem. This study details the design and optimization of such a
device. The design relates to the high level layout of the major components and their
relation to each other in typical operation. Optimization is achieved through the use of
the ideal thermoelectric equations to determine the best compromise between power
generation and cooling performance. This design is novel in that the same thermoelectric
device is utilized for both power generation and for cooling. The first step is to construct
a conceptual layout of the self-powered seat cooler. Using the ideal thermoelectric
equations, an analytical model of the system is developed. The model is validated against
experimental data and shows good correlation. Through a non-dimensional approach, the
geometric sizing of the various components is optimized. With the optimal design found,
the performance is evaluated using both the ideal equations and though use of the
simulation software ANSYS. The final design consists of a flat absorber plate embedded
into the car seat with a thermoelectric attached to the back. A finned heat sink is used to
cool the thermoelectric. The device is shown to generate enough power to provide a

reasonable temperature drop in the seat.
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General Audience Abstract

It is well known that the seats in a parked vehicle become very hot and
uncomfortable on warm days. A new self-powered thermoelectric car seat cooler is
presented to solve this problem. The term thermoelectric refers to devices which convert
thermal energy directly to electrical energy and can also convert electrical energy to
thermal energy. This study details the design and optimization of such a device. Design
relates to the layout and relationship of the major components. Optimization refers to the
best use the given components to maximize power output and seat cooling. The final
design consists of a flat absorber plate embedded into the car seat with a thermoelectric
attached to the back. A finned heat sink is used to cool the thermoelectric. The device is

shown to generate enough power to provide a reasonable temperature drop in the seat.
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Chapter 1: Introduction and Background
1.1) Introduction

The thermoelectric effect is the combination of three phenomena: the Seebeck
effect, the Peltier effect, and the Thomson effect. The Seebeck effect occurs when a
temperature difference exists between the junctions of two dissimilar conductors and
results in a potential difference [1]. The reverse process is called the Peltier effect, in
which a potential difference applied across two conductors results in a temperature
difference [2]. The Thomson effect states that if a conductor which has a current passing
through it also experiences a temperature difference, then heat will be either absorbed or
emitted by the conductor, depending on the thermal gradient and the direction of flow of
current [3]. Thermoelectric devices utilize these effects to operate. Most thermoelectrics
used today fall into two main categories: thermoelectric generators (TEGs) and
thermoelectric coolers (TECS).

TEGs are used to convert thermal energy in the form of a temperature difference
into electrical energy. Notable devices which have utilized this technology include the
Lincoln Experimental Satellites and the VVoyager space probes [4]. Each of these
spacecraft were powered by TEGs which used heat generated by nuclear fission. More
recently, TEGs have been used to produce small amounts of energy from waste heat
sources. Consumer products, such as camp stoves which produce electrical power, have
made thermoelectrics mainstream [5]. Additionally, many researchers have built and
tested solar powered TEGs [6]. Future applications of thermoelectrics are broad. Current
proposals suggest that they could be used to harvest energy from the human body to
power health monitoring systems [7]. TECs have also found uses in many products.

These devices utilize electrical energy to produce thermal gradient, in effect acting as a



heat pump. Several manufacturers currently provide portable coolers and climate
controlled car seats which utilize TECs [8,9]. They have also been proposed as a means
to cool electronic components [10].

As seen, thermoelectric devices have many diverse uses. The main advantage of
TECs and TEGs is that they have no moving parts. For this reason, they are reliable, long
lasting, and can operate quietly. However, these devices do possess downsides. TEGs
suffer from low conversion efficiencies. Additionally, the materials currently used to
manufacture thermoelectrics are costly. Despite these shortcomings, thermoelectrics are

a versatile technology.

1.2)  Problem Overview

It is commonly known that the interior of automobiles become very hot in the
summertime. Air temperatures inside a parked car exposed to direct sunlight can reach in
excess of 60°C on a summer day [11]. Surface temperatures can be in excess of 90°C
[12]. When an occupant enters the vehicle in these conditions it is very uncomfortable.
Both the cabin air and the car seat are hot. Several devices have been developed to
provide cooling to the occupant, with varied success. The most common solution is the
use of the vehicle’s air conditioning system. While this method does cool the interior, it
takes time to reach a comfortable temperature. Even if cold air is supplied during this
cool down period, the car seat is still very hot.

In looking to solve this problem, it is important to note that there are two
phenomenon occurring. The first is that for the majority of the day, most vehicles are
inundated with solar energy. The second is that because of this solar energy, the car seat

is very hot and uncomfortable. In studying this problem, a solution to the second



problem is found in the first. A possible solution is to capture and store solar energy over
the course of the day. Then, when the occupant returns to the vehicle this energy is used
to cool the car seat. In searching for a means to accomplish this, thermoelectrics are
introduced as a viable technology since these devices can both generate electrical energy
and also provide thermal cooling. The proposed operation of such a device is as follows.
First, during the day a thermoelectric is used to generate electrical energy from a
temperature difference created by solar irradiance. This energy is stored in a battery for
later use. When the occupant of the vehicle returns and cooling is desired, a
thermoelectric embedded in the seat will utilize the stored electrical energy to cool the car
seat.

The use of thermoelectrics in car seat cooling is not new. As previously
mentioned, several manufactures sell commercial thermoelectric car seat coolers. The
first application of thermoelectrics to car seat comfort was by Malvicino et al. in 2001
[13]. Using a thermoelectric device to cool the occupant of the vehicle has several
advantages over other cooling solutions. For example, one seat cooling solution is to
force air through the seat. While this does provide convective cooling, the air used is still
at the ambient temperature of the vehicle. A thermoelectric cooler is more effective
because it provides active heat removal from the seat by either first cooling the air
supplied to the occupant or by directly cooling the seat through conduction. The most
common device used to cool the seat is the vehicle’s air conditioning system. However,
this cools indirectly by first reducing the temperature of the interior air. The air then
cools the seat and occupant. By using a thermoelectric seat cooler, cooling is provided

directly to the seat.



Furthermore, the self-powered thermoelectric car seat cooler has power
advantages over other forms of vehicle cooling. The standard air conditioning system has
been shown to increase fuel consumption by 28% for light duty vehicles [14]. This
increase in load is not insignificant. Other proposed thermoelectric seat cooler designs
will also increase the load on the vehicle’s engine and/or electrical system. The self-
powered thermoelectric seat cooler does not experience this problem because this device
is self-powered. It can operate while the car is parked and the engine is not running.

The design is made further unique in that same thermoelectric device is used for
both power generation and for cooling. To our knowledge, this paper is the only study to
research the operation of such a device. This design choice not only expands the field of
study of thermoelectrics, but it also improves the design of the seat cooler. By
embedding the cooler/generator directly into the seat, the device does not impact the
aesthetics of the vehicle interior. This allows it to be easily implemented into current and

future vehicle designs.

1.3)  Thermoelectric Governing Effects

As previously mentioned, the thermoelectric effect is described by the Seebeck,
the Peltier, and the Thomson effects. This section will briefly cover these phenomenon in
detail.

The Seebeck effect is the direct conversion of thermal energy into electrical
energy. This effect is what allows thermocouples to measure temperature. In Figure 1. 1,
two conductors are joined electrically in series and thermally in parallel. One material is
a p-type and the other is a n-type. The difference in these materials are the impurities

which are introduced, which is achieved through doping. The naming convention of the



materials comes from the terminology used in doping, where p represent the electron hole

concentration, and n represents the free electron concentration.

(<)
=/
i
Jojanpuo)
=

Figure 1. 1 Seebeck effect

If a temperature difference is applied across the two legs, given as T}, for the hot side
temperature and T, for the cold side temperature, then thermal energy added at the hot
end of the conductor frees electrons causing them to diffuse to cold end [15]. This
diffusion creates a voltage difference in the thermoelectric material. This voltage is
calculated by

V = aAT, (1. 1)

where a is the Seebeck coefficient and AT is the temperature difference across the
materials.

The Peltier effect states that when a current is passed through the intersection of
two conductors then heat is released on one side and absorbed on the other. The reason
for this is similar to the Seebeck effect. The applied current causes electrons to flow
through the thermoelectric. In doing so the electrons carry thermal energy from one side

to the other. The heat flow from the intersection is governed by:



Qpeitier = I = aTl, 1.2

where I is the Peltier coefficient and [ is the current. This is seen in Figure 1. 2 below.
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Figure 1. 2 Peltier and Thomson effect
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The Thomson effect occurs when there is temperature gradient across a conductor
accompanied by a current. Heat can either be released or absorbed depending on the flow
of current and the temperature gradient. The amount of heat absorbed or released is

Qrhomson = TIAT, (1.3)

where 7 is the Thomson coefficient and is given as

da (1. 4)
=T ﬁ

The Thomson effect is the only thermoelectric effect which can be experienced by a
single conductor. The Seebeck and Peltier effects require that two conductors are
connected at a junction.

The final concept introduced in this section is the figure of merit. This is an

important term used to describe thermoelectric materials. It is denoted by



a? (1.5)

where p is the electrical resistivity of the material and k is the thermal conductivity. The
units of Z are 1/K. The higher the figure of merit, the better suited a material is for
thermoelectric applications. This term relates the power production capabilities of the
material to its electrical and thermal properties. The ideal thermoelectric material would
have a large Seebeck coefficient and low thermal conductivity and electrical resistance.
A material such as this would allow current to flow freely through it while maintaining a
large thermal gradient. Typically, the figure of merit is multiplied by the absolute
temperature to obtain the non-dimensional figure of merit or ZT value. Currently, ZT

values are about 1 for most thermoelectric materials [15].



Chapter 2: Project objective and literature review

2.1)  Project Objectives

This study seeks to design a self-powered thermoelectric car seat cooler. In setting
out to plan this device, many aspects of thermoelectric design are considered.
Assumptions and justifications used in the design and modeling of the final device are
listed. The following chapters link both analytical and experimental data to provide the
most realistic results. This study also displays the proof of concept of a theoretical
thermoelectric device.

Another aspect of this study is that it acts as a roadmap for others seeking to design
thermoelectric devices. The details given are thorough in that both thermoelectric
cooling and thermoelectric power generation are covered. Using the given methodology,
designers wishing to utilize thermoelectrics can follow the steps outlined to choose the
optimal parameters of the device and to model the predicted performance.

The optimization used in this study is modified from a method developed by Lee
[16]. This technique is very useful in the design of thermoelectrics. Without it, choosing
the ideal parameters for a thermoelectric device would require the variation of many
different properties. Additionally, this method states that for a given loading condition,
an optimal design of the thermoelectric does exist.

Focusing on this specific study, the problem posed is to design a thermoelectric car
seat cooler which is powered by a solar thermoelectric generator. This design is novel in
that the same thermoelectric device will be used for both power generation and for
cooling the seat. Therefore, the thermoelectric design will be optimized under two

conditions. The first condition is the solar heating of the device. The second is the



design for optimal cooling. To provide a proof of concept for this novel design, the goals
of this study are as follows:
1) Provide a high level design of the self-power thermoelectric car seat cooler by
listing the major components and showing their relationship to each other.
2) Develop and validate a one-dimensional analytical model using the ideal
thermoelectric equations to simulate the design outlined in part 1.
3) Optimize the geometry and operation of the self-powered seat cooler through an
iterative non-dimensional method.
4) Simulate the optimized device performance under typical operating conditions
and compare the results to an ANSYS simulations.
Through this methodology, the performance of the proposed device is determined.
Ultimately, this shows whether the design is feasible.
2.2) Literature Review

In preparing for this study, it is important to consider research in the field of
thermoelectrics. This section is broken down into three categories: solar powered
thermoelectric generators, thermoelectric seat cooling, and thermoelectric use in
combined power generation and cooling.

Several studies have focused on the use of solar thermoelectric generators
(STEGSs). These devices normally consist of a solar collection device, the thermoelectric,
and some form of heat dissipation. Early experiments by Goldsmid et al. studied STEGs
using Bismuth Telluride [17]. The main goal was to see how well a thermoelectric
generator can convert solar energy into electrical energy. In the study, two designs were

proposed and tested. The first used a flat plate aluminum collector with two glass plates



to prevent heat from escaping. The second design was a semi-parabolic stationary solar
concentrator which focused light onto the TEG. For the flat plate collector, a peak hot
side temperature of 90°C was achieve with total temperature difference of 45°C. This
resulted in a max power output of about 0.75 W. While the flat plate was able to produce
power, it was only able to achieve an overall system efficiency of 1%. The solar
concentrator was able to reach higher temperatures of about 120°C. Despite reaching a
larger hot side temperature than the flat plate, the stationary solar concentrator only
achieved an overall efficiency of 0.5%. This was mainly due to design limitations.
Goldsmid et al. predicted that with improved collector efficiency, the total efficiency
could rise to 3%.

A similar study was performed by Amatya et al. who also used a solar
concentrator to direct sunlight toward a Bi>Tes thermoelectric module [18]. The cold side
was cooled using a natural convection pin fin heat sink. The thermoelectric used in this
study was a TG12-4 from Marlow Inc. Using the concentrator and heat sink, the TEG
was able to produce 1.8 W of power at a system efficiency of around 3%. The main
conclusion was that well designed STEGs are an attractive method for micro power
applications.

Several studies have looked at the use of thermoelectric coolers in automobiles.
M. Vinoth and D. Prema designed an automated safety cooling system for car seats [19].
This system is designed to protect small children in the case of being left in a hot vehicle
by providing direct convection cooling to the child. In this design, cold air is supplied to
the seat through use of a thermoelectric heat exchanger. The final device was able to

maintain the ambient air temperature around the child’s car seat at 32°C to 25.8°C. This

10



temperature was obtained within three minutes of the thermoelectric cooler being
activated.

Elarusi el al. optimized the design of a thermoelectric car seat cooling/heating
system [20]. This design delivered conditioned air to the occupant by using a
thermoelectric with heat sinks attached on both the hot and cold sides. Interior car air
was then either cooled or heated and delivered to the occupant through a perforated seat.
A model of the system was developed and compared to experimental data obtained by
Feher [21]. Good agreement was found between the two. This model was then used to
optimize the TEC and simulate its performance. The optimization method was non-
dimensionalized according to the thermal convection conductance of the hot air stream.
For the cooling operation, a temperature difference of 11°C was reported for an ambient
air temperature of 27°C. The cooling power was predicted to be 18.61 W and the power
consumption was 40.95 W [20].

Su et al. also modeled and tested a thermoelectric car seat cooler [22]. Like
Elarusi et al., this design also utilized finned heat sinks on both the hot and cold side to
supply conditioned air. In this study, CFD modeling was used to determine the number
of thermoelectric modules needed. Simulation results showed that the setup should use
two thermoelectrics to convectively cool the air. The experimental setup supplied cooled
air through the back of the seat to cool the occupant. At an ambient temperature of
32.7°C, the device was able to reduce the passenger’s back temperature from 33.4°C to
28.2°C. The temperature drop was achieved in 60 seconds with the TEC operating at 4

amps.
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Research has also been focused on the use of TEGs to power a TEC. One such
study was performed by Khattab and Shenawy who used several STEGs to power a TEC
[23]. Using Bi>Testhermoelectrics, they constructed both a STEG and a TEC. The
STEG used a reflector to focus solar light onto an absorber plate. The TEC cold side was
used to cool a mass of water, while the hot side was cooled by a heat sink. The study
looked at the performance of such a device throughout the year as the ambient
temperature and solar input varied. It was concluded that multiple TEGs would be
required to power the TEC.

A similar study is performed by Chen et al. who simulated the performance of a
single TEC connected to a single TEG [24]. The simulation looked at how the boundary
conditions and leg lengths affected the performance. ANSYS was used to model the
performance of the device at several different conditions. The model consisted of two
thermoelectric leg pairs, one pair for the cooler and the other for the generator. It was
noted that the geometry of the legs plays a significant role in the performance of the
whole system. The range of cooling was found to be about 10 mW — 100 mW. As in the
previous study by Khattab and Shenawy, it was concluded that a feasible design would
incorporate multiple TEGs to power the TEC.

Du et al. investigated using TEGs which collected power from automobile
exhaust to power a car seat TEC [25]. The main point of this study was to verify that
such a setup was possible. Through experiments, it was shown that the TEG was able to
produce over 250 watts of power depending on the working conditions of the engine.
The temperature controlled seat was similar in design to the other seat coolers presented.

It consisted of a blower, 4 fans and a TEC. The total power consumption of the entire

12



system was 73.2 W. Therefore, the exhaust system provided enough power to effectively
operate the seat. Although enough power is supplied by the TEG, a battery is still used to
compensate for any variance in voltage of the generator. In testing, the TEC was able to
reduce the seat temperature from 36.61°C to 31.27°C at ambient cabin air temperature of
42.33°C. The device was able to reach steady state cooling in under 2 minutes.

Although the mentioned studies produced functional devices, they neglect a few
key issues. The first critique applies to both TEGs and TECs. Most of the designs, with
a few exceptions, do not use optimization techniques to choose the proper thermoelectric
geometry or operating conditions for their device. While the devices are still functional,
their performance would be greatly improved if the proper characteristics were chosen
based on the predicted boundary conditions. Additionally, most designs of
thermoelectric car seat coolers give little consideration to the device power requirements
and whether or not the vehicle is capable of supplying this power. Lastly, the designs
presented are not shown to be tested at varying operating conditions. Without a
comparison to other conditions, it is difficult to determine a baseline which the
performance can be compared to.

These concerns are addressed in this paper. The design of the thermoelectric
device is chosen through a non-dimensional optimization routine. Power considerations
for the final design are eliminated due to the fact that the thermoelectric seat cooler is
self-powered. Finally, the design is tested under different operating conditions and a

baseline case is shown to draw comparison to.
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Chapter 3: Device Design and Modeling

This chapter will cover all the necessary concepts needed for the design. This
includes all the tools and validations used to design the final device. It begins with the
derivation of the equations used throughout the analysis. This includes the ideal
thermoelectric equations, a one-dimensional model of the device, and the non-
dimensional form of the model. The high level design is given along with justifications
for the specific layout. Finally, several noteworthy studies are introduced which aid in
validating the analytical model.

3.1) Thermoelectric Ideal Equations

Consider a thermoelectric device shown in Figure 3. 1 below. It consists of two legs,
p and n, made of different thermoelectric materials. The legs are thermally in parallel
and electrically in series. A temperature gradient exists between the top and bottom of

the legs. The length and cross sectional area of both legs are identical.

Ty
x=0

p-leg

Q, 1 J Section A
---------- : A A

Q Q rea,

.......... x + dx

Qout ' Cross

Section A
x=L
| T,

Figure 3. 1 Control volume for a typical thermoelectric device.

14



The heat flow is described using the Thomson relationship and Onsager’s principle. This
relationship is given as [26]

. daT (3.1)
Q =aTll kdx

where k is the thermal conductivity of the thermoelectric material. This equation relates
the heat flow to the Peltier cooling and thermal conduction. A differential control
volume is drawn around a section of the p-leg. Although the following analysis is
performed for the p-leg, it also applies to the n-leg. Assuming one-dimensional steady-

state conditions, the conservation of energy gives

Qin_Qout+Qj+Qt=O (3.2)
where Q;,, is the Fourier heat conduction into the control volume, Q,,,; is the Fourier heat
conduction out of the control volume, Q; is the Joule heating generated inside the control

volume, and Q. is the Thomson heat due to the Thomson effect. This can be written as

Q(x)—Q(x+dx)+Qj+Qt=0. (3.3)

Applying a first order Taylor expansion to the second term in Equation (3. 3) and
expanding the other terms results in

(3. 4)

A 2
Q(x) — (Q(x) + dgix) dx) + IAﬁdx —7IdT = 0

p

The equation can be further expanded by using the Fourier’s Law of Conduction given as

: dT 3.5
Q(.X) = kpAp d_ ( )
Equation (3. 4) then becomes
d dT 12 3.6
- (kpAp - ) App dx — t,1dT = 0. 5.9

D
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The thermoelectric properties in the differential equation, k,,, p,,, and 7, all vary with

temperature and the temperature varies with x along the leg. This makes the equation
unsolvable analytically. However, if it is assumed that the thermoelectric properties are
constant, Equation (3. 6) reduces to

(1, )
dx \POP gy ) &

& 3.7
%dx=0. S

14
The boundary conditions are T,.—, = T; and T,—;, = T,. By integrating Equation (3. 7)

and applying the boundary conditions:

d_T — (TZ - Tl) + 12 ppr (3- 8)
dx =g L, 2k, A2
d_T — (TZ — Tl) 2 ppr (3- 9)
dx ey L, 2k, A2

Combining Equations (3. 8), (3. 9), and (3. 1), the heat flow at the top of the p-leg is

given by
. ?p,L, A,k (3. 10)
Qp(x = 0) = @yl = ———F+——F (T, = Ty)
P P 24, L,
and the bottom of the leg given by
. I?p,L, A,k (3.11)
Qp(x =1L) = a,T,1 + 2: P+ z 2 (T, = Ty).
14 p

Likewise, it can be shown that the heat flow for the n-leg is given by

. ?pyL, Ank (3.12)
Qnx = 0) = —ayTil ——2—+—— (T, = T)
n n
and
. ?p,L  Ayk (3.13)
0,(x =L) = —a,T,] + ZA” + Z (T, - T,).
n n
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Summing the heat flow at x = 0 gives the heat flow into the top of the thermoelectric

device. If the cross sectional areas and lengths of the legs are the same, this is expressed

as

k,A kA

0. =n [(% )Tl - 1. (ppL s an) N (

2 A A

) -] ¢

where n is the number of leg pairs in the thermoelectric device. Likewise at x = L

kpA  k,A

ppL an)+(

. 1,
szn[(ap—an)T21+§I (A +=

Equations (3. 14) and (3. 15) can be simplified to

. 1
Ql = n[aTll _EIZR + K(Tl - Tz)]

. 1
QZ = n[aTzl +512R + K(Tl - Tz)]

where

is the total Seebeck coefficient,

ppl  pul
R=—+—
A
is the total electrical resistance, and
k= Ked | knd
L L

is the total thermal conductivity.

These are the ideal equations for a typical thermoelectric device. They are

GRS

@3.

@3.

@3.

@3.

@3.

derived with the assumption that the material properties are constant throughout the

length of the leg.

3.2) Validity of the Ideal Equations
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The previous section derived the thermoelectric ideal equations assuming that the
material properties are independent of temperature. However, these properties do
change. Figure 3. 2 displays the temperature variance of the Seebeck coefficient,

electrical resistivity, and thermal conductivity for nanocomposite Bi,Tes.
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Figure 3. 2 Variance of (a) Seebeck coefficient, (b) electrical resistivity, and (c)
thermal conductivity for p and n-type nanocomposite Bi>T3 [27,28].

A study by Kanimba et al. researched the accuracy of assuming constant material
properties for thermoelectric generators by developing a one dimensional model which
accounts for not only the temperature dependence of material properties, but also the
Joule heating in the copper strips and heat losses through radiation and convection [29].
By modeling Lead Telluride (PbTe) at a temperature gradient of 570 K, it was shown that
the efficiency and power of the ideal equation were reduced by 10% and 30%
respectively. However, the material used in the current study is Bi>Tez with possible
temperature gradients ranging from 50 to 100 K. The model developed by Kanimba et al.
is used to determine if the chosen material and operating conditions warrant the use of a
detailed model. The material properties used are the same as shown in Figure 3. 2.
Shown in Figure 3. 3 and Figure 3. 4 are the voltage and power output of Bi>Tesz over a
range of currents. The results are for a single leg pair with an area of 1 mm? and a leg
length of 1.2 mm. The cold side of the thermoelectric is held at 300K both cases. For

voltage, the maximum error is 2.8% and for power the error is 2.9%.
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Figure 3. 3 Voltage comparison of ideal equations to detailed equations.
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Figure 3. 4 Power comparison of the ideal equations to the detailed equations.

The use of the ideal equations are also valid when studying thermoelectric cooling
effects. This is supported by Lee who looked to validate the use of the ideal equations for
a thermoelectric cooler [30]. In this study the ideal equations were compared to the exact

solution. The ideal solution assumed constant thermoelectric properties at the average
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temperature of the hot and cold sides of the thermoelectric. The exact solution only
accounted for the change of the Seebeck coefficient, and did not account for changes in
either the thermal conductivity or the electrical resistivity. It was found that at low
current and low temperature differences, the two equations show good agreement. As
long as the material properties are taken at the average temperature of the hot and cold
sides, then the ideal equations are satisfactory for analysis. However, as the current and
temperature difference rise, the two solutions begin to diverge. This is shown in Figure
3. 5and Figure 3. 6. In these plots, the exact solution is found using the thermal-
electrical analysis tools in ANSYS. The results shown are for a thermoelectric with a leg
length of 1.25 mm, a leg area of 1 mm?, and 127 leg pairs. Looking at the curves in
Figure 3. 5, the error between the last ANSYS data point and the ideal curve is about 8%.
The curves seem to further diverge at higher currents. Therefore, as long as the
thermoelectric cooler is operated at a low current and a low temperature difference, the

ideal equations can accurately model performance.
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Figure 3. 5 Comparison of the ideal equations to the ANSYS solution where T1 = 370
Kand T»=420 K
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Figure 3. 6 Comparison of the ideal equations to the ANSY'S solution where T;=248 K
and T,=298 K.

From the two studies above, it is shown that the ideal equations derived in Section

3.1) are valid for modeling both power generation and cooling in thermoelectric devices.
3.3)  Design of the self-powered car seat cooler

The design of the self-powered seat cooler is based on the conditions of the car
interior. During a typical summer day, the interior of the car is heated to temperatures
well above those of the outside of the car. This is due to solar energy that falls on the
various interior surfaces, which include the steering wheel, dashboard, and car seats.
This solar energy is absorbed and in response these surfaces heat up. In turn the surfaces
convectively heat the air inside the car.

The intended operation of the self-powered thermoelectric seat cooler is as follows.
Over the course of a day, the TEG is heated by the solar rays which fall upon it. This
creates a temperature difference between the side of the thermoelectric exposed to the sun

and the opposite side which is only exposed to the ambient air of the car. This
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temperature difference is converted to electrical energy. When seat cooling is desired,
the TEC uses the collected electrical energy to create a temperature difference between
the seat and the interior temperature. To facilitate the heat removal during power
generation and seat cooling, a finned heat sink is attached to the backside of the
thermoelectric. To keep power needs minimal, natural convection is used to cool the heat
sink. The design is initially thought of as two separate devices: a STEG and a TEC.
However, these two functions can be combined into a single device. A thermoelectric
can perform both operations of power generation and cooling. For this to work, the
device needs to receive ample solar energy during the day, while also being close enough
to the seat to provide cooling. Therefore the ideal setup is to embed the thermoelectric
device into the seat. As stated previously, the seat receives ample solar energy.
Additionally, by residing in the seat, the device can provide conductive cooling to the

occupant. A high level conceptual drawing of the device is shown below in Figure 3. 7.
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Figure 3. 7 Exploded view of proposed design.

The design consists of an embedded array of devices in the car seat. An absorber plate is
used collect solar irradiance and heat the top surface of the thermoelectric. Covering the
back of the absorber plate is insulation which prevents heat loss through the back side of
the plate to radiation and convection. A heat sink is used to cool the thermoelectric and is
open the back side of the seat. This orientation protects the heat sink from solar

irradiance, while allowing it to dissipate heat to the interior cabin air. During cooling
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operation, heat is pumped from the absorber plate, through the thermoelectric, and
dissipated by the heat sink.
3.4)  One-Dimensional Analytical Model

With a given design, the governing equations are determined by creating a control
volume and performing an energy balance. Figure 3. 8 below depicts the flow of energy

in the system.

Car interior
TSUF
OI¢;0|ar
Absorber Plate, T,

W)

£

Car interior

TSUF

Figure 3. 8 Energy balance of self-powered thermoelectric seat cooler.

Solar irradiance, Qs,;4r, 1S absorbed by the top plate. The plate loses heat through
convection, Q,., and radiation,Q,,,4, to the car interior. Energy which is not lost to the
environment passes through the thermoelectric, Q,, where a partial amount is converted
to electrical energy, W, and the rest leaves the opposite side, Q, through the heat sink.

Some energy is directly sent from the top plate to the bottom through radiation, Q;5,44-
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The heat sink loses energy through radiation, Q,,,4, and convection, Q,.,

interior. Performing an energy balance on the absorber, it is found that
Q1 = Qsolar - Qlc - Qerad - erad-
An energy balance on the thermoelectric reveals
W = Q1 - Qz-
The energy balance on the heat sink gives
Qz = Q12rad - Q2c - erad-
Expanding Equation (3. 21), it is shown that
Q1 = aabsTglassAabsq;, — h1Agps(Ty — Tsyr)

— (Arg — ZnA)6120'(T14 - T24)
- Aabselrado'(’rl4 - Tslttr):

to the car

(3. 21)

(3. 22)

(3. 23)

(3. 24)

where a is the absorptivity of the conductive plate, 7 is the transmittance of the

windshield glass, A, is the area of the absorber plate, and g’ is the solar irradiance.

The second term in Equation (3. 24) is the convective heat loss where h is the

convective coefficient of the absorber plate, T; is the temperature of the conductive plate

and the top side of the thermoelectric, and Ty, is the temperature of the ambient air.

Argc 1s the total area of the thermoelectric ceramic plate, n is the number of

thermoelectric leg pairs, A, is the cross sectional area of a single leg, €;, is the emissivity

between the ceramic plates of the thermoelectric, o is the Stefan-Boltzmann constant, and

T, is the temperature of the heat sink. In the last term, €, is the emissivity between the

absorber plate and the surroundings. Expanding Equation (3. 23)

Qz = (Arg — 271A)612radU(T14 - T24) — hy Ay (Ty — Toyr)
- AZrad627‘ado-(TZ4 - Tstr)f
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where h, is the average convective heat transfer coefficient of the heat sink, A IS the
convective area of the heat sink, and A, is the radiative area of the heat sink.

This concludes the derivation of the thermoelectric equations. The governing
equations of the self-powered thermoelectric car seat cooler are given by Equations (3.
16), (3. 17), (3. 24), and (3. 25). These equations apply to both power generation and to
seat cooling.

3.5)  Experimental Comparison

To determine the validity of the developed equations, the performance is
compared to experimental results. Dias et al. built and tested a STEG similar in design to
the self-powered thermoelectric car seat cooler [31]. The layout of the STEG from the
experiment is shown in Figure 3. 9. It consists of an anodized aluminum plate inclined at
an angle of 20°. Attached to the aluminum plate is the TEG and insulation. The TEG
uses an aluminum heat sink to dissipate heat. Dias et al. include much information about
the experiment such as the size and materials of many of the components used. The
thermoelectric generator used in the setup is a TEG241-1.0-1.2 from EVERREDtronics
Ltd. [32]. In the original experiment, Dias et al. were interested in the power output of
the STEG over the course of a day. To study this, many measurements were made
including the ambient temperature, the top plate temperature, the heat sink temperature,

and the TEG voltage output over a 12 hour period.
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Aluminum heat sink

Supports

Figure 3. 9 Physical layout of STEG built by Dias et al.

3.6) Non-Dimensional Scheme

The following non-dimensional scheme is modified from a technique developed by
Lee [16]. The non-dimensionalization of the governing equations is a powerful tool
because it limits the total number of parameters which the designer must choose.
Additionally, it allows the designer to see the effect specific factors have on the
performance of the thermoelectric device. As long as the boundary conditions of the
problem are defined, the optimization will return an optimal design. In this design, the
dimensionless thermal conductance (Ny,), dimensionless resistance (R,.), and
dimensionless current (N;), and dimensionless heat sink convection (N,.) are optimized.
Additionally, the effect of absorber plate area (4,;;) is studied.

The equations are non-dimensionalized with respect to the solar energy received on

the top plate, a,,sTAgpsqs . The dimensionless thermal conductance is given by
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()

Nk =
n
aabsTglassAabsqs

(3. 26)

which is the ratio of conducted energy to solar energy. The dimensionless convectance

of the absorber plate is represented by

Aabs habsTsur

NlC = .
n
aabsTglassAabs qs

The dimensionless radiation of the conductive plate is given by

4
Aaps€150 Ty

Niraa =
ad "
aabsTglassAabs qs

while the dimensionless radiation of the heat sink is given by

4
Asink e-ZsO-Tsur

Narga = -
143
aabsTglassAabsqs

The dimensionless radiation exchange between the top and bottom plates of the
thermoelectric device is given as

(Argg — ZnAe)elzo-Ts‘ttr

n
aabsTglassAabs qs

Nizrqa =

The non-dimensional convection of the heat sink is

N _ hZAZTsur
2c — .
aabsTglassAabsqg
The dimensionless current is defined as
al

NI = (AT)
L
The dimensionless load resistance is given as

Ry

R - )
’ RTE
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(3. 28)

(3. 29)

(3. 30)

(3. 31)

(3. 32)
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where R, is the resistance of the thermoelectric and R, is the resistance of the attached

load. The dimensionless figure of merit is represented by

a’ 3.34
Ty = p—kTm. (3.34)

The dimensionless temperatures are defined as

Ty = Ty (3. 35)
Tsur
and
L _ I (3. 36)
T3 ==—.

sur

To quantify the performance of the thermoelectric generator and cooler, the efficiency

and coefficient of performance are defined. The system efficiency is

n= w (3. 37)
aabsTglassAabsqg

where I is the power generated. The thermoelectric generator efficiency is

w (3.38)

NtEG = =

O
where Q, is the heat into the thermoelectric. The COP of the thermoelectric cooler is

given by

cop =% , (3.39)
Q, — Q4

where Q, is the cooling power and Q. is the heat rejected by the thermoelectric.
Using these parameters, the governing equations can be rewritten in non-

dimensional terms. The form of the equations are different however when considering
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power generator versus cooling. For power generation, Equations (3. 16), (3. 17), (3. 24),

and (3. 25) are represented as follows. For the top side of the thermoelectric,

07 = 1= Nipaa(Tr* = 1) = Nigraa(Ti* = T3*) = Ny (T7 = 1) (3.40)

and

. ZTsurTl* ZTsur (Tl* - TZ*) (3 41)

=N (Tf =T, - 1].

Or = Npe(T7 = T2) R, +1 2(R, + 1)2 *

For the bottom, the energy balance is
Q3 = Noe(T; = 1) = Nigraa (T = T5") = Nayaa(T5* = 1) (3.42)

and

. 2Ty Ty ZTgy (Ty — T, 3.43

Q; — Nk(Tl* _ TZ*) surt2 + sur( 1 2) + 1 ) ( )

R, +1 2(R, + 1)?
The equations for power generation include all the non-dimensional terms listed, except
for N;. The equations for cooling operation use both Equations (3. 40) and (3. 42). The

equations for the thermoelectric are

Q1 = Ny [N, T{ _ZZ—Y"SW+(T1 _Tz) .

and

0;=N lNT*+ N7 +(Tf =T (3.4)
2 k 112 ZZTsur 1 2 -

For cooling, the equations use all the terms except for R,..

When Equations (3. 41) through (3. 45) are used for optimizing either the
generator or the cooler, the only unknowns are the temperatures at the top and bottom of
the thermoelectric, Ty and T,;. Therefore when determining the performance of the

cooler or the generator, there are two equations and two unknowns. Through use of a
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nonlinear equation solver, the temperature of both sides of the thermoelectric can be

found.

3.7)  Optimization of Natural Convection Heat Sink

The heat sink used in this design utilizes natural convection to dissipate heat. Due
to this, the design of the heat sink is limited by the geometrical layout. For specified
conditions, an optimal design exists for the sink. A schematic of the finned heat sink is
shown in Figure 3. 10. The following analysis uses parameters developed by Bar-Cohen

and Rohsenow [33].

bo
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Figure 3. 10 Finned heat sink.

The Rayleigh number based on the length of the heat sink is found from

gB(TZ - Tsur)S3 (3 46)
Ra = ,
wv

where g is the gravitational constant, g is the volumetric thermal expansion coefficient,

T, is the base temperature of the heat sink, T, is the ambient temperature, S is the



length of the fin, w is the thermal diffusivity of air, and v is the kinematic viscosity of air.
The optimal fin spacing is

-1
Zopt = 2.714S * Ra’® . (3. 47)

The following Nussult correlation is used to calculate the heat transfer coefficient for
natural convection cooling between two parallel vertical plates. This particular equation
assumes symmetric isothermal plates with negligible plate thickness. The Nusselt

number is given by

1

h,z 576 2.873| 2 3. 48
Nu = iopt: —mt 1| (3.48)
air Eli
where El is the Elenbaas number and is defined as
_ gB(T, — Tsur)ngt Zopt (3.49)

El

WU S

The efficiency of a single fin can be determined from the following relation

tanh(mby) (3. 50)
mb,

_[2R5(S + tp) (3.51)
m= ko Sty

The total number of fins is found using

Nfin =

where m is defined as

__ W (3.52)
nfl'n - )
Zopt + tO

where W, is the width of the heat sink. The area of a single fin is

The total convective area of the heat sink is
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Atotar = nfin[z(s + to)bo + Szopt]- (3. 54)

The overall efficiency of the heat sink is

Ay (3.55)
f
Ntotar = 1 — nfinA . (1 - 77fin)-
total
Using the overall efficiency, the total heat transfer is
Jtotal = 770thtotal(TZ — Tour)- (3. 56)

These relations, in conjunction with the non-dimensional equations, can be used to fully
optimize the design.
3.8)  Optimization Routine

The previous sections introduce several optimization equations. An organized
routine is developed to compute and evaluate the ideal properties. This routine is shown
in Figure 3. 11. The process begins by defining the constant properties for the materials
used and the specific boundary conditions. Initial guesses of the optimal geometry are
also specified. The system then sweeps through a range of absorber plate areas. At each
area, the optimal values of Ny, R, N,., and N; are found. This is accomplished by
varying a single parameter over a range of values while holding all others constant. The
value of the parameter which maximizes the either the generator output or the cooling
performance is then recorded. This process is iterated until the values of N, R,., and N,
converge to constant values. Once finished, the routine allows for visualization of the

effect of absorber area on generator and cooler performance.
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Figure 3. 11 Iterative optimization method.

3.9)

known. These boundary conditions are the solar irradiance and the car interior

temperature.

Modeling Ambient Conditions

Does Nk, Br. or NI change?

In order to make use of the governing equations, the boundary conditions must be

The behavior of solar irradiance throughout the day is determined by observing

measured data. Elizabeth City College under the direction of the National Renewable

Energy Laboratory (NREL) has measured solar irradiance for several years [34]. Data

measured on July 1, 2012 at Elizabeth City, North Carolina is plotted in Figure 3. 12.

The data begins at 6 AM, which corresponds to time 0 on the plot. Fitting a curve to the

data, it is shown that a half sine wave closely models the solar irradiance for most of the

day. There are a few deviations from this trend, but this is mostly due to cloud cover. In
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the afternoon the sun begins to set and the solar data deviates from the model. This is
accounted for in the final model by cutting the sine wave short at this time. Using this
relation, the only parameters which the solar model needs is the maximum solar
irradiance for the particular day and the time of sunset. Therefore, the model for solar
irradiance is

t

qgolar = q;;tax * Sin (E);

(3.57)

where g,),q is the maximum expected solar irradiance in W /m? and ¢ is the time in
hours. As noted above, this model is only valid from 6 AM to 3 PM. After 3 PM, the

solar irradiance drops off rapidly to zero.
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Figure 3. 12 Solar irradiance data measured by Elizabeth City College on July 1, 2012
[34].

The variation of the car interior temperature is studied by Dadour et al. [11]. This
study attempts to construct a model of the car interior temperature variation throughout
the day. Although the model developed by Dadour et al. shows good correlation, the

specific values used are not given. However, the experimental results provide insight
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into the thermal behavior of the car interior. The first major take away is that while the
air temperature outside the car may experience slight variation throughout the day, the
interior air temperature follows a steady pattern. Second, the interior temperature seems
to be more correlated to the solar irradiance than to the outdoor temperature. The interior
temperature has a sinusoidal time dependence similar to the solar irradiance pattern.
Therefore, the model of the interior car air is also a half sine wave.

While the results recorded by Dadour et al. provide a qualitative prediction of the car
interior temperature, it does not provide any quantitative values. This is found from a
study by Grundstein et al. who created an equation to predict the maximum daily car
interior temperature [35]. For the experiment a metallic gray 2005 Honda Civic was
parked in an open lot with direct exposure to the sun. The interior temperature of the car
was measured by a temperature probe suspended 150 mm from the ceiling. Ambient
temperature and solar data were taken from a local weather station 125 m away from the
car. Data was recorded for 58 days. The equation for the car maximum cabin
temperature is

Tonax = 0.036 % " + 1.02 * Tympiens + 8.8, (3. 58)

where g’ is the average solar irradiance in W /m? and Typiens 1S the maximum exterior
air temperature in °C [35]. This equation accounts for 80% of the variability in the
experimental measurements and has a root mean squared error (RMSE) of 3.7 [35].
Using the maximum temperature from Equation (3. 58) and the information from the
study by Dadour et al., the equation for the interior temperature of the car is

. (tm 3.59
Tour = (Tmax - Tmin) * Sin (E) + Tnins ( )
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where t is the time of day in hours and T,,;,, is the minimum outdoor temperature. The
minimum outdoor temperature could also be thought of as the starting temperature of the

car model. An example plot of interior temperature variation of the car is given in Figure

3.13.
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Figure 3. 13 Temperature variation of car interior air.

For this model, the maximum outdoor temperature is 30°C and the minimum is 20°C.
The average solar irradiance is from the curve in Figure 3. 12 and is 504 W /m?. This
results in a maximum car interior temperature of 57.5°C.

Given the models of Equations (3. 57) and (3. 59), the inputs necessary for the

thermoelectric equations developed are all known. Therefore, design and optimization of

the device can begin.
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4.1)

Validity of the Governing Equations

Chapter 4: Results and Discussion

The validity of the governing equations developed in Section 3.4) are tested by

comparing them to experimental data recorded by Dias et al [31]. This is done by

inputting the relevant dimensions and properties of the experiment into the governing

equations. The values used for this analysis are given in Table 4. 1. Several assumptions

are made about the setup. The emissivity and absorptivity of the absorber are estimated

from tabular data for anodized aluminum [36]. The heat sink is assumed to be made of

anodized aluminum and the surroundings are assumed to be black body. The

thermoelectric material properties are found for nanocomposite p-type Bi;Tezat 311 K

[27,28]. This temperature is the average of the hot and cold side between hours 9 and 15

of the experimentally measured temperatures.

Table 4. 1 Given and Estimated Parameters for the STEG Experiment by Dias et al.

Description and symbol

Value

Description and symbol

Value

Avrea of absorber, A,

0.16 m?

Emissivity of absorber, €;,44

0.84 (estimated)

Absorptivity of absorber, 0.17 (estimated) Emissivity of surroundings, 1 (estimated)

aabs_ i _ Esur_ — -

Zadlatlve area of heat sink, 0.0016 m? Emissivity of sink, €3,44 0.84 (estimated)
1rad

Area of TEG leg, A

1.2 x 1.2 mm?

Emissivity of ceramic TEG
plates, €;, €,

0.1 (estimated)

n
Gsolar

(estimated)

Sink, Ry

Length of TEG leg, L 1mm Seebeck coefficient, @, = —a,, | 1.92e-04V /K
Number of pairs of legs, n 241 Electrical resistivity, p, = p, 8.456-06 Om
jrea of TE ceramic plate, 0.0016 m? Thermal conductivity, k,, = k, 1.08 W/m?K
TE

. . . Convective coefficient of 3.6 W/m?K

Electrical resistance ratio, R, 0.25 absorber plate, h, (estimated)
- — 5 =

Maximum solar irradiance, 1200 W /m Thermal resistance of heat 0.33 K/W
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The average convective coefficient of the absorber plate is determined from Nusselt
number correlations for natural convection of horizontal plates by Lloyd et al. [37]. The

net emissivity between the ceramic plates of the TEG is given by
1
€12rad — # = 0053, (4 1)
where €; is the emissivity of the top plate and €, is the emissivity of the bottom plate.

The solar irradiance is the only input not given. This is simulated using the model

developed in Section 3.9) and is shown in Figure 4. 1.
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Figure 4. 1 Estimated solar irradiance for the experimental STEG.

By inputting this solar irradiance data to the model, the hot and cold side temperatures of
the thermoelectric are predicted. Figure 4. 2a and Figure 4. 2b compare the analytical

and experimental temperatures. As shown, there is good agreement between the two.
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Figure 4. 2 Simulated output of 1D equations vs experimental results for (a) absorber
side temperature and (b) heat sink temperature.

The resulting voltage produced by the TEG is shown in Figure 4. 3. Like the temperature

plot, there is good agreement between the experimental and calculated values.
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Figure 4. 3 Voltage output of the analytical model vs the experimental results.

One point to note is that the thermoelectric equations derived in Section 3.4) are
for steady state conditions. However the analysis above is a transient problem. There are
two justifications for using the steady state equations as such. First, the thermal
conductivity of the device is relatively high and the mass is small. Therefore, under set
boundary conditions, it does not take long for the system to come to steady state. The
second reason for a steady state assumption is the large time span involved. For this
study, the time frame is in hours. When the external conditions change the transients
constitute a small portion of the total result.

Because there is good agreement between the 1D analytical model and the
experimental results, it is concluded that the model can reasonably predict the
performance of the self-powered thermoelectric car seat cooler.

4.2)  Non-dimensional Optimization Results
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The next section details the full design optimization. This involves the use of the
routine described in Section 3.8) and the non-dimensional equations developed in Section
3.6). The design parameters are given in Table 4. 2. An initial guess of parameters to be
optimized are needed to start. These include Ny, R;, N;, and Rg;p-

Table 4. 2 Parameters Used in the Design of the Self-powered Thermoelectric Car Seat

Cooler

Description and Value Description and symbol Value
symbol
Absorptivity of absorber, Transmittance of windshield
0.9 0.76
Xabs glass, Tglass
jad'a“"e area of heat sink, 0.0016 m? Emissivity of absorber, e,,.4 0.3
2rad
Number of pairs of legs, n 121 Emlsswlty of surroundings, 1
sur
A’j\rea Of TE ceramic plate, 0.0016 m? Emissivity of sink, €504 0.84
TE

I\/,|,a1X|mum solar irradiance, 1000 W /m? Emissivity of ceramic TEG 01
Asolar _ _ plates, €1,€;
A,\,/erage solar irradiance, 541 W /m? Seebeck coefficient, a, = —a,, | 2.07E-04V/K
qsolar,avg
Sunset 3:00 PM Electrical resistivity, p, = p, 1.08E-05 QO m
Minimum outdoor 5 L _ 2
temperature, T, 20°C Thermal conductivity, k,, = k, 1.02 W/m*K
Maximum outdoor o Convective coefficient of 2
temperature, Tp,qx 35°C absorber plate, hy 3.6 W/m'K
Average interior o Thermal resistance of heat sink,
temperature, T,,q 48.8°C Rgink 20 K/W
Length of heat sink, L, 0.04 m Thermal diffusivity of air, w 262?5;06
Width of heat sink, W, 0.04 m Kinematic viscosity of air, v 181'3;[5;06

. . Thermal conductivity of air, 28.08e-03
Height of heat sink, b, 0.04 m Ky W /m2K
Thermal resistance ratio, N, 3 (\)/fo;lijrmﬁemc thermal expansion 0.0031 Kt
Electrical resistance ratio, 15 Therr_nal conductivity of 177 W m?K
R, aluminum, k;
Dimensionless current, N; 1 Gravitational constant, g 9.81m/s?

The absorptivity of the absorber plate is increased compared to that of Section 3.1). The

reason for this is to increase the hot side temperature of the plate which should also

increase the power output of the generator. This is achieved by painting the absorber
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black [36]. The maximum solar irradiance is set to 1000 W /m? and the outdoor
temperature is set to begin at 20°C and peak at 35°C. These values are typical for the
eastern United States during the summer months [34]. A plot of the solar model is given
in Figure 4. 4. The thermoelectric property values are found assuming nanocomposite p-
type Bi>Tez at a temperature of 354 K [27,28]. This is the average temperature of the hot
and cold sides at the optimal cooling temperature. This temperature is found iteratively.
Various properties of air and aluminum are also given to optimize the natural convection
of the heat sink. These values are evaluated at the average interior car temperature, T,y,4

[36]. The transmittance of the windshield glass is typical of most cars [12].
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Figure 4. 4 Solar input used to determine optimal parameters and performance.

One important point to emphasize for the optimization routine used here is that it will
only find the optimal parameters for fixed boundary conditions. However, during the
course of the day the boundary conditions will vary as the interior temperature and the

solar irradiance change. To ensure a robust design, the device is optimized with respect
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to the average solar irradiation and the average interior car temperature. These averages
are determined from the models developed in Section 3.9).

The first parameter considered is the area of the absorber. The variation in
dimensionless cooling temperature and seat temperature with absorber area is shown in

Figure 4. 5a. In Figure 4. 5 the effect of absorber area on power generated is plotted.
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Figure 4. 5 Effect of absorber area on (a) dimensionless temperature and (b) power
output.
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In Figure 4. 5a there are two lines plotted. The first is “No Cooling”, which denotes the
temperature of the absorber plate with the thermoelectric cooler turned off. “Cooling”
denotes the temperature of the absorber plate with the thermoelectric cooler on operating
at maximum cooling. Both of the temperatures displayed are non-dimensionalized with
respect to the ambient temperature of the car. Therefore, 1 on the axis denotes the
ambient temperature. The last value is the power output of the thermoelectric generator
at the average conditions. It is seen that as area increases, the power generated increases.
This is because more solar energy is being absorbed which leads to a higher temperature
difference. But, as the absorber area increases, the cooling performance is reduced. Not
only does the minimum temperature the device can cool to increase, but also the AT
between no cooling and cooling decreases. Due to the larger area, more energy is gained
from solar irradiance and from surroundings through radiation and convection, increasing
the temperature. The ideal area is the point where the minimum acceptable cooling
temperature is achieved. For this study, the desired cooling is chosen to be 25°C below
the normal absorber temperature at average conditions. However, another cooling point
could be chosen, but this is up to the designer. Using this value, the optimal area for the
design is 0.006 m? which is a square plate that is 7.7 cm x 7.7 cm. The optimal design
values found at this area are displayed in Table 4. 3.

Table 4. 3 Optimal Non-dimensional Design Parameters

Parameter Optimal value
Aups 0.006 m?
Ny 4.6
R, 1.7
N; 0.375
N, 11.095
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To demonstrate that these values are indeed the optimal, Figure 4. 6 through
Figure 4. 11 are provided. In Figure 4. 6, the effect of load resistance on power
generation and TEG efficiency is shown. The maximum efficiency and power output are
very close to each other. The ideal value of R, is chosen according to maximum power.
Also of note in this plot is that increasing the resistance ratio does not drastically impact

generator performance. Decreasing the ratio however severely reduces the power output.

— Power
— — - Efficiency

Efficiency [%]

R

r

Figure 4. 6 Change in dimensionless power and efficiency as R, varies.

In Figure 4. 7 the relationship between dimensionless power and efficiency is shown.

There is an obvious optimal value of N, for power generated, but for not for efficiency.
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Figure 4. 7 Variation in dimensionless power and efficiency as N;, varies.

Next are the performance curves for the cooling operation. In both Figure 4. 8
and Figure 4. 9 the variance of COP and cooling power are shown. In Figure 4. 8 the
effect of N; is examined. It is seen that there is an optimal cooling value for a specific
current input. The COP varies with current by starting at large values near small current
input and decreasing as current increases. A large COP could be achieved by using a
small input current, but this would produce very little cooling. To achieve maximum
cooling, the optimal current is chosen with respect to cooling power. Figure 4. 9
examines the effect of N, on cooling performance. As typical of the other plots up to this

point, there is a clear optimal value.
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Figure 4. 9 Change in COP and dimensionless cooling power as N, varies.

The optimization of Ny, is different from that of N; and R,.. Like the absorber
area, N, affects both power generation and cooling performance. This variation is shown
in Figure 4. 10. It is important to note the variance in the optimal value of N, for both
operations. The definition of the dimensionless thermal conductance is given in Equation

(3. 26). The two important parameter in this equation are the number of thermoelectric
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leg pairs and the ratio of leg area to leg length. Generators prefers a smaller N;, while
coolers prefers a larger value. Considering the number of legs is constant, the previous
statement physically means that in general, the generator performs better with longer legs
that have small areas. The reason for this is that long, slim legs allow for a larger
temperature difference which leads to higher power output. However, this is only valid
up to a certain point as it also increases the electrical resistance, which reduces power.
Conversely, the cooler operates better with short legs with larger cross sectional areas.
This reduces the Joule heating in the leg, but will allow thermal energy from the hot side
to travel back to the cold side. Without the curves, it would be difficult to determine how
to balance these concerns. To determine the best compromise between cooling and
power, the curves are normalized on a scale from zero to one and then added together
according to

N cooting n Ny power . 4.2

Normalized Curve =
k,cooling,max Nk,power,max

Using this relationship, the ideal value of N, occurs at the maximum value of the

normalized curve. The result is shown in Figure 4. 11.
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Figure 4. 11 Normalized sum of dimensionless power generation and cooling power as
dimensionless thermal conductance varies.
4.3) Recommended Design
Given the optimal non-dimensional values, the complete design is fully described.

The final design values are displayed in Table 4. 4 below. One value to note is the

number of legs used. Varying the number of legs has no impact on the overall power
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generated or cooling capacity of the self-powered thermoelectric car seat cooler as long
the dimensionless values are kept constant. It does however affect the voltage and
current produced. As the number of legs increases, the voltage increases and the current
decreases. The value chosen for the number of legs is typical of commercially available
thermoelectrics.

Table 4. 4 Optimal design parameters

Description and symbol Value Description and symbol Value
Area of absorber, A,ps 0.006 m? Length of heat sink, L, 0.04m
Area of TEG leg, A 0.38 x 0.38 mm? | Width of heat sink, W, 0.04m
Length of TEG leg, L 1 mm Height of heat sink, b, 0.04 m
1l\llumber of pairs of legs, 121 Thickness of fins, t, 0.5mm
jrea of TE ceramic plate, 0.0016 m? Spacing of fins, z, 7.8 mm

TE
glectrlcal resistance ratio, 17 Number of fins, ny;, 4

.

Heat sink performance, 0.0768
nh,A, W /m?K

With the full design of the device complete, the performance of the final product is

evaluated.

4.4)  Performance of Device

To gauge whether the self-powered thermoelectric car seat cooler is feasible, it is
simulated over the course of an entire day. This analysis is similar to that in Section 4.1).
The inputs to the model are the maximum solar irradiance, the minimum outdoor
temperature, and the maximum outdoor temperature. The property values used are the
same as those given in Table 4. 2. The results of the full day analysis are shown below.
Figure 4. 12 displays the temperature variation of the surfaces of the thermoelectric
generator and the interior car temperature. The hot side reaches a maximum temperature

of about 112°C, the cold side 87°C, and the interior air reaches a maximum temperature
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around 64°C. In this simulation, the hot and cold sides of the generator fall to the
temperature of the interior air once the absorber is no longer receiving sunlight. While in
reality there may still be a temperature difference between the two sides after this point,
any energy which may be generated from this is neglected. Figure 4. 13 plots the total

power output throughout the day.
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Figure 4. 12 Temperature variation throughout the day.
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Figure 4. 13 Power output

The maximum power output is 49 mW and the total power generated is 1000 /. The
maximum system efficiency is 1% and the maximum TEG efficiency is 2.4%. The
voltage and current are shown in Figure 4. 14. This shows that the maximum voltage is

1.21 V and the maximum current is 40 mA.
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Figure 4. 14 Voltage and current variation
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Lastly, the performance of the thermoelectric in cooling operation is plotted in
Figure 4. 15 and Figure 4. 16. Shown in Figure 4. 15 is the variation of the hot and cold
side temperatures as the supplied current is varied. The loading of this specific case is for
the average solar irradiance and interior car temperature, which are 541 W /m? and 48°C.
Under these conditions, the seat cooler reduces the temperature to 59.5°C, a 25°C
temperature drop, which meets the design criteria set forth in Section 4.2). In Figure 4.
16 the cooling and heating power are shown. The cooling power refers to the heat
removed from the absorber plate. The heating power refers to the heat dissipated by the
heat sink. At maximum cooling, the device provides 1.8 W of cooling. A current of 0.24

A is supplied which results in a total power draw of 2.39 W for the device.

— Absorber Temperature
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Figure 4. 15 Cooling temperature as a function of current for Q ;4 = 541 W /m? and
Teur = 48.8°C.
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Figure 4. 16 Cooling power as a function of current for Qs,;qr = 541 W /m? and
Teur = 48.8°C.

With this information, it is possible to determine the feasibility of the design. With a
total power of 1000 /, the cooler can operate at 0.24 A and 2.39 W for about 7 minutes.
Looking into the transient behavior of thermoelectric coolers, Cheng et al. determined
that at low current (0.5 A) a TEC will reach steady state at around 200 seconds [38].
Therefore, the seat cooler has enough energy to reach the steady state temperature before
running out of power.

The loading shown in Figure 4. 15 and Figure 4. 16 is for the case of average
solar irradiance and average interior car temperatures. Under more ideal circumstances,
the self-powered thermoelectric car seat cooler can operate for longer and achieve lower
temperatures. Suppose the vehicle owner returns sometime in the afternoon around 5:00
PM. According to the solar model, solar irradiance is negligible at this time and the
interior car temperature is 31°C. The temperature and cooling performance is given in

Figure 4. 17 and Figure 4. 18.
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Figure 4. 17 Cooling temperature as a function of current for Q ;4 = 0 W /m? and
Tour = 31°C.
The cooler is able to reduce the seat temperature to 10°C and provides 0.7 W of cooling.

At the minimum temperature, the cooler draws 2.3 W and can operate for 7.2 minutes.

This shows that the cooler is versatile and can operate under many different conditions.
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Figure 4. 18 Cooling power as a function of current for Qg4 = 0 W/m? and Ty, =
31°C.
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The design of the self-powered thermoelectric seat cooler is fully detailed and the
predicted performance is displayed. It is shown that under average loading conditions the
seat is able to decrease the temperature to the desired temperature and the generator

provides enough energy to do so.

4.5)  ANSYS Model

To further support the analysis of Section 4.4), an ANSY'S simulation of the
thermoelectric device is presented using the thermal-electrical analysis tools. The
advantage of ANSY'S over the ideal equations is it can account for the variation of
material properties with temperature. The material properties used are the same as those

of Figure 3. 2. A model of the device geometry is shown below in Figure 4. 19.

i 0.008 0.01 ()

0.0025 0.0075

Figure 4. 19 Model of thermoelectric generator in ANSYS.

To model the performance, the top and bottom of the device are loaded to the
same temperature variation as given in Figure 4. 12. A resistive element is attached in
series to the thermoelectric generator to provide the optimal loading. The resulting
power, current, and voltage predicted by ANSY'S are compared to the ideal equations in
Figure 4. 20, Figure 4. 21, and Figure 4. 22. There is slight difference between voltage
and current output for each model. Excluding the first two hours, the maximum error

between the two methods is 12% for the current and 13% for the voltage outputs. The
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maximum error between the power outputs is 10%. The total energy generated according

to ANSYS is 1040 /, which is just slightly higher than the 1000 J predicted by the ideal

equations.
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Figure 4. 20 Predicted power output from ANSYS and the ideal equations.
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Figure 4. 21 Predicted current output from ANSY'S and the ideal equations.
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Figure 4. 22 Predicted voltage output from ANSY'S and the ideal equations.

Likewise, the cooling performance is modeled in ANSYS. The model of one of

the leg pairs is shown in Figure 4. 23.
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I
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Figure 4. 23 Model of thermoelectric leg pair in ANSYS.
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As with the generator, the top and bottom surfaces are set to the temperature
specified in the curves given by the ideal equations. Then, the supplied current to the
TEC is varied. From this, the power released and absorbed by the hot and cold junctions
is recorded. This case models the cooling performance shown in Figure 4. 15 when the
cooler operates at the average loading conditions. The results from ANSYS, shown in
Figure 4. 24, are in agreement with the ideal solution. The cooling power predicted by
ANSYS is slightly higher than that of the ideal equations. This is due to the Thomson
effect, which increases the cooling power. Also, the two curves begin to deviate from

one another at higher currents. This is to be expected and was predicted in Section 3.2).
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Figure 4. 24 Cooling performance as a function of current.

The use of ANSY'S to model the performance lend credence to the results
obtained using the ideal equations. Therefore, there is confidence in the design and its

predicted performance.

4.6)  Other Considerations
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This section will briefly cover additional considerations to the design of the self-
powered thermoelectric car seat cooler. The two main points here are battery charging and
vehicle orientation.

The analysis up to this point assumes that all power generated by the TEG is
available for use by the TEC. In practice, this is not always the case. Consideration must
be made for the type of charging circuit used. This problem is studied by Kinsella et al.
who looked at the various methods to deliver maximum power to a battery connected to a
TEG [39]. From their study, it was found that for a temperature difference across the
TEG less than 100°C a single ended primary inductor converter (SEPIC) is needed to
obtain the maximum power. However, this method introduces inefficiencies. From their
experiments, an efficiency of 85% is reported.

If a SEPIC is used to charge the battery for the self-powered thermoelectric car seat
cooler, then the available power is reduced to 850 J. Given this power, the cooler operating
at standard conditions and a power draw of 2.39 W can operate for 5.9 minutes. This value
is still within the acceptable time frame to allow the cooler to reach steady state.

The other consideration for this device is the orientation of the vehicle during the
day. Depending on the specific latitude and longitude and the time of year, the optimal
position of the car to receive the maximum solar exposure will vary. It would be
cumbersome to require the driver of the vehicle to park in such a way as to align with the
sun. However, several studies suggest that the device should receive ample solar
exposure in most situations, assuming the device is on one of the front row seats. As
previously mentioned, Dadour et al. looked at the temperature variations in a parked car

[11]. As part of this study, the solar input through each of the windows was modeled as
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the vehicle orientation changed. It is shown that for Crawley, Australia (the location of
the study), the front windshield receives the maximum solar exposure if the car is facing
north. Conversely, the front windshield receives the least amount of exposure when
facing south. When the car is facing either west or east, the solar exposure time is
reduced due to the orientation of the sun moving.

Taking this into consideration, the performance of the self-powered
thermoelectric car seat cooler is re-evaluated with reduced solar input. The revised solar
input for the worst case scenario of the vehicle facing away from the sun is presented in
Figure 4. 25. For this case, the maximum solar irradiance is reduced to 500 W /m?. The
resulting generator output is given in Figure 4. 26. Given this performance, the output

power is 227 J, which includes the efficiency of the attached SEPIC.
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Figure 4. 25 Solar model for the car facing away from sun.
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Figure 4. 26 Power output of the generator for the car facing away from the sun.

Given this power output, the seat cooler can operate for 1.6 minutes under average
cooling conditions. This amount of time may allow the seat cooler to reach steady state,
but will not allow for it to stay there long. A possible solution for this is to provide
additional battery storage. This is expanded upon more in the next paragraph.

The last consideration in vehicle orientation is parking locations which allow for
no solar exposure. Potentials locations which match this description include under trees,
parking garages, home garages, and outdoor coverings. In this situation, the self-powered
thermoelectric car seat cooler would not be able to generate any power due to no
exposure to the sun. To prepare for situations such as this, the storage capacity should be
such that it can hold multiple days’ worth of energy. This way, if the car is left in an
ideal location for power generation for several days, it can store additional energy to

compensate for days which it does not receive any solar energy.
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Chapter 5: Conclusions and Future Work
5.1) Conclusions

In this study, the operation of a self-powered thermoelectric car seat cooler is
shown to be plausible. Also, it is seen that a single thermoelectric device can be
optimized for both power generation and for cooling. This is accomplished by presenting
a high level design of the self-powered thermoelectric car seat cooler which displays the
system layout and the relationship between the major components. Based on this design,
a 1D analytical model is presented which simulates the performance of the device. This
model is validated using experimental data. Through a non-dimensional technique, the
design is optimized using an iterative process. At the end of the optimization, the ideal
parameters are found for the geometric sizing of the thermoelectric, heat sink design,
generator load resistance, and the cooler operating current. From this, the size of the
absorber plate is chosen.

The ideal parameters fully describe the device. The area of the absorber plate
which achieves a temperature difference of 25°C under average loading is 0.006 m?. The
dimensionless thermal conductance, Ny, is found to be 4.6. This value is a compromise
between ideal cooling and power generation. The optimal load resistance ratio, R, is 1.7
and the optimal dimensionless current, N, for average cooling conditions is 0.375. The
optimal value for the non-dimensional convection of the heat sink, N,_, is found to be
11.095.

For the given non-dimensional terms, the designer is free to choose the specific
parameters of the device. As long as these chosen parameters still equate to the non-

dimensional terms stated, the performance of the device will be identical. The only term
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which affects performance is the number of thermoelectric leg pairs. Increasing this term
increases voltage and decreases current but, it does not change the power generated.

The design presented is able to generate 1000 J of energy over the course of the
simulated day with a maximum power output of 49 mIW. The maximum system
efficiency is 1% while the maximum thermoelectric efficiency is 2.4%. In cooling
operation, the device is able to reduce the seat temperature 25°C from the initial
temperature while under average loading conditions operating at 0.24 A. The power
draw at these conditions is 2.39 W, which allows the seat to operate for about 7 minutes
given a full day’s worth of energy from the generator. If the cooler is operated at a later
time, such as 5:00 PM, when the solar irradiance is less, the device is able to reduce the

temperature by 21°C at a power draw of 2.3 W.

5.2)  Future Work

Going forward from this study, there are several actions which could be taken to
make the design more attractive and to test the operation. First, a prototype of this
specific design could be built and tested to further validate the performance. This would
allow for the study of the device operation under a wide range of operating conditions.

Another application of self-powered thermoelectric car seat cooler is it to use the
device as a seat heater in the winter months. The operation would be identical to the
cooler, except instead of cooling the absorber plate, the thermoelectric would heat the
plate. One main consideration would be the temperature variation of the absorber plate
throughout the day during winter months and the total power generated. Proving that the
thermoelectric could be used all year round will increase the appeal and usefulness of this

device.
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