1.1  Definition of Thermoelectrics and Thermoelectric Effects

In the early 19" century, Thomas Seebeck and Jean Peltier discovered and
developed the concept of thermoelectricity. Thomas Seebeck discovered in 1821, that an
electromotive force or a potential difference could be created by heating one side of a
circuit made from a junction of two dissimilar wires. This electromotive force or the
potential difference was named as the Seebeck effect. Thirteen years after Seebeck’s
discovery, Jean Peltier found out that the Seebeck effect is a reversible process. In other
words, passing an electrical current through the circuit will heat one junction and will
cool the other side of the junction. A thermoelectric module is formed when a number of
dissimilar wires are connected thermally in parallel and electrically in series to each

other. [2]

1.1.1 Seebeck Effect

The Seebeck effect is the conversion of a temperature difference on the two sides of
the thermoelectric material into an electric current by creating free electrons and holes in
the semiconductors. The movement of the electrons and the holes causes a current as
shown in Figure 1.1 (a) and (b). If a voltmeter is placed between the semiconductor and
the conductor, or between the cold side and the hot side, a potential difference will
register on the voltmeter. This potential difference, which is the voltage V, is

proportional to the temperature T. This relation can be summarized as follows. [2]



released from the other (side 2). Each semiconductor has a temperature independent
Seebeck coefficient (), electrical resistivity (p), and thermal conductivity (k). Figure
2.1 (a) shows a thermoelectric couple that consists of p-type material (positive) and n-

type material (negative). The steady state heat balance at junction 1 at T; becomes
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Figure 2.1. (a) Schematic of thermoelectric couple, (b) differential element. [2]

Ql =(qp t+qn 2.1

The heat flows for p-type and n-type materials are equal to the Peltier heat and Fourier’s

law of conduction (thermal conduction) that can be written as follows

dT 2.2
qp = apTil + (—kpApa x=0>
dT 2.3
n = —a,T11 + (_knAnE xzo)
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As a result, equation 2.9 becomes

. 1 2.13
Q =aTl-5PPR+K(T —T))

Similarly, by using the energy balance equations at junction temperature T,, Q, becomes

. 1 2.14
Q2 = alyl +5 PR+ K(T —T;)

In an ideal case, the current in equations 2.13 and 2.14 can either be supplied to the
couple or generated depending on the direction of the heat flow. For the same direction
shown in Figure 2.1 (a), the thermocouples represent the thermoelectric generator if the

current is being obtained and thermoelectric cooler if the current is being supplied. [2]
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2.1.3 Thermoelectric Cooler (TEC)
The Seebeck effect is a reversible process; i.e., if a current is supplied to a
thermoelectric couple, electrons and holes will move through p and n elements causing

heating on one side and cooling on the other as shown in Figure 2.5.
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Figure 2.5. An electrical circuit for a unit couple thermoelectric cooling.

For thermoelectric cooling, state 1 and 2 used in equations 2.13 and 2.14 denote cold

and hot side respectively which gives [2]

. 1
Qc = aTd = SI°R+K(T. = Ty) 2.41

. 1
Qn = aTul + 5 1R + K (T, = Ty) 2.42

By applying the first law of thermodynamics across the thermocouple, the input

power can be defined as
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W =20, - 0Q, 2.43

which is also equal to

W =al(T, —T.) + I°R 2.44
also,
W =1v 2.45
and voltage becomes
V=a(,—-T.)+IR 2.46

The coefficient of performance, COP, is similar to the thermal efficiency but its
value may exceed unity and it is defined as the ratio of the cooling power (or heating

power) to the input power. [2]

' 2.47
COP = &
w

Substituting equations 2.41 and 2.44 into 2.47 gives [12]

1

aT.l] — 51°R — KAT
alAT + I2R
where
AT = (T, = T,) 2.49

For maximum cooling power, Q'C,mp, the optimum input current can be found by

differentiating equation 2.41 with respect to current and setting it to zero as follows [12]

dd%:aTc—IR:O& I, =2 250

P R

The current in equation 2.50 can also be represented in terms of T, [12]
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_ a(Ty — ATpmax)

max —
R

2.51

The maximum temperature difference AT,,,, IS the maximum possible difference
in temperature which always occurs when the cooling power is at zero and the current is
maximum. This is obtained by setting Q. = 0 in equation 2.41, substituting both I and
T.by I, and Ty, — AT,,.., respectively, and solving for AT,,,,. The maximum

temperature difference is obtained as [12]

1 A 252
ATmax = (Th + E) - (Th + E) - Th )

where the figure of merit Z (unit: K™) is defined as [12]

[ =—=— 2.53

The maximum cooling power Q. mq, is the maximum thermal load which occurs
at AT = 0 and I = I,,4,. This can be obtained by substituting both I and T, in equation
241 by Lpgy and Ty — ATy, respectively, and solving for Q. ,uax- The maximum
cooling power for a thermoelectric module with n thermoelectric couples is [12]

. na?(Ty, — ATpgy)
Qc,max = 2R

2.54

The maximum voltage is the DC voltage, which delivers the maximum possible
temperature difference AT, When I = I,,,,. The maximum voltage is obtained from

equation 2.46, which is [12]

Vinax = naTy 2.55
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Figure 2.6. Generalized chars for TEC assuming ZT,. = 1

Similar to the thermoelectric generator, the thermoelectric cooler parameters for
multiple couples can be obtained by from the unit couple parameters and the number of

couples, n, as follow [2]

(Qc), = n0. 2.59
(0n), =nQn 2.60
(W), =nWw 2.61
(R)n =nR 2.62
(V)y =nV 2.63
(K)p = nK 2.64
Dy =1 2.65
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discrepancy from using the ideal equations (when r and s are equal to zero)

especially when the length of the element is less than 0.1mm. [2]

Figure 2.8. Cooling power per unit area and COP as a function of thermoelement length
for different values of r and when s =0.1mm, Y =0.2, k=1.5W/mK, [, =
0.1mm, T, = 275K, T, = 300K, and Z=3 x 1073 K~1.[2]

2.3 Thermoelectric System

The typical thermoelectric system is usually attached to heat sinks or heat exchanger
devices in order to improve the heat absorption and/or rejection. Once these heat sinks
are attached, new equations will be considered along with the ideal equations discussed

earlier.

2.3.1 Basic Equations
Under steady-state heat transfer, consider the thermoelectric cooler system shown
in Figure 2.9. Each heat sink faces a fluid flow at temperature T,,. Subscript 1 and 2

denote the entities of fluid 1 and 2, respectively. Consider that an electric current is
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directed in a way that the cooling power Q; enters heat sink 1. We assume that the
electrical and thermal contact resistances in the TEC are negligible, the material
properties are independent of temperature, the TEC is perfectly insulated, and the p-type

and n-type element dimensions are identical. [10]
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Figure 2.9. Thermoelectric cooler module attached to two heat sinks.

The basic equations for the TEC with two heat sinks are given by

Q1 = N0 Ay (T — Ty) 2.78
. 1 Ak
Ql =N [CZITl - _IZR + (Tl - Tz)] 279
2 L,
) 1 Ak
Q;=n [asz + EIZR + (T, — Tz)] 2.80
e
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Q2 =27 A5 (T — Tooz) 2.81
It is noted that the thermal resistances of the heat sinks can be expressed by the
reciprocal of the convection conductance (i.e., n,h;A;, where n; is the fin efficiency, h,
is the convection coefficient, and A, is the total surface area of the cold heat sink). Also,
A, is the element cross-sectional area, L, is the element length, and T; and T, are the heat
sinks’ 1 and 2 base temperatures respectively which are equal to the thermoelectric

module junctions temperatures. [10]

2.4 Heat Sink Design and Optimization
The purpose of attaching a heat sink to the thermoelectric module is to maximize

the heat transfer rate from the fins. Therefore, at the given dimensions (width, Wy,
length, L¢, and profile length, bf) shown in Figure 2.10, the objective of this section is to
optimize the fin thickness, t;, and fin spacing, z; of a heat sink in order to minimize the

thermal resistance.
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Figure 2.10. Multiple array heat sink. [2]

The total fin efficiency is a well-known parameter used to analyze the heat sink
thermal resistance and it is defined as follows [2]

1/2
tanh lbf (%) l
- 7 2.82
Ny = .

Zh 1/2
by (W)

where kg is the thermal conductivity of the fin and h is the heat transfer coefficient of the

fluid which can be found from the Nusselt number correlation, Nu, as follow

_ kriia

h
Ly

Nu 2.83

where kg4 is the thermal conductivity of the fluid and L, is the length of the heat sink
that can be replaced by the hydraulic diameter, D, for channel flow case. The total heat

transfer area of the heat sink is given by
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Ap = ng[2(Ly + t7) + Ly zp,ope] 2.84

where ng is the number of fins. Moreover, it is found that the optimum fin spacing is

equal to

Zf opt = 3.24L;Re; /2 pr=1/4 2.85
where Re; is the Reynolds number for flow over a plate and Pr is the Prandtl number.
After finding the optimum fin spacing for given heat sink parameters, the fin thickness

can be optimized to give the maximum heat transfer as follows

qr = NrhAr(Tw — Tp) 2.86
where T,, and T, are the fluid temperatures and the heat sink base temperature

respectively. [2]

2.5 Chapter Conclusion

Chapter 2 discusses most of the concepts that are needed to understand the
fundamentals of thermoelectrics from a thermal design perspective. These concepts are
essential to understand and study the current work. After that, the literature of TEAC
system can be studied in order to figure out the current status and investigate if there’s

any room for further improvement.
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CHAPTER 3

LITERATURE REVIEW AND THE OBJECTIVE OF THE STUDY

The goals of this chapter are to discuss the state of art of the current study and sort its
objective. The literature review section focuses on TEAC system and related subjects
that are needed for the current study. After studying the basic concepts of
thermoelectrics, it is found that a typical air-type thermoelectric system should be
attached to a heat sink in order to have a lower thermal resistance. Therefore, finding a
reliable method that shows how the optimum heat sink parameters and appropriate
Nusselt number correlation are obtained plays a great role in discovering an accurate
optimum design of TEAC. Moreover, the availability of the optimum design of the
thermoelectric system also should be investigated, since the thermoelectric system has
several parameters where some of them need to be optimized simultaneously. Finally,
the optimum design of the current work is investigated analytically and experimental
validation might be required where it is needed to find out how the experiment is being
conducted in the literature. After summarizing the literature review, the objective of this

work now can be addressed as shown in section 3.2.
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3.1 Literature Review
3.1.1 TEAC System

The literature showed a number of studies on TEAC. The first mention of
automotive TEAC system was presented by Uemura [14] in Japan back in 1958 where a
thermoelectric air conditioner system was built in the trunk of a car made by Chrysler. A
fFew decades later, Junior et al. [15] studied and compared a gas-to-liquid TEAC system
used for steady state and transient models with the conventional auto HVAC system.
They used a model from the object-oriented Modelica library TIL and validated this
model against experimental data of a prototype heat exchanger. For room temperature,
the HVAC system has the capacity to pump heat five times higher than the TEAC system
at the same input power.

Wang et al. [16] designed, analyzed, and tested an air-to-liquid TEAC system for
a passenger vehicle using a numerical model. The numerical model was used to optimize
a combination of up to 14 variables in order to achieve the best TEAC performance. The
experimental results validated the simulated one and showed a COP of 1.55 at a cooling
power of 1.55 kW with air and liquid inlet temperatures of 30°C. They applied the
thermal isolation method [11] which allowed them to improve the COP and obtain the
fluid and junction temperatures [16].

Raut and Walke [17] built and tested a TEAC system inside a small passenger
vehicle where the goal was to pump 222 W of heat from the cabin. Their system, which
consists of six TEC modules connected electrically in series sandwiched between two
heat sinks, can reduce the cabin temperature to as low as 7°C. The system is designed to

recirculate the cold air to improve the efficiency and have a cabin temperature of 25°C
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where the ambient temperature is about 32°C. The COP of their system is about 0.77 and
it is calculated by dividing the cooling capacity by the input power (the product of the
input current and voltage).

Hsu et al. [18] studied and tested an air-to-liquid TEAC installed in a vehicle
(Honda Civic Exi) where they used an optimized heat sink. They also studied the effects
of the figure of merit and the element thickness on the cooling performances where they
indicated that the change of the pallet thickness can improve the cooling power but not
the COP. Their experimental results validated the analytical model using the basic
equations.

In the 2012 Directions in Engine-Efficiency and Emissions Research (DEER)
Conference, Gentherm collaborated with the Ford Motor Company and presented their
design of a TEAC along with a performance curve [9]. At an input power of 400 W, their
air-to-liquid TEAC system was able to reach a COP of 1.3 using a cold air flow rate of 60
CFM and ambient cold and hot temperatures of 30°C. Many advantages encouraged
them to decide on using liquid instead of air for the hot (waste) side fluid specially the
advantage of having a higher heat transfer coefficient [19]. Table 3.1 highlights more

pros and cons of air-to-air vs. air-to-liquids TEAC systems.
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Table 3.1
Comparison Between Air-to-air TEAC and Air-to-liquid TEAC. [19]

Air Waste Stream Liquid Waste Stream
Pros Cons Pros Cons
Low weight Poor heat transfer Higher power density More weight

No risk of coolant

Lower power density ~ Less noise Risk of leaks

leaks
Difficult to vent the Requires an additional
waste heat radiator

Noise at higher flow
Waste side temp tied to
rate ambient

3.1.2 Heat Sink Optimization and Its Heat Transfer Coefficient

A typical thermoelectric system consists of a thermoelectric module and two heat
exchangers (or heat sinks) attached to both the hot and cold side of the module. It can be
seen that the researchers make an effort to combine theoretical thermoelectric equations
and heat sinks equations, and then optimize the geometric parameters of the heat sinks
[20]. Optimization of the heat sinks and heat exchangers are very well established in the
literature and Lee [2] summarizes a comprehensive study on the optimization procedures.
As for the accuracy of the Nusselt number, analytical correlation can be used, but it
would be more reliable to have an experimental validation, especially for more
complicated shapes [21]. Therefore, Teertstra et al. [22] developed an analytical
correlation to calculate the Nusselt number based on flow in a parallel plate channel and a
combination of developing and fully developed flow. After modifying the Nusselt

number correlation to consider the fin effects, they compared the new correlation with
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experimental values which showed good agreement. Furthermore, Zhimin and Fah [23]
used two correlations to calculate the Nusselt number for microchannel heat sinks for
both laminar and turbulent flow. The results of the thermal resistances were then
validated against other work. These studies of the heat sink optimization and Nusselt

number correlation can be adopted on the current work on thermoelectric system.

3.1.3  Optimum Design of Thermoelectric System

The state-of-art related projects of thermoelectric parameters, on the other hand,
need to be addressed in order to investigate their optimum design. Literature shows
serval general methods (or in a different areas) on how to optimize thermoelectric
parameters. Analyzing the product of the number of thermocouples, the element
geometric ratio, and the thermal conductivity, which is defined as the thermal
conductance of elements, is a very practical way to assist studying the optimum design of
the thermoelectric parameters [10]. The literature also showed some techniques that can
help analyze the optimum design of the thermoelectric parameters.

Dimensionless parameters for a thermoelectric cooler system were introduced by
Yamanashi [24] in order to optimize thermoelectric parameters. The paper studied the
effect of different dimensionless parameters on the TEC performance as a function of
dimensionless electrical current. One of the highlights of this paper is to show that the
thermal resistance of the hot side of the TEC has a greater impact on the performance
than the cold side thermal resistance. Furthermore, this technique gives the ability to
obtain the maximum COP when the heat exchanger of the TEC system is provided. Even
though the Yamanashi technique is not very adoptable due to the difficulties in obtaining

the optimum parameters for the cooling power, some researchers applied it and provide
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useful results. In fact, Xuan [25] was able to use the Yamanashi method to optimize the
length of the element while Pan et al. [26] studied the optimum design of cooling power
for a thermoelectric cooler.

There are also more studies on the investigation of the optimum design of
thermoelectric system but applying these methods does not seem very practical. One
example is the comparison of the power density of the waste exhaust heat recovery when
using a thermoelectric generator system. For similar inputs, the reported power densities
of Hsu et al. [27], and later, Karri et al. [28], and New Energy and Industrial Technology
Development Organization (NEDO) [29] are 0.032 W/cm?, 0.61 W/cm?, and 1W/cm?,
respectively. These variations in the power densities raised the question of the
availability of the optimum design of the thermoelectric system.

Lately, Lee [10] developed an optimal design method that uses the dimensional
analysis to optimize the thermoelectric generator and cooler parameters.  For
thermoelectric cooler, the method gives the ability to optimize the electrical current and
the geometric ratio (thermoelement cross sectional area by its length) simultaneously at a
given figure of merit, ambient temperatures, and heat sink parameters. This method will
be adopted in the current study in order to develop the optimum design of the TEAC

which will be discussed in the next chapter.

3.1.4  Experimental Work of Thermoelectric system

Apart from the optimum design literature, the above summary focuses on the
theoretical approach of a thermoelectric system. After that, the concern appeared on how
accurate these equations were when they are compared with experiment. The literature

showed some experimental works that studied the validation of the theoretical equations.
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The formulated equations found by Chen et al. [30] were experimentally validated by
Gou et al. [31] when they tested a low temperature waste heat recovery system where the
experiment showed a reasonable agreement with the equations. Casano and Piva [32]
also verified a good agreement for a thermoelectric generator system with one heat sink
at the cold side and heat source on the hot side.

As for thermoelectric cooler, Chang et al. [33] tested a thermoelectric air-cooling
system used for electronic devices and had a good agreement with the thermoelectric
ideal equations. They conducted another experiment (using the same TEC module) in
order to allow them to obtain the thermoelectric material properties and then used these
properties in their main experiment. Huang et al. [34] did a similar work and also has a
good agreement where their focus was on studying the effects of the thermal resistances
of the system. These state-of-the-art studies are only a few of the many studies on the
validation of the thermoelectric system which gave a good indication of the accuracy of
the theoretical equations.

The majority of the work attempted on designing TEAC does not provide a clear
method of how to optimize the TEAC system, especially the thermoelectric parameters.
Moreover, a numbers of studies have been conducted either analytically or
experimentally and only a few gather both the methods. Therefore, if an analytical study
of the optimum design of the TEAC system is needed to be conducted, the accuracy of

the design must also be investigated.
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3.2 Objective

After understanding the basic concepts of thermoelectrics and finding the
existence of room to improve TEAC design, the objective of this research is to develop
and experimentally validate the optimal design of automotive thermoelectric air
conditioning system (TEAC). To put it another way, the previous studies showed a
number of designs but none of them could identify the optimum design regardless of how
powerful the design was. The optimization of the thermoelectric parameters can be
reached but usually by using a very complicated simulation system or by conducting
costly experiments. Therefore, after the latest optimum design method presented by Lee
[10], the aim of this work is focused on developing a simple technique to optimize the
TEAC parameters. The optimal design theory provides a general method about
optimizing the thermoelectric system and its application and validation can prove the
depth of its correctness of the theoretical approach. In particular, there are many
parameters that need to be discussed in order to investigate the availability of the
optimum design of TEAC system, such as the thermal resistances of the heat exchanger
attached to the thermoelectric device. However, for the thermoelectric cooler system, it
is found that the electrical current and thermoelectric geometric ratio (or number of
thermocouples) need to be optimized simultaneously. In order to reach that goal, the
dimensional analysis theory is being modified and applied. Moreover, this design mainly
deals with analytical calculations, and many factors may appear in the picture when the
actual TEAC device is tested. Therefore, the experimental validation of the optimal
design of the TEAC system is a necessity in order to determine the accuracy of the

analytical work.
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This objective is discussed and achieved through the following chapters where a
brief description is shown below.

In Chapter 4, the main theories and analytical modeling, used to reach an accurate
TEAC optimum design, are discussed. The first part of the chapter discusses the
accuracy of the thermoelectric ideal equations when they are used to predict the
performances. Then, the model of the optimum design of the TEAC system is discussed,
addressing the dimensional analysis theory, along with heat sink optimization.

Chapter 5 focuses on how the experiments are setup in order to investigate the
accuracy of the models presented in Chapter 4. Based on these models, two experiments
have been conducted and the setup is discussed in this chapter. The first part of the
chapter presents the experimental setup of a unit cell of the TEAC system while the other
part presents the experimental setup that could simulate the whole TEAC system.

The results of the presented model and experiments are discussed in Chapter 6.
The first part of the chapter discusses effective material properties of several
thermoelectric module manufacturers and shows the accuracy of the method. After that,
using the ideal equations and effective material properties, a design of air-to-liquid TEAC
system found in the literature is studied in order to investigate the accuracy of the
method. Then, this study is compared with a design that uses the optimum design theory.
Finally, the results of the optimum air-to-air TEAC design and experiments are presented

for both unit cell and whole system.
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CHAPTER 4
TEAC MODELING

All information in this chapter is in reference to the methodologies explained in
Ref. [35], [36], [12], and [37] with the author’s contribution. The objective of this
section is to study and optimize an analytical design of air-to-air TEAC. A proposed
schematic is shown in Figure 4.1 and is discussed further in the upcoming sections. The
proposed design is described as two layers of the thermoelectric module sandwiching
cold air heat sink while two layers of hot air heat sinks are separately attached to the hot
sides of the thermoelectric modules. The main focus of the analytical modeling is to
simulate one unit cell of the optimum design of TEAC that can represent the whole
system where that system is assumed to be divided into a number of equal unit cells.
This is a straightforward method that is adopted from the dimensional analysis theory
[10]. Moreover, the simulation of the whole TEAC system is discussed by combining the

thermal isolation method along with the dimensional analysis method.
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Figure 4.1. Schematic of air-to-liquid TEAC. [37]

4.1 Calculating the Effective Material Properties

The effective material properties are defined as the material properties that are
extracted from the maximum parameters which are provided by the manufacturers. These
properties are used instead of the intrinsic material properties in order to reduce the errors
associated with the assumption of neglecting the contact resistances. The effective figure
of merit is obtained from equation 2.52, which can be written as:

7 = 20T 0x a1
(Th - ATmax)2

The effective Seebeck coefficient is obtained using equations 2.51 and 2.54, which is as

follows
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* ZQc,max 4 2
nImax (Th + ATmax)

a

the effective electrical resistivity can be obtained using equation 2.51, which is written as

x a*(Th - ATmax)Ae/Le 4.3

p

Imax

and finally the effective thermal conductivity is now obtained using equation 2.53, which

is denoted as:

4.4

These effective material properties include realistic effects such as contact resistances.
Since the material properties are obtained for a p-type and n-type thermoelectric couple,
the material properties of an element (either p-type or n-type) can be obtained by dividing
by 2.
4.2 Use the Dimensional Analysis Method to Find the Thermoelectric Optimum
Current and Geometric Ratio for a Unit Cell

The main goal of this section is to obtain the optimum design for the
thermoelectric cooling system to maximize the COP by simultaneously optimizing the
electrical current 1 and the thermocouple geometric ratio (G, = A./L.). Therefore,
adopting the optimum design method using the dimensional analysis technique developed
by Lee [10] can help us reach that goal. This method assumes that the electrical and
thermal contact resistances in the TEC are neglected, the material properties are
independent of temperature, the thermoelectric module is perfectly insulated, and the
element dimensions p-type and n-type are identical. After that, the four basic heat

balance equations (equation 4.5 to equation 4.8) can be converted into two non-

45



dimensional equations (equations 4.10 and 4.11). Figure 4.2 (a) and (b) show schematics
of the unit cell of thermoelectric module with two heat sinks and one thermoelectric

couple, respectively, where p and n types have similar pellet heights and cross-sectional

dareas.
Cold fluid
Tooe 1 Qc
Cold heat
sink 77ChCAC
Base area T
¢
rec EENNNNNNEES -, | 2
A4, —| I
— — 4,
Tn Al & |
Py £ P
L2 kn
Hot heat LT T,
sink 1 77hhh‘4h . '
Tooh Qh
Hot fluid
(a) (b)

Figure 4.2. (a) thermoelectric cooler module (TEC) with two heat sinks, (b) schematic of
thermoelectric couple. [35]

Q. = nchcAc(Tooc - Tc) 4.5
. 1 A,
Qc=n [aITC — 2R + -2 k(T, - Th)] 46
2 L,
. 1 A,
Qp=n [aITh +=I’R +—k(T, — Th)] 47
2 L,
Qn = MuhnAn (T — Toop) 4.8
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Py = Qn — Q. 4.9
The thermal resistance of the heat sink can be expressed by the reciprocal of the
convection conductance (i.e., n.h.A.), where 1. is the fin efficiency, h. is the convection

coefficient, and A, is the total surface area of the cold heat sink.

Nh(Tot) - Tc*) NIZ
I . 4.10
N, N;T; 22T,y + (T = Tp)
(T — 1) N?
=NT — —— T —Tx 4.11
Nk I'h ZZTooh + ( c h)

ZTwn, Ny , Ng, and N; are defined as the dimensionless figure of merit,
convection ratio, the ratio of thermal conductance to the convection conductance, and

dimensionless current, respectively.

a
ZT., = —T,, 4.12
h ok h
— nCh'CAC 4 13
h NnhpAp
— n(Aek/Le) 4 14
; NnhpAp
1
N, = —— 4.15
Ack/L,

Ts, Ty, and Ty, are the dimensionless cold junction temperature, the dimensionless hot

junction temperature, and the fluid temperature ratio, respectively, and are defined as

T = 4.16
Toon
T 4.17
T =
Toon
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