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ABSTRACT

Analytical Modeling and Optimization of a Thermoelectric
Heat Conversion System Operating Between
Fluid Streams

Stephen H. Taylor
Department of Mechanical Engineering, BYU
Master of Science

Analytical, closed-form solutions governing thermoelectric behavior are derived. An
analytical model utilizing a thermal circuit is presented involving heat transfer into, through, out
of, and around a thermoelectric device. A nondimensionalization of the model is presented.
Linear heat transfer theory is applied to the model to obtain a series of closed form equations
predicting net power output for the thermoelectric device. Fluid streams flowing through
shrouded heat sinks with square pin fins are considered for the thermal pathways to and from the
device. Heat transfer and pressure drop are characterized in a manner conducive to an analytical
model using previously published experimental results.

Experimental data is presented which validates and demonstrates the usefulness of the
model in predicting power output for commercially available thermoelectric generators. A
specific design for a thermoelectric power harvester is suggested consisting of a pattern of
thermoelectric generators. An economic model for calculating payback time is developed. An
optimization process is demonstrated that allows for the payback time of such a system to be
minimized through optimization of the physical design of the system. It is shown that
optimization of the thermal pathways dramatically reduces payback time. Optimized design of a
system is discussed in light of theoretical cases with feasible payback times.

Keywords: energy conversion, thermoelectric, waste heat, payback time, pressure drop, heat
sink, optimization.
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1 INTRODUCTION

The production of useful power is essential for the technological, energy-intensive economy
and lifestyle enjoyed by an ever-increasing number of the world’s citizens. The vast majority of
the useful power is obtained through the combustion of fossil fuels. These fossil fuels are
extremely energy dense and usually inexpensive to mine, rendering most other methods of power
production expensive by comparison. In recent times, however, reasons for developing and
refining these alternative methods on large scales have been growing. Dependence of energy-
hungry nations on oil-rich nations raises increasing socio-political concerns; debate over
greenhouse gases spark public support for reducing environmental impact of energy-getting;
signs of fossil fuel exhaustion may already exist (Caputo, 2009); and growing world population
promises that demand for useful power will only increase. For these reasons, exploration into the
feasibility of creative methods of power conversion to supplement fossil fuels is an essential

endeavor.

1.1 Recovering Available Energy

This section contains a brief, qualitative overview of the relevant dynamics of energy
conversion. A detailed treatment of the laws of thermodynamics is necessary for a technical
discussion of waste heat in general, for which the reader is referred to Cengel and Boles (2008).

The vast majority of energy utilized from fossil fuels requires conversion of the chemical
energy stored in the hydrocarbons to thermal energy (combustion), and then conversion of a
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portion of that thermal energy to mechanical or electrical power. Any system that accomplishes
this task—including power plants, planes, trains, and automobiles—may be called a heat engine.
Although a heat engine converts thermal energy into power, the proportion that may be
converted (thermodynamic efficiency) is limited by the second law of thermodynamics. Thermal
energy that is not converted to power is dissipated to the environment, or rejected. Even a
reversible heat engine which operates at the maximum theoretical efficiency rejects some heat to
its surroundings. None of this heat is available to be converted to useful power. However, it is
impossible to build a reversible heat engine, so all real heat engines reject some heat that can be
converted to useful power.

Coal or other fossil-fueled power plants generally have thermodynamic efficiencies less
than 40%. In the United States in 2008, total electricity consumption was estimated at 400 GW
(Central Intelligence Agency) suggesting that more than 1000 GW of heat was released in the
process. Significant quantities of this waste heat are theoretically recoverable—able to be
transformed into power.

Direct energy conversion technologies such as thermophotovoltaics, pyroelectric devices,
and thermoelectric devices represent methods of converting waste heat into power. Direct energy
conversion devices are typically much less efficient than a traditional steam cycle in a power
plant or internal combustion cycle in an automobile engine. However efficient operation of these
traditional fluid cycles requires the very high temperatures and extremely rapid heat generation
associated with combustion. In contrast, the direct energy conversion devices named above can
work at much lower temperatures and comparatively low rates of heat transfer. When used as a
bottoming cycle for a traditional power cycle, direct conversion devices can recover a portion of

the rejected heat, and thus improve the overall efficiency at which fossil fuels are utilized.



Not only may such devices be used in tandem with established methods of energy
conversion, but in other locations as well. Heat from geothermal sources, solar radiation, and
heat produced and dissipated by the megawatts in factories represent potential sources for energy
recovery by direct conversion devices. Any object or medium exhibiting a temperature
perpetually hotter than its surroundings—naturally occurring or a consequence of man-made
procedures—may in theory be used to manufacture power at some efficiency.

Large scale implementation of direct energy conversion methods to extract power from
waste heat and naturally occurring temperature differences has the potential to generate a
significant amount of power. Direct energy conversion on a large scale can increase the useful
power extracted per unit of fossil fuel used and spread the burden of society’s energy hunger to
sources beyond fossil fuels. The value of augmenting our energy economy with direct energy
conversion systems increases as the future of fossil fuels becomes less certain. Conversion of
waste heat to useful power is scientifically and technologically feasible through multiple
methods at various efficiencies. The widespread implementation of such systems is currently
held back by economic considerations.

This thesis specifically considers the potential of thermoelectric energy conversion
devices for low temperature applications. Thermoelectric devices are already being
manufactured by a number of companies for power generating applications. Research into
methods of improving the performance of such devices is an active field of research—primarily
in the field of materials science. This thesis, however, considers the performance of
thermoelectric devices that are now generally available for purchase. A specific design for a
thermoelectric power generation system is proposed and analytically modeled. Using the model

developed, economic considerations are then addressed. This thesis attempts to answer the



questions: What is the payback time for waste heat recovery system?; Under what conditions is a

thermoelectric waste heat recovery system economically viable?

1.2 Thermoelectric Materials

This research is concerned with thermoelectric energy conversion devices, which are
composed of thermoelectric materials. Thermoelectric materials are materials that naturally
create a voltage difference in the presence of a temperature difference. For one family of
thermoelectric materials, known as N-type materials, this voltage is caused when electrons or
negative ions, excited by the thermal energy in the hotter side of the material, diffuse toward the
cooler side of the material. The imbalance of charge creates an electric potential, or voltage. For
the other family of materials, P-type materials, the temperature gradient causes holes (electron
voids) or positive ions, to diffuse to the cooler side, causing the opposite voltage of an N-type
material.

The temperature-induced voltage of thermoelectric materials is called the Seebeck effect,
after Thomas Johann Seebeck who discovered the phenomenon in 1821 (Encyclopaedia
Britannica, 2011). The reverse process may also be realized, with an imposed voltage on a
thermoelectric material producing a heat pump. This process is generally referred to as the
Peltier effect, demonstrated by Jean Charles Athanase Peltier in 1834. For information regarding
the physics of thermoelectric materials and their engineering applications, the reader is referred
to a wealth of research assembled by Rowe (2006).

From a macroscopic, continuum view, materials exhibiting the Seebeck effect may be
described by their Seebeck coefficient, a, which represents the voltage produced per unit of

temperature gradient in a material: a = dV/dT. For N-type materials, « is positive, and for P-type



materials, o is negative. Knowledge of the Seebeck coefficient of a material allows for predicting

thermoelectric behavior from knowledge of the temperature distribution in the material.

1.3 Objectives

The objective of this thesis is to perform a first principles analysis of a direct energy
conversion device based on a thermoelectric generator. This analysis will be extended to a
systems level analysis of thermoelectric generators and the thermal pathways designed to
transport heat to, from, and around them. A classic heat transfer solution to convecting pin fins
will be combined with a Nusselt number correlation developed by other researchers to
characterize the heat paths to and from thermoelectric devices as fluid streams flowing through
heat sinks. A tailored definition of friction factor will be discussed to model fan or pump work
requirements. The concept of bypass insulation will be introduced as well as its potential to
enhance the effectiveness of cost-effective energy conversion. All relations will be incorporated
into a single, closed form, analytical model that govern a specific design template for a
thermoelectric energy harvester containing multiple thermoelectric devices.

Experimental results will be presented which validate the model for a system consisting
of a single thermoelectric device. The mathematical model in relation to this particular
experiment will be discussed.

An economic model will be developed for predicting the payback time of the proposed
energy harvesting system. The physical and analytical models will be coupled and extended to
capture two-dimensional spatial effects of a large system. The extended model will be used to
optimize a thermoelectric energy conversion system for specific cases, with the objective

function of minimizing the payback time.






2 THERMOELECTRIC MODELING

This chapter presents a recommended system of governing equations of a single
thermoelectric element, derived from first principles. The usefulness of these equations in
describing heat transfer through a thermoelectric device is presented, preparatory to deriving the

full system model.

2.1 Single Thermoelement: Exact Solution

Consider a thermoelectric element with one-dimensional heat transfer. The ends of the
element are at Ty and T respectively. The voltage produced by the element is connected in a
circuit to an electrical load that performs useful work. Three heat interactions exist in the
element: heat conduction due to the temperature gradient, heat generation due to electrical

resistance heating, and heat conversion into electrical power due to the thermoelectric effect.

9x p Goen=1?R’dx
" ST Qun—-1dV
o=
q_t+a\ I

Figure 2-1: Thermoelement and Differential Heat Interactions.



The governing equation of the temperature profile may be found by constructing an
energy balance on a differential piece of the thermoelement. Constant properties are assumed and
heat transfer is approximated as one-dimensional. The Seebeck coefficient, a, represents the
differential voltage generated across the element.

dV = a dT 2-1
Although Seebeck coefficient exhibits some dependency on temperature, the use of a constant,
averaged value may be reasonably used (Rowe). Then Eq. 2-1 may be integrated over the entire
element to yield

AV = a AT 2-2
Consider the differential section of the thermoelement in Fig. 2-1. Performing an energy rate
balance yields the following differential equation:

dq dT
Ax — (qx + d_;dx) + IZR;,ldX — (—Iaa> dx =0 2-3

Heat transfer is assumed to be one dimensional through the element. When Fourier’s heat law of
heat conduction is used in place of gy, the following governing equation for temperature is

obtained:

d’T / la \dT I’R,,
“- ( >_ Z e _ 24
dxz kelAel dx kelAel

This equation may be solved analytically, using the temperatures at both ends as boundary

conditions to obtain the temperature distribution,

IR L
: T, — Ty + —2 Ia
T(x) = Ty — (”;”) P R (1 - e_kelAelx> 25

_ x|
1 —e keidel



The nondimensionalization of this temperature profile may be done with a dimensionless current

. IR, L
l=— 2-6
a(Ty —Tp)

The remaining nondimensionalization is performed with the definition of the thermoelectric
performance parameter, Z = a?/R,,k.A.;. This parameter represents the ability of the
thermoelement to generate a voltage compared to its other material properties. It is desirable for
this parameter to be large. The significance of this parameter is discussed in Chapter 2.3, when
this parameter is extended to describe an entire thermoelectric device. This parameter has units
of inverse temperature, and may be nondimensionalized as {y = ZTy. This and the Carnot

efficiency 5. = 1-T /Ty, are used to normalize Eq. 2-5 as

T@) . (xy, (=1 ()
T,,—l“’?c(rel>+<m(l‘e 7) o

Employing Fourier’s law once again to solve for the heat rate into and out of the element, the

nondimensional heat rates are found:

4n — it (i = i*)3un. 2.8
Ue(Ty —Ty) 1 — e¢Hnet

qL - (i — i*){yn, e~ SHnet 2.9
Uet(Ty — T) 1 — e~¢unet

The heat rates may be used to determine the thermodynamic (first law) efficiency of the

element. Using the following relation for thermodynamic efficiency,

9y — 41
qu

= 2-10

and substituting Eqs. 2-8 and 2-9, the following equation is obtained:



(i —i?)(1 — e~SHmet)
i
(an

nr = 2-11

(1 — e=Sumel) 4 — i2

Equation 2-11 gives the interesting result that the thermodynamic efficiency of a
thermoelectric generator depends on the dimensionless current, i. To illustrate, consider the
circuit below, with the thermoelement represented by a voltage source and an electrical

resistance (Fig. 2-2).

Thermoelement

I
|
I
i
I
I
I
i
I
I
I
load '
I
i
I
I
i
I
I
!
I
!

Figure 2-2: Thermoelement with Load.

A load is connected in the circuit, representing the useful power obtained from the element.
Applying Kirchoff’s law results in

AV == I(Rel + Rload) 2-12
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By solving Eq. 2-6 for current | in terms of dimensionless current i, and substituting the result
into the Eq. 2-12, the voltage difference may be written

_ a(Ty —T,)i

Yy
Rel

(Rel + Rload) 2-13

Using Eq. 2-2 to replace voltage shows that dimensionless current, i, may be written as

R
j=— ¢ 2-14
Rel + Rload

This equation shows the usefulness of the parameter i. The load imposed on a thermoelectric
system is a critical design choice, affecting the efficiency and power output of the system. The
chosen load is manifest in the thermodynamic efficiency through the variable i. Efficiency may
be maximized by using Eq. 2-11 to calculate the derivative of the thermal efficiency with respect
to dimesionless current:, dn/di. Setting this to zero yields the maximum efficiency when i = Y2.
Alternatively, the power produced by the thermoelement is given by the product of the
heat rate into the device and the thermal efficiency, 7 qu, or the product of Egs. 2-8 and 2-11.

Nondimensionalizing the power produced with Ug and Ty results in

. out 2 2
Wour _ i—i 2-15

This parabolic behavior of power output is maximized at ipow = %2.

The preceding analysis has shown that the governing equation derived for the
thermoelement, Eq. 2-4, predicts that maximum efficiency and maximum power both occur at i =
Y. Observing Eq. 2-14, this corresponds to an electrical load resistance equal to the electrical
resistance of the thermoelement. Henceforth, this will be referred to as the matched load

condition.
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2.2 Single Thermoelement: Approximate Solution

2.2.1 Derivation

The exact solution to the temperature profile and work output of a thermoelement is
convenient when the temperatures Ty and T, of the thermoelement are known. However, in most
real situations, these temperatures would be impractical to measure directly. In order to develop a
full system model (see Chapter 3), thermoelement behavior must be coupled with equations
modeling heat transfer from a heat source and to an ambient reservoir. Coupling the heat rates
associated with the exact solution developed in the last chapter (Egs. 2-8 and 2-9) with heat
transfer analysis yields a coupled system of implicit algebraic equations. In order to form a
model that yields closed-form solutions when coupled with heat transfer equations, the exact
solution developed in the last section is now modified. The method of deriving this approximate
solution is now presented.

The approximate solution is introduced as follows. First, the thermoelectric effect, e, 1S

neglected in the governing energy balance of Fig. 2-1. This reduces the governing equation to

d*T IZR’el
el =0 2-16
dx? = kg Ag

Again, the temperatures at each end are used as boundary conditions. The solution to this

equation is a parabolic profile,

I?R; T, — Ty 1R, Ly
T(x) =— <—e’> x? + < + —== x+T 2-17
2kelAel Lel 2kelAel i
When this temperature profile is nondimensionalized in the same manner as Eq. 2-7, the result is
T(x) 1 X 1 x\?
= L (G = 1) () =342 ()
TH + T]C 2 (HT]CI’ Lel 2 CHnCl Lel
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Note that there are no exponential terms in this profile. This characteristic will prove useful when
the profile is used to calculate heat rates, which in turn must be coupled with heat transfer
relationships. The temperature profiles predicted by Eq. 2-7 and Eq. 2-18 are compared in Fig. 2-

3 for a typical thermoelement.
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Figure 2-3: Thermoelement Temperature Profiles. T(X)/Ty vs x/L for a typical case. The dashed line neglects
power conversion in the element (Eq. 2-18), and the solid line incorporates it (Eq. 2-7).

Although the difference between the temperature profiles in Fig. 2-3 is barely
discernable, it can be seen that the gradients are slightly steeper for the case incorporating power
generation. The heat rates calculated when neglecting power generation will predict slightly less

heat drawn into the element and slightly more heat rejected from the element than in the real case

13



with power generation. This is because the real element must draw in extra heat to replace the
thermal energy lost to power conversion. Likewise, the heat that is rejected from the element is
lessened because some of the heat input was converted to power as it passed through the
element. In both cases, the linear effect of the heat transfer dominates, but the temperature
gradient of the exact solution is slightly steeper at the hot end and slightly shallower at the cold
end.

Heat rates for the dimensional temperature profile when power generation is neglected

(EQ. 2-17) are calculated as

1
qy = Ue(Ty — T,) — EIRel 2-19

1
qy = Ug(Ty —T,) + EIRel 2-20

Now the thermoelectric effect will be reintroduced. Recall Eqg. 2-2, which makes the
approximation of constant Seebeck coefficient, «, but is independent of the nature of the
temperature profile through the element. Thus, the voltage across the element is

V=a(lTy—T,) 2-21
Thus, the power created by the Seebeck voltage is

P=1Ia(Ty —T,) 2-22
The quantification of the power produced by the thermoelement together with the observations
relating to Fig. 2-3 lead to the following approximation: the heat rate predicted by Eq. 2-19 is
augmented by the Seebeck effect by roughly half of the Seebeck power, and the heat rate
predicted by Eq. 2-20 is decreased by roughly the same amount. Modifying Egs. 2-19 and 2-20

accordingly yields the true heat rates for the approximate solution:
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1 1
qy = U (Ty = Ty) — 5 1*Re + s 1a(Ty — Tp)

2 2

1 1
q, = Uq(Ty —Tp) +512Rel - EIQ(TH —T.)

2-23

2-24

Equations 2-23 and 2-24 are comparable to Egs. 2-8 and 2-9. Due in large part to the dominance

of the linear characteristic of the heat transfer, the difference between the approximate heat rates

and the exact heat rates is negligible. The following table illustrates the discrepancy between the

heat rates predicted by Egs. 2-8 and 2-9 compared to Egs. 2-23 and 2-24 with typical values for

the parameters. The difference is far smaller than the general uncertainty calculated in the

experimental validation (Chapter 6) performed in this research, which was on the order of

several

percent.

Table 2-1: Comparison of Exact and Approximate Heat Rate Solutions.

Example Cases

Heat Into Element: qy

Heat Rejected From Element: q;

U
(K/W)

2
2
1
1

Ty Ty (K)

200
50
100
30

Zx10° Exact Approximate
(K') | Eq.2-8(W) Eq.2-23 (W)
0.8 408.10666 408.00000
0.8 100.50167 100.50000
0.5 100.62760 100.62500
0.5 30.05632 30.05625

%
Difference
-0.0261%
-0.0017%
-0.0026%
-0.0002%

Exact
Eq. 2-9 (W)
392.10666
99.50167
99.37760
29.94382

Approximate
Eq. 2-24 (W)
392.00000
99.50000
99.37500
29.94375

%
Difference
-0.0272%
-0.0017%
-0.0026%
-0.0002%

The approximate solutions for heat rates may be used to predict the thermodynamic

efficiency of the element in the same manner done for the exact solution. Substituting Egs. 2-23

and 2-24 into

the definition of thermodynamic efficiency and using

nondimensionalization gives
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i—i?

1. )
t5 0 —i%)

ny = 1
Z(Ty —T)

2-25

Equation 2-25 may be multiplied by the heat rate of the hot end (Eq. 2-23) to predict the power
output for the element, and can be shown algebraically to be equivalent to the equation for power
output for the exact solution (Eq. 2-15). This establishes that the approximate solution, in
agreement with the exact solution, predicts maximum power output at the matched load
condition. Equation 2-25 has an analytical optimum at i = %. Thus, like the exact solution, the
approximate solution predicts that maximum power and maximum efficiency coincide at
matched load conditions.

Although both solutions developed in this chapter predict that the matched load
condition, i = %, maximizes both power output and efficiency, these two do not necessarily
coincide when the assumptions underlying the derivation are changed. Gordon (1991) presented

a similar derivation for a thermoelement under different assumptions, and obtained

1

qu = Ue(Ty — Tp) — ElzRel + IaTy 2-26
1,

qr, = Ue(Ty —Tp) + 51 Ry + IaT, 2-27

These are observed to be similar to Egs. 2-23 and 2-24. These equations may be used to derive

an efficiency equation using the same method outlined in this section to obtain the efficiency

equation:
= ¢ _T%) (-5 _
i—iz( _ﬁ)_l_ 2_( _ﬁ) 2-28
P
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This equation, like the ones developed here, predicts maximum power output at matched load (i
= %), but predicts that the optimum efficiency occurs at slightly greater than matched load.
Despite their similarity to Egs. 2-23 and 2-24, Eqgs. 2-26 and 2-27 do not allow for a closed-form
solution of the type that will be developed in Chapter 3 when coupled with heat transfer

equations.

2.2.2 Observations on Efficiency

Some behavior regarding efficiency is noted. Comparison of Eq. 2-25 with 2-28 is shown

in Fig. 2-4 for a specific case.
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Figure 2-4: Thermodynamic Efficiency Curves. Comparison of relations derived by Gordon (dashed) and
Taylor (solid). Values used: Ty = 400K, T, = 300K, Z =.001.

The function derived here, is observed to be more optimistic than that derived by Gordon.
Implications of this relating to the experimental data obtained in this research are mentioned in

Chapter 5.
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A topic of interest that is recommended for further research is the modeling of
thermoelectric energy conversion using a second law of thermodynamics approach. The second
law efficiency, 7y, is related to the thermodynamic efficiency through the relation

T

N =N (1 - E) 2-29

Using this relation, 7, may be derived from Eq. 2-25 as
i—i?

(- e

L
H

N 2-30

When matched load is imposed, i = 0.5, and Eq. 2-28 is plotted, it is seen that the dependence on

Tu/Tw is very weak.

I__.-D _| T T T T T T T T T ¥ T T T T T T T [] T T T T |_

i —/_’,//M{

08 4
33 T

i - B0

g~ = = =

I;Tg

Figure 2-5: Second Law Efficiency for a Thermoelement. Contours of #,, (Equation 2-28).
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When a plot similar to Fig. 2-5 is made for Eq. 2-26, the conclusion is the same. The
relative independence of second law efficiency from T /Ty suggests that approximating #y with
Eq. 2-30 by simply holding T,/Ty constant, rendering 7, = #,(¢n) may provide a viable method
of modeling the device. However, the approach would need to be different than that taken in this
research, as it will be seen that the efficiency function is not used directly in Chapter 3 when a
model is developed for the entire thermoelectric system. Rather, both heat rates from which the
first law efficiency was derived, Eqgs. 2-23 and 2-24, are used (and needed) to fully constrain the
system.

As a topic of interest, it is noted that other methods of obtaining a solution of the type
presented in Chapter 3 are theoretically possible. The limiting factor in obtaining this closed-
form solution is the requirement that heat transfer equations describing heat into and out of the
thermoelements be coupled with the characterization of the thermoelements themselves. Instead
of using both heat rates, an efficiency function (such as Eq. 2-25, 2-28, or 2-30) together with
one of the heat rates is sufficient to provide closure to the system. However, the author found this
approach algebraically untenable when attempted with Eq. 2-25. Another possibility is to couple
one of the heat rate equations with Eq. 2-30, when Eq. 2-30 is modified with T, /Ty constant or as
a simplified curve fit of the form #,, = »,(¢w). This possibility was not explored in detail.

Another potential approximation might include modeling the temperature gradient as
exactly linear through the element. This approximation was also explored by the author in
conjunction with Eqg. 2-28. It was found that an analytical solution under these conditions
required a general solution to a cubic polynomial, which is attainable, but requires complex

analysis. It is unlikely that closed-form solutions of the type developed in Chapter 3 could be
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formed for all possible combinations of approximations, but it is also unlikely that this thesis

utilizes the only such combination.

2.3 Thermoelectric Device Modeling

Thermoelectric devices are composed of many thermoelements. These elements are
arranged such that all experience the same temperature gradient by being thermally parallel, but
are connected end to end in electrical series (Fig, 2-6). The serial connection produces a single
circuit incorporating all the elements, summing their voltages. N-type elements and P-type
elements alternate in the circuit, so that voltages sum throughout the circuit. Power may be

harvested by connecting an electrical load to contacts at the first and last element.

4

. |4 |4

Figure 2-6: Typical Arrangement of Thermoelements in a Power Harvesting Device.

The analysis presented for a single element may be extended to an array of elements. The

thermal conductance, the electrical resistance, and the effective Seebeck coefficient of the array

20



are the sum of those of the individual thermoelements. The Z parameter mentioned in
conjunction with Eq. 2-7 may now be extended to represent the entire device as

__%
 RpUp
where the subscript, D, serves to remind that the figure of merit now serves for an entire device.

Z 2-31

This parameter, based on Seebeck coefficient, electrical resistance, and thermal conductance, has
units of inverse temperature. This parameter represents a ratio of desired behavior (useful
voltage) to undesirable requirements (internal resistance and ease of heat passage). The Zp value
represents the consolidation of these three characteristics, difficult to measure individually, into a

single parameter that may be found through straightforward experimentation.

The Zp value represents the thermoelectric device itself, independent of the operating
temperatures (assuming constant properties) and as such is aptly described as a figure of merit
(Gordon). However, because it is not dimensionless, the term “figure of merit” is used by many
authors to indicate ZpTre, Where Ty IS Some reference temperature related to the anticipated
operating conditions of the device. Reference temperatures reported include T,_ (Marlow
Industries), and (Ty + T.)/2 (Gordon, 1991). In this thesis, Zp will be normalized against the
temperature of a hot fluid stream, Ts, representing the source of thermal energy to be directed
into the thermoelectric device. This temperature is chosen because it is constant for a given
application. The temperature of the available fluid stream is not affected by the design of the
system, whereas Ty and T, are. This makes Ts more convenient for normalizing Zp as well as
many other variables that will be presented throughout the research.

Commercially available thermoelectric devices may contain hundreds of thermoelements.
One thermoelectric device, manufactured by Thermal Electronics Corp., is pictured in Fig. 2-7.

This device is one of the larger models available: 56 mm square and about 4 mm thick.
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Figure 2-7: Photo of the TEG1-12611-6.0 Thermoelectric Generator. This device is manufactured by Thermal
Electronics Corporation.

The heat rates calculated for a single thermoelement (Egs. 2-23 and 2-24) may be used to
calculated the heat rate of an array of thermoelements. Each term in these equations may be
summed over all thermoelements to give the entire heat rate. The overall thermal conductance
(being thermally parallel) is U, = Y, U,;. The electrical resistance (being electrically in series) is
R, = ), R,;. Considering that the N-type thermoelements and the P-type elemements experience
opposite temperature gradients with respect to their electrical connections, the voltage created by

the Seebeck effect is

Vp = z ani(Ty —T1) — ) apj(Ty —T) 2-32
] j

i
Where ay is the Seebeck coefficient for the N-type materials, and ap is the Seebeck coefficient
for the P-type materials. The existence of P materials would appear to compromise the voltage
produces by the device. However, recall that the Seebeck coefficient of P-type materials is
negative. Thus, the voltage created by the device may be represented

Vp =Ty —Tp) Z ay; + ZlaPil 2-33
J

i
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It is now convenient to define the term in parenthesis as a Seebeck parameter, ap, that
represents the voltage created by the entire array of elements. The heat rates developed for single

thermoelement may be extended to describe an entire device composed of an array of elements:

1 1

qup = Up(Ty —T1) — EIZRD + ElaD(TH —T.) 2-34
1 5 1

qrp = Up(Ty —Tp) + El Rp — ElaD(TH —T.) 2-35

These equations for heat rates are the critical contribution from the thermoelement analysis that
will be used in deriving the general system solution in Chapter 3. Throughout the remainder of

the thesis, the thermoelectric generators will be modeled as operating at matched load conditions.
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3 GENERAL SYSTEM MODEL

3.1 Heat Path Layout

Consider a thermoelectric device sandwiched between two fin array heat sinks. One heat
sink is exposed to a hot fluid stream at source temperature Ts, while the other heat sink is

exposed to ambient temperature Ta.

Ambient Fluid
Stream at T

Figure 3-1: Thermoelectric System Layout.
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Insulation surrounding the thermoelectric device allows for the heat sinks to be larger than
the device itself and channels heat from the sinks through the device (Fig. 3-1). Although not
shown in the figure, the system is shrouded along the sides and from above and below at exactly
at the fin height.

Six temperatures in this model are of explicit importance. Two of these, the source
temperature of the hot fluid stream, Ts, and the temperature of the stream of air taken from the
ambient, Ta, are known. The other four must be solved for; they include:

e The temperature at the underside of the hot heat sink, Ti4

e The temperature at the underside of the cool heat sink, T,_

e The temperature at the hot end of the thermoelements inside the device, Ty

e The temperature at the cool end of the thermoelements inside the device, T,.
The subscript, I, in the first two temperatures was chosen to represent the word “Interface”,
reflecting the fact that at this place the heat sinks interface with the thermoelectric device.

Figure 3-2 illustrates a thermal circuit describing the thermoelectric system. In this
circuit, the temperatures Ts and T,y are related through heat transfer from the hot fluid stream
through the heat sink. Heat transfer is modeled with a linear heat transport coefficient, Uy. The
same relationship is provided for Ta, Ty, and U,.. Approximating T,y and T,. as single
temperature nodes is equivalent to the assumption that the temperature of the heat sink base is
everywhere the same. The validity of this particular assumption depends on the size of the

bypass insulation. This particular assumption is discussed in detail in Chapter 5.
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Figure 3-2: Thermal Circuit Corresponding to Thermoelectric System Layout.

The thermal conductance U,y lumps the thermal resistance associated with the contact of
the heat sink and the thermoelectric devices together with the thermal conductance of the
ceramic cover of the device that protects the thermoelectric elements within. The conductance
term Uy separates Ty from Ty, and U, accounts for the same path between T, from T,.. With
these definitions, the variables Ty and T, describe the actual high and low temperatures of the
thermoelements within the device, as in Chapter 2. The thermal conductance of the bypass
insulation, Uy, is ideally much smaller than any of the other four, forcing heat to flow through
the thermoelectric device. The thermoelectric device itself is characterized by a thermal

conductance, Up, usually on the order of 1 W/K depending on the size of the device. A common
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thermal conductance per area, Up ”, for a thermoelectric device would be ~500 W/m?K (Marlow

Industries), (Thermal Electronics Corp.).

3.2 Governing Equations for System

Modeling the thermoelectric system together with its heat paths begins with observing the
thermal circuit in Fig. 3-2. The heat transport coefficients are modeled as uniform, and the heat
rate through any part of the circuit may be represented

q; = U;AT; 3-1
Using this relationship to represent heat rates, node balances may be performed on T,y and T, to
give the following equations:

Un(Ts — Tip) = pr(TIH —T1) + Uiy (i — Tw) 3-2

U (Ty, — Ty) = Ugp(Tyy — Ty) + Uy, (T, — Ty 3-3
Heat flow into and out of the thermoelement array as represented in the circuit may be equated

with heat flow into and out of the thermoelements as expressed in Egs. 2-30 and 2-31.

1 1
Uy(Tiy —Ty) = Up(Ty —Ty) — EIZRD + EIOCD(TH —T.) 3-4
1,1
U (T, —Ty) = Up(Ty —Ty) + EI Rp — ElaD(TH —Tp) 3-5

An energy balance on the device results in the equation for power output,

Wout = Uy (Tiy — Ty) — Uy, (T, — Ty) 3-6
Finally, imposing the matched load condition imposes the following constraint on the electrical

current through the device (see Eg. 2-6),

1 _ IRp 27
2 ap(Ty—T.)
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Equations 3-2 through 3-7 comprise the analytical model used to predict the behavior of a

thermoelectric energy conversion system. In these six equations, the unknowns are Ty, Ty, Ty,

Tw, I, and W,,,.. Nondimensionalization and manipulation of these equations is presented here in

sufficient detail to be replicated.

First, use Eqg. 3-7 to eliminate electrical current, I, from Eqgs. 3-4 and 3-5. Define the

known temperature ratio, T, as:

T =
Ts

and the following unknown temperature ratios:

3-8

3-9

3-10

3-11

3-12

Then Egs. 3-2 through 3-5 may be nondimensionalized with { = Z,Ts and using the thermal

conductance of the device, Up, to create thermal conductance ratios, ¥, according to the pattern:

¥; = U;/Up. With these definitions and manipulations, the following system of equations is

obtained.

v (1—— -
" Y

T
‘I’L(I—V—T

Yu

14
Wi (-
IH Va

|4

Y
1Y
YH

—y) = (V—TV)'F%(V—TV)Z

29

14

Yo VYu

3-14

3-15



Y (TV - 7_;/) =y —-1)-— g(y —17)? 3-16

H

These four equations contain several nonlinearities. The following substitutions remove many of

these nonlinearities to facilitate the solution:

Xo=yv—1y 3-17
Y
Y,=—-—vy 3-18
? Yu
T
Z, = oy 3-19
Yu
T
W, = 1y — uy 3-20
Yu

Making these substitutions, Eq. 3-14 may be rearranged:

(PI L

p
Zy=T+—2W, +—2 (X, + Y, + W,) 3-21
qu IIUL

Using the same substitutions together with Eq. 3-21, Eq. 3-13 may be rearranged for Y,:

Y,y vy YW
‘}’H(l—T)—XO<‘{’H+ ’f{,bp+w,,p)—m(w,,+ Ly ’{},b”+svbp)
Y, = L L L 3-22
© lI”Hlpbp
lIlIH+l[/H+11pr+ 7]
L

In this same manner, Egs. 3-15 and 3-16 may both be solved for X, using the quadratic solution.
In doing so, it can be seen that in both cases, only the upper root will give physical solutions due

to the fact that X, must be positive.

4

XO = = 1 - 1 - SWIHWO 3-23
¢ 2
4 ’

XO == E _1 + 1 + %lIUIHYO 3-24
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Removing X, from these two equations and solving for W, results in

2

2 ’ 1
W, = 1—(2—- [1+=(¥Y, 3-25

Substitution of 3-23 and 3-25 into 3-22 gives an implicit solution for Y,.

1 4 1 YuWhyp
Y, = Yy(1-T)—| 3| -1+ [1+q¥Y, (’PH+ +'P,,p)
!’UHllubp { 2 lzuL

YL

2
/2 . 1 YW Wy, \
(%)<1 <2 /sz,,,yo))(% A wl,p)/

With this equation, the system has been cast into a single equation and single unknown.

However, the equation is implicit. By defining a new variable Y; containing Y,, (and significant

algebra!) this equation will yield a closed form solution.

2
v o= 4D, + C, — J(4DO +C,)>?—4(D,—1)(1+B,+C, +3D,) 3.07
e 2(D, — 1)
where
Yl - 1
Y, = 1 3-28
5> $¥m
and

v, v, -y gy
D,=1+ HOIL " H-L 3-29
Yop(¥L +¥y) + ¥, Yy + ¥in)

-1
q’LlPIH
C, =2¢¥ 1+ 3-30
° " < W, (W, + ¥y) + lI—’HlI—’L>
B :£< YWy iy(1-T) ) 231
© 2\, (Wi + WPy) + Pop (P + Pyy)
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Note that Eq. 3-27 is undefined when D, = 1. In the special case where D, = 1, the solution for
YqiS
2

B
y:<1+ 0 ) 3-32
! C, +4

When thermal conductance on each side of the device is equal (Wy = ¥, and ¥;y = ¥;;) then
D, = 1, and Eq. 3-32 must be used instead of Eq. 3-27. This approximation is appropriate if heat
sinks, fluid properties, and flow velocity are anticipated to be the same on each side of the
system.

Equation 3-27 (or Eq. 3-32) represents the first step of the solution in which an unknown
parameter is solved for by combinations of known inputs. The knowledge of Y; is then back-
substituted to find the intermediate equations X,, Yo, W, and Z,. Rearranging Eqs. 3-17 through

3-20 allows the temperature ratios to be calculated:

Zo+ W,
r=—00 "0 3-33
Xo+2Z,+ W,
Z,
T, = 3-34
Xo+Y,+Z,+W,
y=X,+Z,+W, 3-35
X, +Z, +W
]/H o o o 3'36

X, 4V, +2Z, + W,
From here, the temperatures and the power output may be solved from knowledge of Ts. In

nondimensional space, Eq. 3-6 is used to expressed power output as

W, .
Uo;t = Wour = IIIIHY(Vgl -1 -y - Tﬂ/ﬁl) 3-37
pls

Although this is a convenient, closed-form solution, it is somewhat unwieldy for efficient use by

hand. For programming purposes, however, the model is much more versatile as closed-form
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functional relationships than an equation or set of implicit equations requiring numerical
techniques to solve.

In this analysis, the thermal conductance ratios Pu, P, Y1, P, and ¥, are treated as
known. However, calculating the thermal transport coefficients and obtaining these ratios is an
involved process. The next chapter is devoted to the detailed analysis of the heat sinks, which

provides for the calculation of Py, ¥4, ., and ..
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4 HEAT SINK MODELING

4.1 Heat Transfer

In order for thermoelectric energy conversion to be most effective, the temperature at the
hot side of the thermoelements, Ty, in the device must be as close as possible to the temperature
of the source stream, Ts. Likewise, the temperature T, must be as close as possible to Ta. This is
achieved by minimizing thermal resistance between the streams and the thermoelements. In
order to achieve this, the use of straight, rectangular fin arrays is considered. Fins of regular,
rectangular cross-section are inexpensive to manufacture and provide high heat transfer. The
approach outlined here builds on previous work regarding fins of rectangular cross-section

published by Kim, Kim, and Ortega (2004).

4.1.1 Heat Conduction in Fins

The individual fins of a heat sink are modeled as having one-dimensional heat conduction. Heat

conduction through the fin is assumed to obey Fourier’s Law:

" de 4-1
qa = dy

A differential energy balance illustrated in Fig. 4-1 yields Eq. 4-2 which may be solved using the
boundary condition of Tg at the fin base. Fins are modeled as being exactly as long as the shroud

height containing the fluid stream. Thus, the fin tips will be in contact with the shroud, which
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will inhibit heat transfer. For this reason, an adiabatic fin tip is used as the most appropriate

tractable boundary condition in analytically solving for the temperature distribution of the fin.

dg, = wow. q,"dy

w.

~ - - & y
SRV o O A o= (2w, 2w )(T-Tg)dy

dq.r.*afr = “".tw.:'f(ﬁ * 4 (i(L ”";d.]‘.}tﬁ‘

Figure 4-1: Single Fin Analysis.

Summing the heat interactions on the differential element results in the governing equation for

the fin. The equation together with its boundary conditions is

4’ Ah (T-Ts)=0 =0,T =Tg; —LdT—O 4-2
Ay giedy YERI T YTy
The solution to this equation yields the temperature profile
cosh| 2(L —y) Ld
sink “p
T(y)=Ts+ (Tg — Ts) 4-3
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Substituting Eq. 4-3 into Eqg. 4-1 at the base of the fin (y = 0) yields the rate at which heat travels

to the base of the fin,

h ksink
in =2 |——— tanh| 2L
Qfm dp WyW; tlan ksinkdp

(Tg —Ts) 4-4

For a fluid stream cooler than the heat sink, Ta is used in place of Ts, and the preceding
analysis yields the rate of heat out of the base of the fin. The fin analysis presented here is
duplicated in most heat transfer texts. For further information on this and other classical

solutions for fins, Incropera et al. (2007) is recommended.

4.1.2 Heat Transfer Through Heat Sink

The previous analysis will be extended to the array of fins in the system; in doing so, it is
necessary to describe the total cross-sectional area of the entire system. Fig. 4-2 shows a
potential system with 20 thermoelectric generators. Rows of thermoelectric generators are
separated by rows of insulation. Observe that the cross-sectional area of the system is equal to
the cross-sectional area of the devices plus the area of all the bypass insulation. All of this area is
covered by each fin array. When representing the total area spanned by the system, it is
convenient to use the fin array. The total area of the system is expressed as the sum of the areas
apportioned to each fin multiplied by the number fins spanning the entire system. The area
spanned by this system is calculated by calculating the area allotted to each fin, and multiplying

by the number of fins.
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Total number of fins is ¥ = NV,

L
I

Figure 4-2: System Layout: Fin Array Dimensions.

Figure 4-3 provides a zoomed view of the individual fins of the array. The area allotted to
each wy by w;, fin is t; by t,. The system contains Ny fins in the flow direction and N, fins in the
normal direction for a total of NyN, = N fins. The total area that the system spans is

Agys = Nty t, 4-5

Heat transfer is modeled with an average uniform convection coefficient, h. Although the
true convection coefficient is a function of the detailed characteristics of the field, it is standard
practice to correlate heat transfer to an average Nusselt number. The average Nusselt number
allows for calculation of an average convection coefficient, h, which is correlated to predict heat

transfer under the assumption of uniformity.
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Figure 4-3: Top View of Fin Array. Each w, by w, fin requires a t, by t, area. The area spanned by the entire
system is Nt,t,.

The sum total of heat transferred from the hot fluid stream to the heat sink is

h kg
qsink = N | 2 %ﬂk

w,w, tanh| 2L
1] o ksinkdp

+ N(txtz - Wsz)h(TB - TS)

(Ty = Ts) e

It follows that the thermal conductance associated with the fins of the sink is

h kg;
— stk wy, tanh | 2L

Uyrins =N| 2
Hfins dp ksink dp

+ N(t, t, — wew,)h 4-7

The thermal conductance through the base of the heat sink is

ksinthxtz
Ubpase = T 4-8
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where Ly, is the thickness of the base of the heat sink, and the fins and base are assumed to be
characterized by the same thermal conductivity, ksin. These thermal conductances are arranged
in series, which means that for an equivalent thermal conductance they must be combined in the
following manner to form the overall thermal conductance U.

U = UHfinsUHbase
H =
UHfins + UHbase

4-9

This process is the same for calculating U, where parameters and geometry pertaining to the
heat sink exposed to the ambient stream are used.

In Chapter 8, the equations for Uy and U, will be used to form the dimensionless thermal
conductance ratios ¥y and ¥.. When this is done, the thermal conductance per area will be
useful. These are denoted with the double prime, ”, having units of W/Km? instead of W/K. They

are defined by dividing by area thus,

" UHfins
Us.. = 4-10
Hfins Ntxtz
" UHbase
Ut base = Nt.t 4-11
xtz

The combined thermal conductance per area is found by Egs. 4-10 and 4-11 in the same manner

as before, or equivalently, by dividing the combined thermal conductance by the total area.

UHfins UHbase _ UH

U, = — =
H Nt,t,

.. 4-12
UHfins + UHbase

Equations 4-6 through 4-12 may be adapted to yield U_ ", when parameters pertaining to
the sink exposed to the ambient stream are used. In Chapter 8, the equations for Uy~ and U_”

will be used to form the dimensionless thermal conductance ratios ¥ and ¥,.
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4.1.3 Interfacial Heat Transfer

The thermal conductance separating the temperature T,y from Ty (T,. from T_ on the
ambient side) is treated similarly. These thermal conductances are termed “interfacial”
conductances and are given a subscript 1. This interfacial conductance is composed of the
reciprocal of the thermal contact resistance between the heat sink and the thermoelectric device
together with the thermal conductance of the protective ceramic cover shielding the

thermoelements. The thermal conductances per area are:

" 1
Uihcontact = R 4-13
contact
" kcover
UIHcover = I 4-14
cover

Combining these equations yields a single parameter describing the overall interfacial thermal

conductance per area.

" UIHcontact UIHcover
UIH = M 4-15

UIHcontact + UIHCOUET‘

which may be simplified to

kCOU@T

Uy = ; 4-16

LCOVQT + kcovechontact

The interfacial conductance, U,_", is found in like manner with parameters pertaining to
the heat sink in the ambient stream. These conductances have units of W/m?K. However, unlike
Uy and Uy, The ‘per area’ aspect of this conductance does not refer to the entire area spanning
the system, but only those parts of the cross-sectional area associated with the thermoelectric
devices contained in the system.

In Chapter 8, the equations for U;y” and U, " will be used to form the dimensionless

thermal conductance ratios ¥y and ¥),.
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4.1.4 Heat Transfer Correlation

In order to use the equations so far discussed to find Uy or Uy, the average convection
coefficient, h, must be known. For this purpose, a Nusselt Number correlation approach is taken.
When calculating convective heat transfer for a large number of cases, or for a case where only a
first approximation is needed, this approach is usually preferable over numerical simulations if a
correlation is readily available. Recent experimental work in developing a Nusselt number
correlation for heat sinks of regularly repeating, rectangular, in-line fins was performed by Kim,
Kim, and Ortega (2004). Using air as the working fluid, they tested 16 square fin heat sinks with
varying geometries. The heat sinks were tested in a shroud that circumscribed the fins of the
sinks in the same manner proposed for the design of a thermoelectric power conversion system.
The reader is referred to their paper for details regarding that work. The average Nusselt number,
Nu, was correlated to Reynolds number, Reg with the following form:

Nu = hdy = CiRe] 4-17
Ekf

This correlation is based upon total heat sink porosity e. The directional porosities describe fin
spacing. The x-directional porosity describes fin spacing normal to the x direction, and likewise

for the z-directional porosity.

WZ
€, =1-——2 4-18
X tz
w.
&=1-—= 4-19
Ly

The total porosity of the heat sink is

e=1- =€yt €, — €4, 4-20
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The Reynolds number, based on hydraulic fin diameter, is defined as

Uy, d
Req = £ m 4-21
M Ex
The hydraulic fin diameter is defined as
2w, W,
p = x 'z 4-22
w, +w,

For this type of flow, Masuoka and Takatsu (1997) showed that the transition number from
laminar to turbulent flow is approximately Req ~1000. This was in general agreement with the
results found by Kim, Kim, and Ortega, who separated their Nusselt number correlation into a
laminar and turbulent regime based on a transition Reynolds number of 1000, citing that work.
However, if the laminar and turbulent portions of this correlation (Eq. 4-23) are equated to solve
for the point of transition, the Reynolds number 1512 is obtained, suggesting that transition to
turbulent flow may take place closer to this Reynolds number. In order to provide smooth
analytical results, 1512 is regarded as the transition Reynolds number for thermal analysis in this
work. With this modification, the correlation is:

.54219
Nuy, = {0.36283 Re; Re; < 1512 43

0.04433Re*3* Rey; = 1512

Because this correlation was developed only for one fluid (atmospheric air), dependence
on Prandtl number could not be represented. However, a first approximation of this dependence
may be reasonably introduced by allowing the Nusselt number to vary proportionately with Pr".
For similar heat transfer correlations, n takes on a constant value between 0.3 and 0.37. These
bounds encompass the values of n suggested by Hilpert (1933), Zukauskas (1972), and Churchill
and Bernstein (1977) for various types of external flow. For many correlations, n is set at a value

of 1/3. This value may be used and the coefficients modified such that the correct coefficients are
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yielded when the Prandtl number of air at room temperature (Pr = 0.71) is inserted. Modifying
the correlation in this way extends its usefulness by providing a reasonable prediction for other
fluids, such as water. However, this extension of the heat transfer correlation was not suggested
by Kim, Kim, and Ortega, and was not experimentally validated in this research. The modified
Nusselt number correlation is

B {0.40671Pr1/3Re§4219 Rey < 1512 soa

.04969Pr'/3Ref?93*  Re,; > 1512

Equation 4-23 or 4-24 may be used to calculate heat transfer coefficients for the heat sink
equations discussed at the beginning of this chapter. When the governing equations of the energy
conversion system are fully nondimensionalized in Chapter 8, this correlation itself will be

substituted into the heat transfer equations instead of the variable h.

4.2 Pressure Drop

Blowing or pumping a fluid over the heat sink fins requires power. For the conversion
system to be feasible, the power required to move the fluid through the sink must be significantly
less than the power that may be harvested from the system. A model is now developed to predict
pressure loss through a shrouded channel of fins, ultimately so that the design of the system can
be chosen to encourage heat transfer and discourage pressure loss. The work presented here also

builds on work published by Kim, Kim, and Ortega.
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421 Previous Work

Recent experimental work on pressure drop through arrays of rectangular fins has been
performed by Kim, Kim, and Ortega (2004). The approach taken treats the volume containing
the pin fins as a porous medium, in other words, a volume that provides a volumetrically
homogeneous continuum type resistance to fluid flow. This approach had previously been
developed Koh and Colony (1986), and You and Chang (1997). The porous medium approach
provides the ability to construct a representative, spatially-averaged velocity profile from a
governing equation adapted to flow through a porous medium. The two dimensional, volume-
averaged momentum equation chosen to model the flow differs slightly between authors, but in
each case may be written in the form

0o 6P+ 0%u 1 1 5 425

where A; and A, are composed of experimentally determined constants dependent on geometry.

Kim, Kim, and Ortega utilized the form

oP  0%u e Cpe?p\
=t —(=p)u— 4-26
0 6x+ﬂ6y2 (Ku)u < VK )u

where K is the permeability (m?) and Cg is the Ergun constant (dimensionless) which are

determined experimentally for a given heat sink. The method of determining these constants is
discussed by You and Chang (1997). Kim, Kim, and Ortega determined these constants for 16
different rectangular fin heat sinks of varying directional porosities. The concept behind
representation of a flow volume containing fins as a porous medium is illustrated in Fig. 4-4.

Flow is assumed to be fully developed. Flow characteristics in the z direction are neglected.
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Figure 4-4: Conceptual Schematic of the Porous Meduim Approach. A smooth, representative velocity profile
is calculated from Eq. 4-26.

In their experimental work, Kim, Kim, and Ortega confirmed that pressure drop from row
to row is almost perfectly linear. However, they also showed that pressure drop created by the
first row of fins is an exception, being greater than that produced by each subsequent row. Also,
after the last row of fins, the flow dynamics create a pressure rise. Analytical methods of
accounting for this beginning pressure drop at the entrance and a pressure rise at the exit of the
fin array were employed. The total measured pressure drops were confirmed to be within 9% of
the predicted values for all cases and within 4% for most cases. The pressure drop and rise upon
entering and exiting the fins are significant when there are few fin rows normal to the flow
direction (nine rows of fins for the experiments of Kim, Kim, and Ortega). For large numbers of
fin rows these effects become very small compared to the linear pressure drop through the main
body of the sink. Although Kim, Kim, and Ortega only tested sinks with nine rows of fins, their
results strongly indicate that for fin arrays of several dozen rows, these end effects will be
negligible. The beginning and end effects are not taken into account in the pressure drop analysis
in this work.
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4.2.2 Definition of Friction Factor

The work done by Kim, Kim, and Ortega is now built upon to develop a generalized
model for pressure drop through a wide range of potential heat sinks with varying fluid speeds
and geometries. A friction factor approach is used. This approach was used by Zukauskas (1972)
with external flow through an array of pipes (also applicable to an array of round fins).

Zukauskas defined the friction factor for an array of round pipes as

AP

frounda = 4-27

XNrow % (Umax)?
where Unax = Un/ex and Nyow and y are, respectively, the number of cylinder rows aligned normal
to the flow direction and a correction factor based on cylinder spacing. This friction factor was
correlated to a Reynolds number based on cylinder diameter and spacing.

A similar technique is now developed for the array of rectangular fins. Considering that
the porous medium approach has removed direct dependence from flow characteristics on the
number of fin rows, a friction factor definition more closely resembling the traditional Darcy

friction factor is appropriate. The Darcy friction factor for internal flow is defined as

AP

fparcy = T (p2) 4-28
5(*2")

where AP describes internal pressure loss through a pipe. For the purposes of calculating
pressure drop through a heat sink, pressure change is assumed to be linear, and the velocity Umax
= Up/ex replaces un as it does in the Zukauskas friction factor for round fins. Because the
pressure drop through the sink is best correlated to the nature of the fins rather than the channel
containing them, the characteristic diameter of the channel D is replaced with dp, the
characteristic diameter of the fins. Making these changes, a friction factor describing pressure

drop through a shrouded heat sink is defined:
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_dP ([ d,€f

dx %pu}n

4-29

If this friction factor is known, then the pressure drop may be predicted from fin geometry and

flow velocity through the fin array.

4.2.3 Veloctiy Profile and Friction Factor

A method of finding the friction factor, f, through solving the porous-medium momentum
equation is now presented. First, Eq. 4-26 is solved for dP/dx and substituted into the momentum
equation (Eq. 4-26). The momentum equation is then nondimensionalized with previously

defined parameters as

d?u* A?Re d? d?
s = f< oe d) + <6/12 %) u* + | CgA?Rey€,€? fp u*? 4-30
X

where 1 represents the ratio of fin height L to fin diameter, d,, (see Eq. 4-49). Dimensionless

velocities u = un u* and y = Ly* are introduced. The boundary conditions come from the no-slip
condition at the walls:
BC: y*"=0u"=0;, y*"=1Lu"=0 4-31

In theory, the Ergun Constant Cg and the dimensionless parameter dp?/K are dependent solely on
the directional porosities ¢x and ¢,. These values must be determined experimentally for each heat
sink. The values used in this research are calculated from Cg, K, and d, data published by Kim,
Kim, and Ortega.

If the friction factor, f, is known, Eq. 4-30 may be solved numerically to obtain the
velocity profile. Because of the nonlinear term, u*? numerical solution techniques must be

employed in solving the equation. When the friction factor is not known, the momentum
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equation must be coupled with the conservation of mass in order to solve for the velocity profile.
This approach is taken to calculate the friction factor f. Simulating a real life system, assume that
the mean velocity, un, of fluid through the sink may be reasonably measured, and thus the
Reynolds number based on fin diameter, Req, is known. The integral average of the velocity

profile must satisfy
L
1
Uy = —f udy 4-32

L
0

If u = uyu* and y = Ly* are substituted into Eq. 4-32, including changing the limits of

integration, the equation simplifies to

1

1= Ju* dy* 4-33

0

Thus, the correct dimensionless velocity profile, when integrated, must be equal to unity. By

invoking symmetry about y = L/2, another set of appropriate boundary conditions may be written

as
. =y, u =4y =) = -
It follows that the mass conservation constraint may be written alternatively as
1/2
1 J *dy* 4-35
—_—— u -
) y

0
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The conservation of mass constraint may be coupled with Eqg. 4-30 to determine the velocity

profile and determine the correct friction factor.

4.2.4 Method of Determining Friction Factor

The method of determining friction factor in this research is now presented. Using the
values of Cg and dp?K determined experimentally by Kim, Kim, and Ortega (2004), the
momentum and conservation of mass equations were used to produce an array of predictions for
friction factors under various conditions. The following solution process was utilized:

1. Estimate a value for the friction factor f.

2. Numerically solve the velocity profile between y* = 0 and y* = 0.5.

3. Numerically integrate the velocity profile

4. Compare the integrated value to the correct value of %.

5. Use the difference between the profile integration and the correct value to update a

new estimate for the friction factor

6. Repeat until the friction factor used in the momentum equation satisfies conservation

of mass.

This process was carried out for all 16 heat sinks tested by Kim, Kim, and Ortega.
Porosities of these heat sinks ranged from 0.2 to 0.8 in 0.2 increments in both x and z directions.
With the exception of Req and 4, all non-constants in the nondimensionlized momentum
equation, are dependent only on the fin porosities ¢« and ¢,. Therefore, the porous medium
approach predicts that the friction factor for a heat sink as defined above depends on exactly four
dimensionless variables: ¢y, ¢;, Reg, and 4.

Solving the momentum equation (Eq. 4-30) for values in realistic ranges is

straightforward, but computationally difficult. The equation is numerically volatile for high

50



Reynolds numbers and especially for 1 values above 2. After experiencing difficulty with general
built-in differential equation solvers, the author developed an original code to solve the
momentum equation utilizing a 4" order Runge-Kutta method with built-in checks to ensure that
the algorithm converged properly. The domain and boundary conditions of Eq. 4-34 were used,
and the step size halved until the final answer for the friction factor differed by less than the third
significant digit. For high A values, this required a step size of 2.5%10®, or 40,000 steps to
generate a velocity profile. When the appropriate step size was established for a family of cases,
each case was solved by the method outlined above. First, a friction factor was estimated and the
profile solved (steps 1,2). Then the profile was numerically integrated (step 3), and error
observed (step 4). Linear interpolation of the error observed in the previous two iterations was
used to update the estimate of the friction factor (step 5). Usually 20-30 iterations of this process
were needed to converge (error less than 10®) upon the friction factor value for a single case.

As one goal of the research done for this thesis, friction factors were found for a
sufficient number of cases to generate a tabular function of four variables for friction factor. A
range of Reynolds numbers were chosen, accompanied by a range of values for A. With friction
factors for all these combinations for each of the 16 heat sinks, a data set is presented which
allows for an estimate of friction factor to be calculated without the need to solve the porous
medium momentum equation.

Because of the computationally intensive nature of solving for the friction factor, an
approximation was used that allowed for some friction factors to be calculated from others. This
approximation begins with the observation that the form of the momentum equation is robust
enough to provide a prediction in the limiting case when the channel (fin height) is so large that

the no slip condition at the walls becomes insignificant. For A — oo, the influence of the no slip
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condition vanishes, and the profile may be approximated as a slug flow (channel flow with a
uniform velocity profile). The fluid in a slug flow experiences no gradient at the wall, thus

du*
dy*

=0, 0<y' <1 4-36

The consequence of this condition, considering the conservation of mass requirement, is that the

flow field satisfies

d?u*
=0, u"'=1 for 0<y <1 4-37
dy*

Because these values are constant, they may be substituted directly into the momentum equation
(Eq. 4-30), after which A% cancels out of every term, and the friction factor for this limiting case

is solved for directly as

2€ d>z d2
foo = Re’; 67” + CpRey€, €2 /7” 4-38

This represents the limiting value of the friction factor for increasing 4. On a plot of f vs 4, (Fig.

4-5) it is manifest as a horizontal asymptote.

The usefulness of this observation becomes clear when considering a particular case.
Figure 4-5 plots friction factors taken from the family of friction factors belonging to ¢x = 0.4, ¢,
= 0.4, and Rey = 500. Each point represents a friction factor solved through the numerical
process described at the beginning of this section. Beyond A = 5, the numerical difficulties
associated with the momentum equation begin to render this process unreasonably time
consuming, as the number of steps required to maintain stability grows enormous. Although
more advanced numerical methods would improve this computational expense, the approach
taken in this research is to eliminate the need for directly calculating the friction factors in the

high 1 regime altogether.
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Figure 4-5: Calculated Friction Factor vs Dimensionless Fin Length. Parameters: ¢, = 0.4, ¢; = 0.4, Rey = 500.
Curve fit and limiting value, f,, (dashed), shown.

The calculated points lead, as expected, toward the limiting value f.. Not only this, but
they are observed to fit very well to a power regression of the type

f=A1¥+cC 4-39

The fit is observed to match well enough that such a curve generated with these data points is a
highly accurate prediction of the friction factor values for the high 1 cases.

Considering the expected accuracy of this method compared to the computational
expense, this process was stripped down to a minimalist version. For generating the friction
factor tables, only two friction factors, f (1=0.75) and f (1=2.5), were calculated for each
combination of Rey, ¢, and ¢, that can be formed from Table 4-1. The curve shown in Fig. 4-5
was calculated with only these two points. In this way, the calculation of 5888 friction factors
was accomplished while only carrying out the numerical method described above for 736 cases.

Beginning with the regression form above (Eq. 4-39) and a set of two points (0.75, f1), (2.5, f,)
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together with the known asymptote, f., it is a simple matter to show that the coefficients of the

curve fit are

f _foo
A=
=3
257 : (O 75)
{73
(fl foo)
B = M 4-41
In (O 75)
2.5
2€, 5 , |d3
=fo=—|€— 4-42
C = fo Re, €% + CgReg€,€

Friction factors were calculated for each of the 16 heat sinks tested by Kim, Kim, and Ortega.

Table 4-1: Values of Rey, 4, €, and ¢, for
Friction Factor Tables.

Red }L €y €
10 0.5 0.2 0.2
15 0.75 0.4 0.4
20 1 0.6 0.6
25 1.5 0.8 0.8
30 2
40 2.5
50 3

75 4

5
6

100

150

200 8

250 10
300 15
400 20
500 100
750

1000

1500

2000

2500

3000

4000

5000
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Table 4-1 shows the cases for which friction factors were calculated. A friction factor was
calculated for every combination of Req, 4, ¢4, and ¢, shown. An abbreviated friction factor table
is shown in Table 4-2 for the heat sink with porosities ex = 0.4 and ¢, = 0.4. Only select Reynolds

numbers are shown. For the complete set of tables, see Appendix B.

Table 4-2: Select Friction Factors. Parameters: ¢, = 0.4, ¢; = 0.4.
Note: the format of this table is transposed compared to
the format of the tables in Appendix B.

Rey

A 10 50 100 500 1000
0.5 9.08536 1.82892 0.92436 0.20899 0.12289
0.75 5.02822 1.03544 0.53626 0.13630 0.08591

1 3.45496 0.72302 0.38099 0.10511 0.06947
1.5 2.21872 0.47399 0.25536 0.07815 0.05477

2 1.73934 0.37594 0.20510 0.06658 0.04824
2.5 1.50032 0.32651 0.17946 0.06038 0.04464
3 1.36265 0.29779 0.16443 0.05659 0.04240
4 1.21658 0.26701 0.14816 0.05230 0.03981
5 1.14375 0.25150 0.13986 0.05000 0.03838
6
8

1.10180 0.24249 0.13499 0.04859 0.03749
1.05729 0.23283 0.12973 0.04700 0.03646
10 1.03510 0.22796 0.12704 0.04615 0.03589
15 1.01124 0.22266 0.12408 0.04515 0.03520
20 1.00199 0.22057 0.12289 0.04472 0.03490
100 0.98840 0.21742 0.12105 0.04396 0.03432

The use of these tables would be somewhat unwieldy for manual use. However, any
software package with a built-in capability to treat tabular functions allows the tables to be used
with ease and convenience. The advantage for this approach lies in versatility and speed of

computation. Using linear interpolation, the software package, Mathematica, was used to plot
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friction factors against Reynolds number in Fig. 4-6. The high values at low Reynolds numbers
and leveling out at high Reynolds numbers are in general agreement with friction factor data for

flow over circular tubes presented by Zukauskas for arrays of cylinders (1977).
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Figure 4-6: Friction Factor vs Reynolds number. Parameters: ¢, = 0.2, 4 = 10.

This method of finding friction factors from ready-made tables is integrated into the
optimization analysis. With the ability to easily calculate friction factor, pressure drop and power

needed to move fluid may be incorporated into the process of finding the optimum design point.
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4.25 Power Requirement

The idealized power requirement for any incompressible, internal flow is equal to the
volumetric flow rate multiplied by the pressure loss. Consider the volumetric flow rate through a
shrouded fin array with fin length L:

Y= LH,u, 4-43
where Hj is the width of the heat sink normal to the flow direction. The pressure loss through a
length along the flow direction H,, is represented by rearranging the definition of the friction

factor (Eq. 4-29) to express pressure drop

dP AP 2
e Y 4-44
dx H, 2dyez
The ideal work requirement may then be written
. puz
Wreq = f 2 el H,(LH u,,) 4-45

When the notation from Fig. 4-2 is applied, then Hi=t,N, and H,=t\Ny, and this equation may be

arranged as

: u;
I/Vreq = Ntyt,Af <,02€m> 4-46

2
X
This equation allows power requirement to be calculated and compared with the total heat

transfer achieved by the heat sink.

4.3 Thermal/Hydrodynamic Behavior of Heat Sinks

The velocity of the fluid through the heat sink is the primary factor that determines the
magnitude of the convection coefficient. Faster flows will result in greater heat transfer, but also

in higher fan or pump work. Optimizing the flow velocity is paramount to designing a properly
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optimized heat exchange system. With both heat transfer and pressure drop predicted as function
of design variables, some heat sink behavior may be observed.

One useful criterion by which the sink may be evaluated is the ratio of heat moved
through the sink to power required to move fluid through the heat sink. This ratio is found by
dividing Eq. 4-6 by 4-46. At the same time, Eq. 4-17 is used to replace the convection

coefficient, h, with the Nusselt number correlation. The resulting ratio is

q 1 ka m
W = u3 (TB - TS)N(tth - WXWz) d_ C]_Red
rea Ntyt,Af 5 p
* 4-47

ek k. ek
f m "tsink f m
+ 2w, w, |—C;,Re tanh| 2L [—C;Re
8 Zj dp ! d dp \/dp ! d ksinkdp

Equation 4-47 may be cast in nondimensional form as

247 /e C,Re"
q €*CiRe]' + 2(1 — €)\/exC,Re] tanh | 21 % 4-48

VVreq C6h Reif

where several dimensionless groups are introduced: the dimensionless fin length (mentioned in
Chapter 4.2.3),

A=1L/d, 4-49
the ratio of thermal conductivities,

k i
o = Sk 4-50
ke

and 4 is introduced as a dimensionless fin diameter.

2 —
e jp ke (Ty = T.o) -
p [13
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In Fig. 4-7, the heat to work ratio is observed vs Reynolds number for a fixed geometry.

As flow velocity increases, each unit of power supplied drives a smaller quantity of heat through

the sink. It will be seen in Chapter 8 that this effect tends to keep the optimal operating point of

the proposed thermoelectric conversion system in the laminar regime (Req < 1000).
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Figure 4-7: Heat Rate/Power Requirement vs Reynolds Number. Parameters: e, = ¢, = 0.4, A =20,000, x =

6667.

Optimization of the heat sink geometry as a problem unto itself is not performed in this

research. Instead, the various nondimensional parameters of the heat sinks will be included as

part of the overall optimization of the entire system in Chapter 8.

However, at this time, one more pertinent observation will be made. Consider the

dimensionless fin height, A=L/d,. Heat transfer increases with fin height, but after the fins have

reached an optimal length, the additional heat transfer gained is not worth the added flow work

to move fluid through the taller channel. This effect is shown for a laminar flow case in Fig. 4-8.
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The plots show a distinct optimum fin height between about 3 and 7 fin diameters. It will be seen
in Chapter 8 that the optimum fin length for the hot fluid stream when the entire system is

optimized generally agrees with the optimum fin length defined by maximized CI/Wreq-
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Figure 4-8: Heat Rate/Power Requirement vs Dimensionless Fin Length. Parameters: Req = 500, A = 20,000,
e, =0.4.

Although the heat to work ratio (Eq. 4-48) is not used when the overall system modeling is
conducted in Chapter 8, the observations in heat sink behavior observed by examining this ratio
provide valuable understanding. The heat sink behaviors observed here manifest themselves as

recognizable trends in the overall system optimization.
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5 BYPASS INSULATION

In this chapter, the bypass insulation of the thermoelectric power generation system is
discussed. The purpose of this insulation is to provide an economic improvement to the system

by increasing the efficiency of each device.

5.1 Device Cost and Heat Channeling

The thermoelectric conversion system is envisioned with rows of bypass insulation

separating rows of devices as shown in Fig. 5-1. The total area of the system is Asys = XZ.

Row of
Row of Bypass  Thermoelectric
msulaﬁon Devices

Vo 4 / ¢ / V.

Figure 5-1: System Layout: Device and Bypass Dimensions. Rows of insulation separate rows of
thermoelectric devices. Each device has area of Agpep = a185.
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The purpose behind laying rows of insulation between thermoelectric devices is cost-
based. Bypass insulation channels heat into the devices, making each one more effective at
generating power. This is achieved physically by providing large thermal resistance between the
fin arrays. The thermal resistance of the bypass insulation maintains a larger temperature
difference between the heat sinks than if the area of the system were completely spanned by
thermoelectric devices. Because each device is more efficient with bypass insulation, a system
with few devices and optimized bypass insulation can produce almost as much power as a much
more expensive system with many devices. The system utilizing bypass insulation will have a

significantly lower startup cost per watt of electricity produced.

5.2 Single Node Approximation

The circuit diagram illustrating the analytical model in Fig. 3-2 presupposes that the
temperature of the system in all locations represented by that node is uniform. More specifically,
this approximation assumes that temperature nodes T,y and T,_ are spatially non-varying. Recall
that these temperatures represent the temperatures of the undersurfaces of the two large fin
arrays. These surfaces are in contact with the thermoelectric devices in some areas and in contact
with the bypass insulation in other areas. In the real system, the temperature of the heat sink base
would tend to vary over these locations. The temperature difference between the heat sink bases
will be larger over locations of insulation and smaller over the center of the devices. High
thermal conductivity in the base of the heat sink tends to reduce this variation by allowing heat to
flow in the plane normal to the assumed direction of heat transfer as necessary to equalize the

temperature throughout the base. The bypass ratio, r, is introduced as the ratio of total area
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spanned by the system to area spanned by thermoelectric devices. This ratio is equivalent to b/a;
(see Fig. 5-1). When this ratio is equal to 1, no bypass thermal pathway exists.

Some simple numerical simulations were carried out as an exploratory investigation to
gauge the accuracy of neglecting these temperature variations. A finite-difference approach with
square temperature cells was used to predict heat conduction characteristics through a row of
devices and its accompanying insulation. Figure 5-2 shows the analyzed system with boundary
conditions, which is a view in the y-z plane. The heat sink bases (with conductivity of aluminum)
are represented on each side of a thermoelectric device with insulation. The fins that would
extend from the heat sink bases are not represented explicitly, but incorporated through the use
of fixed thermal conductances, U, to the stream temperatures. Volume-averaged properties are
used, including a volume-averaged effective thermal conductivity representative of real
thermoelectric devices. As bypass ratio increases, the discrepancy in temperature difference over
the insulation and the device increases, and the accuracy of the governing equations is

compromised.

T, U”

Periodic with
. [left side

Periodic with|
right side]

Figure 5-2: Finite Difference Domain. Parameters: Ksink = Kaum = 180, Kt tec = 2.0, Kup = Kins = .05 W/mK,
Reontact” = 3x10° km¥W, r = 2.

The system above was analyzed as a grid of 30 by 160 square nodes. Microsoft Excel was used
to perform calculations on a spreadsheet where each cell represented a temperature node,

containing the equation describing its dependency on the surrounding nodes. The iterative
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solving capabilities of the software were called upon to solve the entire system of equations to a
convergence criterion of less than 0.0001 °C change for any cell between iterations.

Of particular interest in this simulation is the temperature of the base of the heat sink
along the z direction where it interfaces with the thermoelectric device and the insulation. Again,
the thermal circuit used to model the overall system assumes that this temperature is spatially
constant. Figure 5-3 illustrates the case when a U~ value of 1000 W/m?K is used for both
boundaries exposed to the fluid streams. The spatial average of T,y — T,_ over the device is
observed to be slightly less than the spatial average of T,y — T, over the entire system. This

causes the model to slightly over-predict the temperature difference in the thermoelectric device.

. = LI - i S

_Average oyet system Averagelover device

40

Figure 5-3: Temperature Profiles on Inner Side of Heat Sink Bases. The average temperature difference is
slightly less over the device than over the entire system. U” = 1000 W/m?K, r = 2.

This type of model was analyzed for a bypass ratio of 2.0 for several values of U”.
Higher thermal conductances resulted in a more accurate approximation. The percentage of the
average temperature difference (T)y — Ti)pev OVer the device as a percentage of the average

temperature difference (Tiw — Ti)sys OVer the entire system is illustrated in Table 5-1. Reasonable
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values for U” where the fluid consists of air range from roughly 100 to 1000. For fluid streams
using water, reasonable values range from roughly 1000 to 10,000. The very high value of
1,000,000 illustrates the limiting case where the top side of the fin sink base is essentially kept at
the same temperature as the fluid. In all cases, the temperature difference experience by the
thermoelectric device is several percent less than the average temperature difference between the

heat sinks.

Table 5-1: Finite Difference Results for Single Node Approximation. Temperature
differences between heat sink bases are averaged across the thermoelectric
device and across the entire system span.

u" ATiHp = (Tin-TiL)system AT s = (Tin-TiL) Device % AT\np/AT ks
10 3.33 3.07 92.0%
100 17.7 16.3 92.3%
1000 76.6 71.3 93.1%
10,000 1155 110.8 96.0%
100,000 121.8 1194 98.0%
1,000,000 122.5 120.5 98.4%

In this work, the model is used up to a bypass ratio of 2. For modeling of larger bypass
ratios, two dimensional effects of heat conduction in the fin base should be considered. Further
research on how to simplify these effects for incorporation into an analytical model is outside the
scope of this thesis. Such analysis would include higher accuracy numerical modeling with
specialized software, such as Fluent, to assess the influence of the thickness of the heat sink base
and the size of the thermoelectric device on heat transfer through the bypass. Through
nondimensionalized correlations, perhaps these effects could be incorporated analytically into
the closed-form model. For reasons illustrated in chapter seven, analytical characterization of
arbitrarily large bypass ratios is highly recommended for further research.
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One way to maintain the accuracy of the temperature node approximation and achieve
higher bypass ratios would be to design the system with insulation surrounding every device as

shown in Fig. 5-4.

Figure 5-4: Schematic of Potential Design for High Bypass Ratios.

With this type of design, the bypass ratio would be equal to b;b,/a;a,, and ratios up to 3 or 4
might be modeled with reasonable accuracy using the single node approximation. However, for
the development of the model used in this research, only the design of Fig. 5-1 is considered, and

the bypass ratio is limited to a maximum of 2.

5.3 Modeling and Nondimensionalization

Consider the system illustrated in Fig. 5-1, where the thermoelectric devices each have
area Aonep. Again, in this arrangement, the ratio of total area spanned by the system to area with
bypass insulation is equivalent to b/a;. In addition, the thermal conductance per area of the

device is introduced as
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k
=2 5-1

Upp = L,

where Lp is the thickness of the device (and consequently of the bypass insulation).
This and the other thermal conductances, U;, discussed up to this point may be expressed
as the products of thermal conductance per area, U;”, and the total area applicable to that

particular conductance. Inspection of Fig. 5-1 allows these to be expressed:

Up = Up" Np Aopen 5-2
Upp = Upp" (Asys — NpAonep) 5-3
U = Uig" Np Aonep 5-4
U, = Up" Np Aonep 5-5
Uy = Up" Asys 5-6
U, = U," Agys 5-7

where Np represents the number of thermoelectric devices. This number may be expressed as a

function of areas:

A
_SySs 5-8

N, =
D 1
oneDr

Through dividing Egs. 5-3 through 5-7 by the total thermal conductance of the devices, (Eg. 5-

2), the thermal conductance ratios are obtained. Considering that Aqep = a1a, and r = b/a; (Fig.

5-1), the thermal conductance ratios may be written

qup == lllbp” (T - 1) 5-9
Yiu =%¥Ym" 5-10
qIIL = lIlIL" 5-11
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lluH = lll,H" r 5-12

l1UL = WL" Tr 5-13

The thermal conductance ratios may be substituted into the governing equations of the
entire system derived in Chapter 3 in order to express the governing equations in terms of their
dependence on bypass ratio, r. Increasing this bypass ratio will decrease the number of devices
for a given area, but increase the temperature difference between each device. These competing
effects allow for optimization of the measure of bypass insulation that balances total power
output against total system cost. In Chapter 6, an economic model of the system is developed,

and the cost effectiveness of the bypass concept is illustrated.
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6 EXPERIMENTAL VALIDATION

The model was validated with experimental data collected from a test station constructed

to hold a single thermoelectric device in the configuration proposed for the system.

6.1 Test Station

The test station constructed for this research consists of a carefully structured flow
circuit. Air at ambient temperature flows through the fin array of a heat sink, where the channel

width is exactly the fin height, shrouding the flow.

Thermoelectric

Sourcg l device between heat
Air sinks

R

=

I
—

Ambient
Air

Figure 6-1: Schematic of Test Station Flow Circuit.
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The air passes through a section of the circuit containing a heater, rising to a high
temperature before flowing around to the fins of another heat sink and then escaping. The two
heat sinks sandwich a thermoelectric device. Heat flowing from the hot airstream transfers
through the heat sink, through the thermoelectric device, and through the other heat sink, with
some energy converted into electrical power.

Power is measured through directing the electrical current produced by the device
through a matched-load resistor and calculating power output as 4¥?/R. The resistor dissipates

the power produced by the thermoelectric device.

Figure 6-2: Photographs of Test Station. Left: View from above of the flow circuit. Right: Front view. Air
passes up through the rotameter, which measures volumetric flow, and then enters a specially constructed
box. The box contains two separate flow paths and holds a thermoelectric device and a heat sink exposed to
each stream.
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Known parameters included all geometry pertaining to the thermoelectric device, heat
sinks, and channels; Reynolds numbers obtained through knowledge of the volumetric flow
rate and temperatures, which are measured with thermocouples inserted into the flow path

before and after each heat sink.

6.2 Method

Two sets of heat sinks were used in the experiments. The first heat sink (referred to as
sink A) was manufactured by the 2009-2010 Exergy Solutions senior design team at BYU. The
large fins of this heat sink make it ideal for testing Reynolds numbers in the turbulent regime
(Reg > 1000). The second heat sink (sink B) was purchased from Alpha Novatech Inc. The very
small fins of this heat sink make it ideal for testing Reynolds numbers in the laminar regime.
Heat sink B represents the type of high-performance heat sink recommended for the proposed
system. Characteristics of these heat sinks are given in Table 6-1.

Manipulation of the heater input and flow rate was used to test the system at various
airstream temperature differences (Ts — Ta) and ambient stream Reynolds numbers Rega.
Reynolds numbers of the hot stream, Rey s, were slightly higher than Reg o for each case due to
property changes resulting from the temperature increase.

Two properties, Zp and Up ”, of the thermoelectric device are required for using the model,
but were not initially known. In order to estimate these parameters, four settings were tested
using heat sinks of type A, and the results used to calculate the parameters Zp, and Up” using a
least squared error approach using percent error between the measured power output and the
power output predicted by the model. These parameters were then used to predict power output

at a number of other experimental conditions involving a range of temperature differences for
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both sets of heat sinks. The power measurements and predictions are compared in the sections

that follow.
Table 6-1: Parameters for Heat Sinks used in Experiments
e ‘:5'%{‘?“;“ V
‘.- o bt
T
Left: Sink A 3
Right: Sink B .
Parameters
Wy (mm) 6.3 9.8
w, (mm) 6.3 .53
dp, (mm) 6.3 1.0
t, (mm) 12.8 114
t, (mm) 12.8 2.0
N 25 250
L (mm) 19.1 20.0
Lg (mm) 6.5 5.0
Active Area: Nt,t, (mm?) 4096 5700
Dimensionless Parameters
Ex 508 735
& 508 140
A 3.03 20.0
r: Nt t,/Atec
(TEG-12611-6.0) 131 182
r: Nt t,/Atec
(TG12-8) 2.57 3.56
6.3 Results

6.3.1 Thermal Electronics Thermoelectric Genenerator

The tests described above were performed for a TEG1-12611-6.0 thermoelectric device

from Thermal Electronics Corporation. The four data points shown in Table 6-2 were used for
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calculating the values of Zp and Up ” for the thermoelectric device. Because two parameters must
be characterized (Zp and Up ), at least two data points must be obtained to fit values for them. It
is shown in this research that four empirical data points is sufficient to characterize Zp and Up”

with reasonable results.

Table 6-2: Calibration Points for determining Zp and Up"" for the
TEG1-12611-6.0 Thermoelectric Device. Photo courtesy of
Thermal Electronics Corp (Specifications).

Empirical Power | Best Fit Power
Reaa | Ts-Ta(C) M?easurement Calculation
1960 63.4 76.0 73.5
2020 25.2 11.8 11.7
3210 24.0 17.2 17.7
3170 61.9 115.0 118.9

Fitted values: Z = 6.25x10™* Up” = 354 W/m?K

Six more points were tested, all in the turbulent regime (heat sink A), and the Zp and Up”
values used in the analytical model to predict power output. The power output was correctly
predicted to within 5% for Reynolds numbers ranging between 1500 and 4000 (Fig. 6-3,

turbulent regime).
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Figure 6-3: Experimental Results for the TEG1-12611-6.0 Thermoelectric Generator. Curves represent
predicted values with accompanying uncertainty. Points represent measured values with their uncertainty.
Transition to turbulent flow occurs at Reg ~1000.

With values for Zp and Up ”, power output for this particular thermoelectric device may
be modeled in different situations. The value of the analytical model lies in the ability to predict
the behavior of the thermoelectric device in a wide range of Reynolds numbers, heat sink
geometries, temperature differences, and bypass ratios. The same thermoelectric device was
tested using heat sinks of type B on each side in order to provide a very different set of thermal
pathways with which to measure predictions. Although air velocity for this test is comparable to
the previous case, Reynolds numbers are much lower, placing them well into the laminar flow

regime. Also, the fin quantity, geometry, and porosities are vastly different on this heat sink, as is
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the bypass ratio. Despite these changes, the analytical model performs well. The largest power
outputs, several times higher than the power outputs at which Zp and Up” were characterized,
are predicted within 8% (Fig. 6-3, laminar regime), the worst predictions are roughly 20%
different. The results of these experiments support the model as a first-order approximation.
Throughout this testing, the thermoelectric device itself is calculated to experience a
temperature difference of around 15°C in the most extreme cases. Manufacturer specifications
for the TEG1-12611-6.0 indicate that with a temperature difference of 200°C (hot side at 250°C
and the cool side at 50°C) it will produce 14.1 watts of power with 320 watts of heat passing
through the device (Thermal Electronics Corp.). Fitting this information to the efficiency
function derived in chapter two (eq. 2-25), suggests that Zp and Up ” under these conditions take
on values of 8.62x10” K™ and 521 W/m?K respectively. When the values suggested by this
design point are used, the power output in the regime tested is over-predicted by up to 30
percent. The differences between the values calculated from the tests and the values suggested by
this design point are attributed to differences in thermoelectric properties at the relatively low

temperatures of these experiments and potentially several effects, discussed later in this chapter.

6.3.2 Marlow Industries Set of Thermoelectric Generators

The tests described in the previous section were carried out for a set of two TG12-8
thermoelectric devices manufactured by Marlow Industries Inc. Four points at turbulent
Reynolds numbers were used to estimate Zp and Up ” for each device (Table 6-3). The difference
in the values is well within the fluctuation expected due to uncertainty and imperfect

repeatability in the nature of the experiment.
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Table 6-3: Device Characterization for Two Identical
TG12-8 Thermoelectric Devices.

Device Zo (KM | Up”(WIm?K)
First 10.49 x 10 336
Second 10.46 x 10 355

Six test conditions were tested for each set of heat sinks. The comparisons of measured
power to predicted power output are shown in Figs. 6-4 and 6-5. Due to the indirect nature of
controlling the flow rate and the temperature difference in the air streams, the conditions at each
test point are not replicated exactly. However, the behavior of each device is seen to be

essentially the same.
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Figure 6-4: Experimental Results for the First TG12-8 Thermoelectric Generator. Curves represent
predicted values with accompanying uncertainty. Points represent measured values with their uncertainty.

Two properties, Zp and Up ”, of the thermoelectric device are required for using the model,
but were not initially known. In order to estimate these parameters, four settings were tested
using heat sinks of type A, and the results used to calculate the parameters Zp, and Up” using a
least squared error approach using percent error between the measured power output and the
power output predicted by the model. These parameters were then used to predict power output
at a number of other experimental conditions involving a range of temperature differences for

both sets of heat sinks. The power measurements and predictions are compared in the sections

that follow.

7



500 kA~ AT=0(668
400 . i A
= ’/.. .i - AT=33§
= 0 -
& AT=5713
=
£ AT=684
= 200 i - :
_ AT =331
AT =538 { = -
" ;i; AT=300 ——-F )
=1 =204 AT =350
(Y- AT oA s AT=238
AT=243 Pt Pesi =
i) & | | i i
0 1000 2000 3000 +000
Inlet Revnolds Number [Rey 4]
!I_ .
i
Heat Sink B Heat Smk A

Figure 6-5: Experimental Results for the Second TG12-8 Thermoelectric Generator. Curves represent
predicted values with accompanying uncertainty. Points represent measured values with their uncertainty.

Manufacturer specifications for the Marlow TG12-8 thermoelectric generator indicate
that with the hot side at 110°C and the cool side at 50°C, it will produce 1.19 watts of electricity
and exhibit a thermal resistance of 1.20 K/W (Marlow Industries Inc.). When fitted to the
analysis associated with the efficiency relation (Eg. 2-25), these values suggest that Zp and Up”
under these conditions take on values of 15.9x10* K™ and 521 W/m?K respectively. The

differences between the values calculated from the tests and the values suggested by this design

78



point are attributed to differences in thermoelectric properties at the relatively low temperatures

of these experiments and potentially several effects, discussed later in this chapter.

6.4 Uncertainty

6.4.1 Uncertainty in Power Measurement

The power calculation involves only two values, voltage and resistance. The uncertainty
resulting from the measurement of these two is dominated by the uncertainty in resistance.
Electrical loads of 1.4 Ohms and 2.62 Ohms were connected to the TEG1-12611-6.0 and TG12-8
thermoelectric devices respectively through the use of a custom resistor and measured length of
resistance wire. Equipment with the resolution required to verify the accuracy of these small
resistances was not available. A conservative value for this uncertainty of 0.2 Ohms was used in
both cases. As power measurements reached hundreds of milliwatts, the uncertainty in power
grew significantly, resulting in the large error bars in the data points. For a system with many
thermoelectric devices, the load to match would be the sum of all the device impedences. With a
larger impedence to match, an uncertainty of a similar magnitude would have a much smaller

effect on total power uncertainty.

6.4.2 Uncertainty in the Model

The error bands in the predicted power output are the result of uncertainty in the
measurements that were fed into the analytical model. Although uncertainty was included for
every physical value, the uncertainty in temperature measurements was found to completely
overshadow all other sources of uncertainty. Temperatures were measured with one

thermocouple junction in the flow path before the fin array and another after the fin array for
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each flow stream. Exploratory tests revealed that the location of the thermocouple in the channel
cross-section had a significant effect on the reading. Cursory effort was made to position the
thermocouples in a position that best represented the average temperature in the flow, but
temperature profile effects as such could not be incorporated into the analysis.

In addition, Ts and Ta represent averages of readings before and after the fins in each
case. Temperature changes of several degrees were observed as these airstreams lost or gained
thermal energy, respectively. A better, but more complex method of accounting for temperature
changes in the streamwise direction is treated in Chapter 8.

Because of these approximations and the general uncertainty expected in temperature
measurements, Ts and Ta were assigned uncertainties of 1.5 degrees Kelvin. The resulting
uncertainty in the temperature ratio T = Ta/Ts causes essentially all the uncertainty in the power
prediction curves shown in the plots. The power output is, unsurprisingly, extremely sensitive to
this ratio. When the ratio of Ta to Ts increases, not only does less heat flow into the device due to
a smaller temperature difference, but like heat engines in general, the device becomes less

efficient at converting it.

6.4.3 Uncertainty not reflected in the Plots

Unmatched load. The task of creating matched load conditions is not as difficult as the
preliminary task of first determining the electrical impedance of the device. Exploratory attempts
to characterize this parameter showed that the equipment used in this research was unable to
maintain uniform conditions stable enough to deduce the matched load condition from
manipulating the load. The values chosen upon were based on manufacturer data, despite the fact
that this data was obtained at higher temperatures than were experienced by the devices in this

particular test. The matched load condition is inherent in the model; there is no functional
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relationship (except in the derivation) from which uncertainty in the device resistance can be
projected into power uncertainty. Error introduced from this uncertainty likely affects the
empirical estimates for Zp and Up "

Constant properties. Inherent in the model is the assumption that all properties are
independent of temperature. Although the range of temperatures experienced by the device in
this test is not large, significant errors would be expected when using the values for Zp and Up”
found in this experiment in the higher temperature regimes. Rowe (2006) suggests that the use of

constant, averaged properties generally allows for calculations within 10%.

6.5 Weaknesses of the Model

Although the model works well when it is first used to characterize Zp and Up”, the
values found in the experiments are significantly different than those that are calculated from
manufacturer data. Below are some suggestions that might render the perceived values of these
parameters different from their true values. For each of these sources of weakness, any error
produced by them would inevitably be absorbed into the calculation of Zp and Up”, which,
unlike all other parameters, were not measured directly, but fitted to match empirical data.

Inaccuracy in the Nusselt Number correlation. The correlation fitted by Kim, Kim, and
Ortega to a set of experiments performed with heat sinks attempts to calculate Nusselt number
for pin fin heat sinks based only on hydraulic fin diameter and porosity. Absent from this
correlation is a dependence on aspect ratio w,/w,. The aspect ratio of sink A is 1.0, while the
aspect ratio of sink B is 18.5. The effect of aspect ratio may or may not be significant, but any
inaccuracy in the convection analysis will affect the calculations for the thermal conductances

Uy and U.. This dramatic difference in aspect ratio may be the cause of the observed trend that
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power output is underpredicted at the lowest Reynolds numbers, and overpredicted at the highest
Reynolds numbers for heat sink B (laminar regime).

Effectiveness of Bypass Insulation. As discussed in Chapter 5, the model approximates
the heat sink base as isothermal in the z direction. A simple finite-difference simulation
suggested that this approximation was reasonable for bypass ratios (r) up to 2 with the design
considered. In the experiment, bypass insulation surrounded the thermoelectric devices on all
four sides. In Chapter 5, it was speculated that bypass ratios of about 3 might be reasonably
modeled this way, but beyond this, the decrease in accuracy would likely become dramatic. It is
important to remember that this approximation is always an optimistic one, as spatial effects will
always tend to make the temperature difference through the device slightly less than the spatial
average between heat sink bases. The equipment available for experimentation at the time of this
research necessitated high bypass ratios, especially for the smaller TG12-8 devices (See Table 6-
1). The approximation made by the model will thus overestimate the temperature difference
across the device—which in this case was probably compensated for in part by underestimating
its effectiveness at energy conversion.

Efficiency Function. The analysis that results in the efficiency function derived in this
research (Eq. 2-25) was the backbone of the analytical model. In the case of the TG12-8 device,
Marlow Industries indicates that the optimum load for highest efficiency is approximately 1.3
(TG12-8 Data Sheet). Insofar as this is true, the efficiency function derived in Chapter 3—which
predicts that maximum power and maximum efficiency coincide at matched load—misrepresents
the device. A similar plot is shown in Fig. 6-7 using the efficiency equation derived in Chapter 2
(Eq. 2-25) as well as the efficiency equation derived by Gordon (1991) (Eq. 2-28) modified with

Eq. 2-14 to represent dependency on load ratio.
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The efficiency curve derived by Gordon predicts a maximum efficiency at a ratio of 1.16
for the parameters used to create the plot in Fig. 6-7, while the curve derived in Chapter 2
predicts maximum efficiency at matched load. Because it predicts maximum efficiency at a load

ratio of greater than 1.0, this efficiency curve more closely resembles the manufacturer’s data in

at least this respect.
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Figure 6-6: Analytical Predictions for Normalized Thermodynamic Efficiency. Parameters used: Ty = 400K,
T, = 300K, Zp = .001K™.

In addition, recall Fig. 2-4, where these two efficiency functions are plotted—non-
normalized—against dimensionless current, i. The function derived in this research predicted
efficiency generally higher than that predicted by Gordon. If Gordon’s efficiency derivation is
more accurate in this regard also, then the model used here likely has the additional inaccuracy
of over-predicting the device efficiency at matched load. In this case, the inaccuracy is doubtless
compensated for in part by underestimating its effectiveness at energy conversion through a low

empirical estimate of Zp.
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Bias at Low Power Outputs. In the course of the experimental work, some test points
were taken in which the power output was extremely low (less than 10 mW). These were test
points involving small temperature differences combined with very low Reynolds number using
heat sink A. After analysis, these points were observed as ill-fit for the model, suggesting that it
is simply less accurate at very low power outputs. Thus, the method of solving for Zp and Up ”,
in which two low power outputs are equally weighted by percentage with two high power
outputs, may be subject to some of the inaccuracy that was observed at very low power outputs.
This inaccuracy would not only affect the parameters calculated for the thermoelectric device,
but likely compromise the accuracy of the model at higher power outputs.

Correlation between Z and Up ”. Through the course of fitting values for Zp and Up” to
the model, an optimization routine was used, minimizing the squared percent error of the four
data points taken for that purpose. While, in theory, this process is valid for characterizing the
device, it was found that the relationship between Zp and Up” in the model is insensitive to
trade-offs between the two parameters when fitting them to a particular data set. For example,
consider the TEG1-12611-6.0 thermoelectric device. Although the values given previously (Zp =
6.25x10™ K, Up = 354 W/m?K), provide a good prediction (within ~20%) of power output for
heat sink B (laminar flow), using the wildly different values of Zp= 4.94x10* K™ and Up” = 998
W/m?K matches all six laminar points within 2.5%. Clearly, the device characteristics could not
be changing this drastically, but the mathematical relationship between Zp and Up ” in the model
is such that an undervalued estimate of one may be compensated for by an overvalued estimate
of the other. As can be seen by the values mentioned, the sensitivity of the model to the value of
Up ” is particularly low, indicating that a reasonable prediction of a similar thermoelectric device

could likely be made with only a knowledge of Zp.
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6.6 Model Usefulness

Despite the weaknesses of the model and the uncertainties in these particular
experiments, it has been shown that by characterizing a thermoelectric device under a small
number of conditions, behavior under very different thermal pathways may be predicted with
reasonable accuracy. The fact that this model is an analytical solution makes it vastly easier to
optimize when compared to a numerical simulation. This model is proposed as a starting point
for analyzing whether a given waste heat stream may be economically used in a thermoelectric
harvesting system of the design proposed in this thesis. This first-order approximation can
answer the question of feasibility, suggest optimized designs, and provide useful starting designs

for more computationally intensive analysis.
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7 ECONOMIC MODELING

This chapter develops an economic model for estimating the value of installing a
thermoelectric energy harvesting system of the type described. The physical model developed
thus far is joined to the economic model, and the concept behind the incorporation of bypass

insulation validated.

7.1 Time Value of Money

In order to optimize the bypass ratio, it is necessary to express the ability of a system to
pay for itself over a reasonable time. A meaningful economic analysis incorporates the time
value of money.

Of primary importance in this analysis is the prevailing interest rate. The prevailing
interest rate, iprev, represents the rate of return that can be expected on money prudently invested
in the economy. The prevailing interest rate causes money in the present to be worth more than
the same amount in the future because of the potential for money to grow with time. When
comparing dollar amounts in the present to dollar amounts in the future, it is standard procedure
to use the prevailing interest rate to represent all quantities as dollar amounts in the present. This

is achieved through

Vfuture = present(1 + iprev)n 7-1
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where n is the number of years into the future. When yearly compounding is used, any quantity
of money in the future may be represented in terms of the present value through Eq. 7-1.

Also of significant importance in economic analysis is the rate of inflation, ii,n. The rate
of inflation represents the diminishing value of money as money itself becomes more abundant
in the economy relative to goods and services. Because inflation decreases the value of money
over time, it competes with the prevailing interest rate in determining the present value of a
dollar amount in the future. The actual buying power of a dollar amount in the future, measured
in present dollars, is attenuated through inflation thus:

v
Bpower = f—u.ture p 7-2
A+ iingr)

When considering both the prevailing interest rate and inflation, it is possible to establish
an equivalent interest rate that incorporates the effects of both on buying power. Substituting Eq.
7-1 into 7-2 renders the true buying power of a present value after both effects have been

accounted for.

(1 + iprev)n

Bpower = Vpresentm 7-3
Now, arbitrarily require that Eq. 7-3 could be rewritten more simply as
Bpower = Vpresent(l + iequiv)n 7-4

where iequiv IS SOMe equivalent interest rate. Set both equations for buying power equal to each
other to obtain the equivalent interest rate (Eg. 7-5). This derivation is adapted from Jaluria
(1998), to which the reader is referred for a condensed survey of time-valued economic modeling
relating to thermal systems.

1+ iprer

i iv = - 7-5
equiv 1+ finf1
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In the economic analysis to follow, this interest rate is used to model continuous time value
change of money. When compounding is not yearly, but continuous, the equivalent interest rate

may be used to describe the buying power of money in the future according to

— -ni i
Bpower - Vfuture e equw 7-6

One more monetary rate is of interest in this analysis. The rate of change of the price of
energy in the United States is considered. The present price of energy (dollars per kilowatt hour)
is represented yso. The price of energy in the future is expected to rise roughly with inflation,
rendering the price of energy as function of time according to the inflation rate. In order to
provide flexibility in the analysis, a constant is introduced to model the possibility that the price
of energy increases faster than inflation. As environmental concerns impose more demands on
facilities that provide electric power from fossil fuels and those same concerns provide impetus
toward renewable sources, the price of energy may indeed rise faster than inflation in coming
years. An arbitrary constant, w, is multiplied to the inflation rate when determining the cost of
energy. If this constant is one, the cost of energy is modeled as increasing exactly with inflation,
if it is greater than one, then it increases in cost faster than inflation. Continuous compounding
yields,

xs(n) = xgoe™ @ finst 7-7

These rates will be used in creating an economic model that allows for the value of the
power produced by the thermoelectric system through time to be converted into a present value

for comparison with the initial cost of the system.
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7.2 Present Value Model

Consider the system illustrated in Fig. 7-1. The size of the system in the x and z directions
are represented by the capital letters X and Z. These are normalized against the dimensions of the

thermoelectric device, a; and ay, to obtain unitless width Z* and depth X*.

s

Z= Z’al

Figure 7-1: System Layout: Normalized System Dimensions. The system is characterized with dimensionless
width Z* and depth X*.

The total number of devices in the system is calculated as

Xz

N, = 7-8

r

As a first approximation, the only cost associated with the energy conversion system is the
initial cost to implement it. A simple model of this cost is used in the analysis. The cost of a
single device is termed Conep, and the cost of the whole system is given by

Csys = €, + Cyy + NpConep 7-9
The variable C_ represents the cost of labor involved with installation of the system, and any

other fixed cost whose value may be modeled as independent of the design of the system. The
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variable Cy represents the materials cost of the two large heat sinks, which have price per square
meter pus ($/m?) and the insulation, which has price per square meter pins ($/m?). Incorporating
Eq. 7-8 for the number of thermoelectric devices, these costs may be normalized against the cost

of one thermoelectric device:

_ 1Q2PHs
Pus = —C 7-10
oneD
x A1A2Pins
ins — —C 7-11
oneD

Equations 7-8, 7-10, and 7-11 are used in Eq. 7-9 to express the present value cost of the system
in terms of the fixed cost, C., the cost of a single device, Conep, and dimensionless system

geometry.

* 7%

Csys = CL + ConeD ( ) (Zp;IS r+ p;ns(r - 1) + 1) 12

T
Now consider the value of the energy produced by the system, which is subject to the

effective interest rate iequiv. This value is modeled as a continuous income stream. Consider a

system that produces a smooth income stream through n years.

n

0o

dn
Present Future

Figure 7-2: The Arrow of Time. The location in time is measured in years, n, with a differential unit of time,
dn.
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At a representative point in time, a differential unit of revenue created in the time dn is given by
dRev = 8.76 0 yg(n)e ™leauwlf/, . dn 7-13

Where the units of ys are $/kW*hour, n is years, and W,,,, is watts. The conversion constant 8.76
has units of kW*hour/year*watt. The constant @ is introduced as a time-averaged percentage of
how often the system runs. If it is never shut down, this constant is equal to one. A value of 6 =
0.71 is roughly equivalent to 20 hours of operation a day, 6 days a week. Substitute Eqg. 7-7 into
7-13 and then integrate from the present through n years to obtain the present-valued revenue of
the system:

8.76 6 x50 Wour

w(iinfl - iequiv)

Rev(n) = e (@ linfi—lequiv) — 1) 14

This equation now allows for the total revenue to be calculated up through any time, n, as
measured in present value. When this revenue reaches the startup cost value, Ceart, the system
has reached its payback time. The payback time may be solved for directly by equating Egs. 7-12

and 7-14, and solving for the number of years, ny,. This process yields

npb _ < 1 >ln <(w iinfl - iequiv)( CLr + ConeDX*Z*(ZpI*{S r+ p;ns(r - 1) + 1)) + 1>

nepX” P 7-15
8.76 0 xs Wyt Up Ts ApnepX*Z

w iinfl - iequiv
Where W, is the nondimensional power output (Eq. 3-37) of the system introduced in chapter
three. In addition to payback time, other pertinent equations include actual gross power output

for the entire system, W,,,., and the actual gross power output for one device, W,,,.p.

Wout =1 out U; Ts TAoneD -16
WoneD = Wo*ut U; Ts Aonen 7-17
With this model, the economic benefit of designing the system with bypass insulation can

be observed through the following procedure:
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1. Identify known parameters for a given system except for bypass ratio r.

2. Choose a bypass ratio r = b/a;.

3. Solve the system model equations from chapter three for the vital parameters z, 7, y,
yu. and W, (Chapter 8.3, step 5a may be referred to as a guide to these equations.)

4. Solve Eq. 7-15 for the payback time in years, nyp.

5. Repeat steps 2 through 4 modifying the value for r until the value is found which

minimized the dimensionless payback time.

This process was used to calculate the bypass ratio that minimizes payback time for two cases,
which illustrate the effect of the thermal conductance ratios ¥, ” and ¥4 ” on optimum bypass
ratio.

First, values for thermal conductance ratios per area were chosen of ¥ "=2.0 and
Py ’=2.2. These values are representative of achievable thermal transport using airstreams. The
results are summarized in Fig. 7-3. The model predicts that the optimum bypass ratio that
minimizes the payback time is about four. Unfortunately, the model becomes inaccurate beyond
bypass ratios of about two, as discussed in Chapter 5. However, the results indicate that a bypass
ratio of at least two is desirable for reducing the payback time of the system by about 10 years.
Notice the power output per device for the different bypass ratios.

The dashed line indicates the single node approximation beyond bypass ratios of two.
Because this is an overly optimistic approximation, it is expected that the true payback time after
r = 2 would begin to increase more rapidly than shown. Thus, the true optimum ratio is probably

less than four.
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Pay back TTme {years)
=
1

Bypass Ratio

With Bypass Ratioc of 3.99679
Total System Cost s4g82°.2

Total Watt Cutpot 344,722

Homber of Devices 125

Watts psr Devics: 2.73778

Fayback Time 12.7 Yeazs

Without Bypass
Total Syscem Coast £14250,
TIatAal Watt Oucpuar.  53%1.822
Humher of Devices 304
Watts: per Device: 1.36324

Bavykack Time 24. Years

T

i of 2.0

Total Systam Coat £R8003.12

With Bypass Ra

-

atal Watt Cutput 485,036
Humber of Devices 254
Watkts: per Device: 1.89B032

Payback Time: 14.7 Yesrs

Figure 7-3: Predicted Payback Time vs Bypass Ratio: ¥y” = 2.2, ¥, ” = 2.0. Parameters used: Ts = 100°C, Tp
=25°C, ¢ =.7, Up” = 500 W/M’K, Agnep = 36 cm?, C_ = $500, pp* = .05, Pins* = 5*10, x5 = $.20, iinfi = .03, iprey =
.08, w =1.05,0=.71, Z*X* =500, ¥,.” = 30, ¥\y” = 30, ¥,,” = .0L.

The second example, Fig. 7-4, demonstrates the effect of bypass insulation when values

for Y7 and P4~ are increased to 11 and 10 respectively to represent thermal transport
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achievable with water streams. In this case, the reduction in payback time due to using bypass

insulation is much more modest (0.4 years). The optimum bypass ratio is about 1.7.

0.0 :
el

= B!

5 SOF

o L -

=

= BE —

= | -+ ”

_:_'i_ Y o N = -

3“‘ L """-,.___________ =
T0 Ly L L 1 L I

1o L3 0 L3 10 35 20
Bypass Ratio

With Bypass Ratio of 1.67597

Total Syater Co3t £3210.89
Totel Watt Output 10135.54
Mamber of Davices 258
Watts per Devies 3.4578%

Favbazk Tim= 7.3 Y¥=arsg

Without Bypass

Iotal Syvatem Co=t 12250,

Figure 7-4: Predicted Payback Time vs Bypass Ratio: ¥,” =11, ¥, ” = 10. All other parameters have the
same values as in Figure 7-3.

The examples indicate that as the effectiveness of thermal transport increases, payback time
is greatly reduced (24 years vs 8.2 years respectively without bypass). They also indicate that,
with more effective thermal transport, the ability of bypass insulation to further reduce payback

time is diminished (improvements of 9.3 years vs 0.4 years respectively through adding bypass).
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The lower optimum bypass ratio of the second case also suggests that the optimum r value
decreases as thermal transport becomes more effective.

Note that in these examples, the power requirement to move the fluid through the fin array is
not included in the model. This power requirement will draw from the net harvestable power and
affect the payback time. In the next chapter, the effects of bypass ratio and all other aspects of
the model previously developed will be combined. With the ability to model the conversion

system both physically and economically, a complete system modeling may now be developed.
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8 COMPLETE SYSTEM MODELING

In previous chapters, models of various aspects of the thermoelectric power generation
system have been created. For the design of an entire system, all of these models will be

combined into a single, analytical simulation.

8.1 Nondimensionalization for System

Not all of the nondimensionalizations presented in previous chapters are ideal when all
aspects of the model are combined. Some modifications to the nondimensionalization heretofore
developed are presented here.

First, consider the fan or pump power required to move the fluid through the fin array. The
heat to flow power ratio CI/VVreq discussed in Chapter 4 (Eq. 4-48) is valuable for assessing the
behavior of a heat sink, but is not a ratio of direct interest in modeling the entire thermoelectric
system. Instead, this power requirement is nondimensionalized in terms of the total thermal
conductance of the devices in the system, Up (W/K), and the hot stream temperature, Ts (K).
This is the method of nondimensionalization for power introduced in Eq. 3-37 of chapter three.

Divide Eqg. 4-46 by UpTs and rearrange to obtain
| Reg)’
Vl/;'eq=§(pfrex/1 N 8-1

The dimensionless fin diameter, dy*, now fills the role previously filled by A in Chapter 4 (see

Eq. 4-51). While 4 is a convenient nondimensionalization for observing heat sink behavior, it
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involves the temperature at the fin base, Tg, which is not of importance nor accounted for

explicitly in the general model. The dimensionless fin diameter, dy* is defined as

Uu
d*:d D

8-2
P P ksink

The parameter ¢ represents a dimensionless group of parameters, none of which are design

variables:

w3 Up?

=P 8-3
Ts p?k}

%

The power requirement must be calculated from Eq. 8-1 for both the hot fluid stream at Ts and
the ambient fluid stream at Ta. In doing this, the parameter ¢ is evaluated for each stream, but
always contains Ts (never Ta) in the denominator. The other fluid properties composing ¢ are
evaluated at the temperature of the respective stream.

In order to use the system model in nondimensional space, the thermal conductance per
area ratios must be expressed in terms of nondimensional inputs. These ratios are formed by
dividing each thermal conductance per area U;” by the device conductance, Up” (see Chapter

5.3):

Wi" - 8-4

where i represents all the types of thermal conductances (H,IH,L,IL,bp). Preliminary to using Eqg.
8-4, two more dimensionless groups are introduced: a convenient, dimensionless group of

My = —— 8-5
a

and the dimensionless heat sink base, Ly*:
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Ly
a;

L;, 8-6
As seen in Eq. 8-6, the thickness of the base of each heat sink, Ly, is normalized against the
width of the thermoelectric device, a;. As this parameter becomes very small, lateral heat
transfer in the sink base will be inhibited, and the single temperature node approximation for
thermal bypass will eventually be compromised. Values for Ly* in the experiments (Chapter 6)
ranged from 0.09 to 0.16.

Now the thermal conductance ratio ¥y is found from the heat sink analysis of chapter
four. Insert Egs. 4-7 and 4-8 into Egs. 4-10 and 4-11, then substitute these into Eq. 4-12 to obtain
thermal conductance Uy ”. When this is divided by Up”, the thermal conductance per area ratio

P47 is formed. Then, the ratio may be cast in terms of dimensionless parameters previously

defined (Egs. 8-6, 8-5, 8-2, 4-50, 4-49, and 4-17 through 4-22) to become

m m 2 m
., M (5 |€GReT (1 _ ) (1 - €, tann (22 [SCREL) 1 € CrReg
Uy . Ly K K K
U" - H = R m R m 2 R m
D ds ”Z,;':a + (2 € ClK €d (1 _¢,)(1—€,)tanh (2& € Clk € ) 4+ € C;{ € )

The interfacial thermal conductance per area ratio ¥4 is likewise found by dividing Eq. 4-16

by Up ” to obtain

kcover

— 8-8
UD (Rcontact kcover + Lcover)

q]IH n

Equations 8-7 and 8-8 may be applied to the low temperature side thermal pathways exactly as in
the high temperature side to obtain ¥.” and ¥_", using parameter values pertaining to the
ambient fluid stream and heat sink.

One more dimensionless parameter is introduced, Ms, which represents the mass flow of

the hot fluid stream,
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m
s 8-9

M. =
s a1 ls

When considering a thermoelectric conversion system for a particular application, the available
mass flow of the hot fluid stream, g is likely to be a known and constraining parameter. If this
was not held constant, the model thus far developed would predict ever increasing power outputs
for larger and larger systems, unable to design around a finite quantity of source heat. The
constant Ms allows for this flow rate to be specified in a nondimensional manner, and is related

to the Reynolds number through

8-10

With these dimensionless parameters, the model may be applied to the entire

thermoelectric conversion system.

8.2 Spatial Dependence of Fluid Temperatures and Power Output

Up until this point, the fluid temperatures have been treated as constants. However, when
considering the entire system, it is important to note that the temperature of the source stream Ts
will not be constant along the flow direction because the fluid is losing thermal energy into the
heat sink. As observed in the experiment, the source temperature Ts will decrease as the fluid
progresses through the fin array. It will eventually become too cool to produce an economically
viable quantity of power. Modeling the decrease in available thermal energy of the hot stream
allows for the length of the entire system in the flow direction to be appropriately determined. In
the same manner, the ambient airstream will increase above its initial temperature Ta through the

system.
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Figure 8-1 depicts the system, with an emphasis on the hot stream. A differential control

volume allows for relations to be constructed describing the temperature with flow direction.

Fin length: 1
e

/

Figure 8-1: Fluid Channel Analysis. The schematic illustrates relations governing the temperature profile,
Ts(x). The thermoelectric devices and bypass insulation are incorporated into the gray area. Fins (not shown)
fill each channel above and below.

Conservation of energy is applied for the control volume. Observing Fig. 3-2, the heat
rate flowing from the hot fluid stream into the fin array at any point is qq = Un(Ts—Tin). For the
differential control volume, this is

dqy = dUy(Ts — Tiy) 8-11
Equation 4-12 is similarly invoked (recognizing that Nytx = X) to obtain

dUy = UyNyt,dx 8-12
After these two differential relations are substituted into the energy balance of Fig. 8-1, the

following equation is obtained:
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ar. U,
5=< H >(l_1)']‘s 8-13
dx Cps PsUmsLs ) \Yu

Performing the analogous analysis on the other fluid stream, the following equation is obtained:

dT U,
A=< L )(TIV_l)TA 8-14
dx Cpa Pallmala

Normalizing this equation requires the relation x = ayx* and also the new dimensionless group,
o—a convenient group of constant parameters,

Upa,

o= 8-15
Cpld

In addition, some new notation for describing the fluid temperatures is presented in Table 8-1,

which accommodates an expanded representation of temperatures.

Table 8-1: Nomenclature for Temperature Variables.

: . Initial Value
Variable Defined As At x* = 0
Dimensional
T Temperature of cold T
A stream (Ambient) AO
T Temperature of hot T
> stream (Source) S0
Dimensionless
T, T,
T i) Ty = _A0
TS TSO
Ty
Tra — 1
Tao
Ts
TRS — l
TSO
¢ ZpTs $o =ZpTso
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As with the temperature ratio T = Ta/Ts introduced in Chapter 3, the bold letter T indicates a
dimensionless ratio.

Using this notation, Eqgs. 8-13 and 8-14 may be cast in dimensionless form

dT o, ¥, T

RA _ ATl ( v 1) Tes 8-16
dx* ExAAARedA )/HT
dT oW

IiS __ 9s%H (L _ 1) Trs 8-17
dx €xsAsReqs \Yy

Although these may appear at first to be simple linear differential equations, recall that the four
temperature ratios z, 7, 7, yn, are solved in the model through a knowledge of T = Ta/Ts. These
terms create implicit dependencies that require a numerical approach to solving the profiles for
Tso and Tao. However, despite their nonlinearity, these equations were found to be numerically
well-behaved, lending themselves to a first order (Euler) numerical method. When solving these
equations numerically, the relationship

T
T=T, _RA 8-18
TRS

is used at each step to calculate T. In addition, the analysis used to solve for the four temperature
ratios z, 7, 7, and yy (EQs. 3-27 through 3-36) calls upon = ZpTs. Because Ts is now dependent

on x*, the change of {'is accommodated by extended notation as well (Table 8-1) to yield

Ts

= (oTgs 8-19
T50> 0

¢= (ZDTSO)(

This dependency must be used to calculate { at each step when Egs. 8-16 and 8-17 are solved
numerically. In the course of solving these equations, temperature profiles will be calculated not
only for T, Tra, and Tgs, but also for z, 7, y, yn; these four profiles will also be needed to model

the system.
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*

After profiles for the temperature ratios are solved, the dimensionless power output, W,
must be addressed. Power output itself is a function of flow direction, and an integral approach
needs to be used. The derivation for representing dimensionless power output when this
dependence is accounted for begins with substitution of Eq. 5-8 into 5-2, and observing the total

area of the system Agys is equal to XZ. This results in the proportional relationship:
1 "
Up(X) = —XZUp 8-20
When parameters besides X are fixed, the differential thermal conductance may be represented
1 .
dUD =;ZUDdx 8-21

Now rearrange Eq 3-37 to obtain

Woue = Ts(Piny(ri* — 1) — ¥y (e — tiyvah))Up 8-22
This represents the power output for a section where all temperature ratios (T, z, 7, 7, yu) are
constant. When these vary as a function of x, the equation must be used as a differential relation.
Differential power output is then

dWout = TS(‘IUIHY(VEI -1 -¥,y(@ - TIYﬁl))dUD 8-23

Insert Eq. 8-21 to obtain the differential relation
- . P S
AWoyr = TS(WIHY(VH -1 -¥,y(t—175 )) ;ZUDdx 8-24

Now the power output may be found for a system of length X (using lower case x as the variable

of integration), constants are removed from the integral:

X

. 1 .
Wout (X) = ;ZUD j TS(IPIH)/(ygl -1 -y - T,y,;l))dx 8-25
0

This integral function is now taken through nondimensionalization. Substituting from Eqg. 8-20
and introducing Tso, Eq. 8-25 is cast as
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X

Wout(X) : 1f Ts
Tt = Wour(O) =+ [ 7= (#my ' =1 = ¥uy(@ —7yvi"))d 8-26
Up(XN)Tso out (X) XO Tso( wmY(Va ) ny (@ —1tvg )) X

Note that the total thermal conductance of the thermoelectric devices, Up, retains a proportional
dependency on X (Eq. 8-20). The result is that dimensionless power out, W, (X), depicts the
fact that power generation becomes less effective with increasing X. Substituting the definitions x
= axx* and X = aX* into Eq. 8-26, including changing the limits of integration, reveals that it

may be cast in completely dimensionless form as

X*

. 1
Woue(X™) = Ff TRS(WIHV(Vﬁl - Yy - leﬁl))dX* 8-27
0

Equations 3-21 through 3-36 are called at each step, as well as Eq. 8-19 for updating .
The power required by the system in fan or pump work is now considered. Eq. 8-3 is

used to adapt the dimensionless parameter ¢ to each fluid stream:

377" 2
U
Ps =D >3 8-28
Tso pskrs
377" 2
U
o HaYp 8-29

- Tso P k;A

Now Eq. 8-1 is used to write the nondimensional power requirement for both streams

M_ i7 % _1 % ’ (&)3
Up(XNTso Wieq = 27” <(‘Pf6x/1<dp*> )S + ((pfexl dp* ) 8-30

The dimensionless power required, W%, is not a function of X, which results from the fact that
pressure drop is linear. When W;‘eq is taken out of nondimensional space by multiplying by Up,
the dependency of actual power requirement on the system length, X, is taken into account.

The difference between Eqgs. 8-27 and 8-30 represents the net dimensionless power

produced by the system:
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X*

. 1
Wihet(X™) = — TRS(WIH)’(Vﬁl -1 -V, y(@ - TIYI;I)) dx*

X*
Rey ; Rey ;
<(pf€x/1<d_p*> >S+ <(pf6x/1<d_p*) )A]

This equation may be accurately solved using a first-order summation approach for the integral

0
1
27‘

portion, with step size Ax* recommended between 0.01 and 0.1. The net power output may then
be calculated with the following discretization,
X

Ax
. 1
Wyroe (X™) = | FZ Tgsi (‘PIHVi()/ﬁil -1 =¥,y — T1iV§i1)) Ax*
im1

(prea(@)) +loren())
x dp* . X dp* )

where X* is chosen such that X*/4x* yields an integer value.

8-32

—=r

2

The value of W,},, may now be used to model the payback time for any system of length

X* through substitution into Eq. 7-15 to obtain

8-33

. 1 n (@ iinp1 = lequiv) ( CuT + ConepX"Z* (2pjis 7+ Diys(r — 1) + 1)) 1
Pb 8.76 0 x5 Wn*et U;, Tso AonenX*Z*

® binp1 — lequiv

The payback time, in years, is given through Eq. 8-33. For poor designs, no physical payback

time may be obtained—indicating that the effects of inflation and the prevailing interest rate
result in an investment that will never return its initial value in profit.

This section completes the analytical model of the proposed thermoelectric system with its

accompanying economic value. The next section illustrates the use of the entire model on a

complete system.
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8.3 Solution Method: Minimizing Payback Time

A solution method is now presented to minimize payback time of an entire system.

Table 8-2: Parameters: Constant vs Design.

CONSTANT DESIGN
Tso Wys
Tro Ws

1
Tsave = Tso — 3 (Tso — Tao) txs
1
Tpave = Tyo + 3 (Tso — Ta0) tzs
T Lins
Ps Ums
Us Wxa
kS Wza
Cps txa
I-bS tzA
PA L fina
HA UmA
Ka b
Cpa Z
Lba X
Zp
I—ceramic
Kceramic
Rcontact "
Up”
a1
a2
I(sink
Kop
Lp
PHs
pins
ConeD
CL
linfl
Iprev
W
X$
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The steps of this procedure are outlined as follows:

Step 1: Identify the constant and design parameters for the thermoelectric system. A likely

categorization of this type is presented in Table 8-2.

Obtain values for fluid properties taken at an estimate of mean flow temperatures Tsave
and Taave. Obtain characteristics of the thermoelectric device to be considered, cost estimates,
and other parameters to be held constant. In this analysis, the mass flow of the hot stream, my is
considered a known parameter. This represents the fact that for a specific application, this
parameter would be known and constraining. Choose values for the design variables. The value
chosen for X will undergo a sub-optimization routine in nondimensional space. Table 8-3

presents combination parameters, for which values must also be obtained.

Table 8-3: Combination Parameters: Constant vs Design.

CONSTANT DESIGN
" " kcover 2 WygWyy
Up=Uny = 0 dyy =—"—""—"<
Lcover + kcovechontact P (WxH + WZH)
. kpp 2 Wy Wyp
U, =-2 d,, = —22
P L PE (Wi, + W)
o Ltier
equiv 1+ iinfl

Step 2: Nondimensionalize the known parameters and design parameters into the relevant
dimensionless groups as shown in Table 8-4. Obtain values for these parameters. The

nondimensional design variables will undergo an optimization routine.
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Table 8-4: Dimensionless Groups: Constant vs Design.

CONSTANT DESIGN
Tso Wy.s
T =— € =1-
° TSO S tx,S
ms WZ,S
M = € =1-
s ails ” tzs
ke Wy 4
fin X,
Ko = —— € =1-
S kS oA tx,A
ke Wy 4
__ fin -1— z,
Ky = kA é-Z,A tZ‘A
pAumAdpL
Co = TsoZp Rejyy =—m—
€xH Uy
.Uy Up
lIUIL = - * = d
UD ps ps ksink
. Upy Up
lIJIH -_ * = d -
UD pa pA ksink
. U, Lys
p =—F As = =
ke L
fin bA
Il ka = m }{A =
e lUD dpA
o Lns b
bs a a;
* Lpa ., Z
b= T
1 1
oo = u3Up? g X
s -
Tso P5Ks a,
0n= TAYLS
=t
Tso PikﬁA
Upa,
O-S =
CpsHs
U[")az
Oy =——
CpaMa
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After the system is optimized, the design variables may be removed from nondimensional space

to yield the true parameters of the final design.

Step 3: Use Eqg. 8-10 to solve for hot stream Reynolds number. Solve for thermal conductance
per area ratios ¥y ", ¥ with Eq. 8-7. Use properties of the high temperature flow for the hot
side (indicated with subscript S) and properties of the low temperature flow for the ambient side
(indicated with subscript A). Obtain thermal conductance ratios Py, Pin, P, Vi, and Pyp With

Egs. 5-9 through 5-13.

Step 4: Use the friction factor tables to estimate the friction factor at the Reynolds numbers of

each fluid stream based on €,, €,, 4, and Rey. Friction factor tables are included in Appendix B.

Step 5: Solve Eq. 8-32 through the following numerical process:

a) Use the relations developed in Chapter 3 to represent the temperature ratios z, 7, y,

and yy as functions of T = % , ( = ZpTs and the thermal conductance ratios Py, ¥y,

¥, P, and Pyp. Equations from Chapter 3 are used in the following order:
a. 3-29 through 3-31
b. 3-27 (or 3-32)
c. 3.28
d. 3-25
e. 3-23 (or 3-24)
f. 3-21

g. 3-33through 3-36
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b) Use any preferred method of solving systems of ordinary differential equations to find
the profiles of Trs, Tra, Using Egs. 8-16 and 8-17. Boundary conditions are as given
in Table 8-1. After each step, values are updated for T (Eg. 8-18) and ¢ (Eq. 8-19).

c) The discrete profiles of Tgs, 7, 71, y, and yy are used in Eqg. 8-32 to solve for the net

dimensionless power harvested.

Step 6: Use Eq. 8-33 to solve for the payback time in years, ny, of the system. Recall that for
very poor designs, a physical payback value may not exist—indicating that the investment will
never return its initial value in profit. If this occurs, decrease the value of X*. However, a

feasible value of X* that ensures a real payback time is not guaranteed for all designs.

Step 7: Repeat steps 2 through 5 manipulating the value for X* to find the value that minimizes

payback time for the current design. This is a sub-optimization routine in one variable.

Step 8: Repeat steps two through seven with an optimization routine, perturbing the current

*

design in €yg, €xs, €xs, Exsy Rega, dps, dpa, As, A4, 1, and Z*. Any optimization method may be

used to search for the design with minimum payback time.

8.4 Cases Studies

The process of optimizing an overall system using the method outlined is presented for
two different cases. Each final design represents an example where the payback time was

brought from an unreasonable time to a feasible time through optimization of the initial design.

111



The model was optimized using a simulated annealing method with the eleven dimensionless
design variables: €,s, €xs, €xs) €xs, Reqa, dps, dpa, Asy A4, ¥, @and Z*. The optimization routine
itself was developed using Mathematica 8.0. This code is provided in Appendix A. Genetic

algorithms or gradient-based methods may be used as well.

8.4.1 Case 1: Expensive Energy

The first case assumes that the thermoelectric harvester is made feasible primarily
through the high cost of energy. An optimistic, but reasonable value of Zp = .002 K™ is chosen.
The airstream temperature difference is initially 100°C. Physical dimensions are chosen for a

theoretical device comparable to the ones tested in the experiments. (Table 8-5)

Table 8-5: First Optimized Case: Heat Path and Thermoelectric Device

Parameters.

Parameter Value
Mass flow rate of hot air stream. (kg/s) mg .03
Temperature of hot air stream/inlet temperature to
conversion system. (K) Tso 400
Temperature of ambient air available for inlet of
conversion system. (K) Tho 300
Z dimension of thermoelectric device (cm) a 5
X dimension of thermoelectric device (cm) a, 5
Thickness of thermoelectric device/bypass L 4
insulation (mm) D
Thickness of ceramic covers on thermoelectric L 1
device (mm) ceram
Thermal conductivity of ceramic cover (W/mK) Kceram 100
The_rmal conguctance per area of thermoelectric Un” 400
device (W/m°K) D
Figure of merit Zp for thermoelectric device (K™ Zp .002
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Heat sink and cost information for this cost is presented in Table 8-6. This case seeks to
demonstrate what the cost of electricity must be in order to provide a reasonable payback time of
around 7 years. After some exploration, it was found that the nominal cost of electricity needed
to be roughly $1.00 per kilowatt-hour, which is roughly one order of magnitude greater than the
current cost of electricity. This is the initial price of electricity used in this optimization.

The other cost values are chosen to be reasonable estimates of current prices. The price of
thermoelectric devices is comparable to the price paid for the thermoelectric devices used in this
research. The heat-sink cost and fixed cost of installation are both assumed to be on the order of
$1000. The cost of installation is set at $2000. Installation costs much higher than that assumed
here will render payback times unreasonably long, while lower installation costs will obviously

improve upon the payback times calculated here.

Table 8-6: First Optimized Case: Heat Sink and Cost Parameters

Parameter Value
Thermal conductivity of the heat sinks (W/mK) Ksink 180
Effectgve thermal conductivity of bypass pathway e 05
(W/m°K) P
Thermal contact resistance between thermoelectric ., 5
device and heat sinks. (Km?/W) Re 4x10
Cost per thermoelectric device ($) Co 50
Total fixed cost associated with installation of C 2000
system ($)
Heat sink cost ($/m?) PHs 1000
Insulation cost ($/m?) Pins 10
Inflation rate linfl .03
Prevailing interest rate Tprev .07
Ratio of rate of energy cost increase to inflation w 1.00
Initial price of energy ($/kW-hour) X0 1.00
Proportion of time that system is in operation 0 71

113



Three starting points were chosen. Running the optimization routine with different
starting points provides confidence that the final design, if agreed upon by all three routines, is
not just a local optimum, but a global optimum. If the final designs are different, then the various
local optima may be compared. The three starting designs in Table 8-7 have payback times of
roughly 19, 55, and 25 years. These payback times are too long to be seriously considered from a
mere economic standpoint. However, after running the simulated annealing algorithm, each final
design has a calculated payback time close to the desired 7 years. Each optimization was
programmed to use 600 total function calls (iterations of the process in Chapter 8.3) composed of

20 perturbations in 30 probability levels.

Table 8-7: Case 1 Starting and Ending Values for Design Variables. The payback time is the objective
function to be minimized. Values for X* are intentionally discretized in the final optimized designs.

Starting Ending
A B C A B C
€xs 6 3 5 21 41 60
€5 6 3 3 40 43 25
€t 6 3 3 39 60 58
€ra 6 3 5 22 22 23
Rey, 1000 300 500 950 585 843
Reyot ~40 ~1200 ~90 290 273 174
‘s 005 0022 005 0024 0022 0024
‘a 01 0022 022 0119 0087 0103
s 20 3 20 6.4 5.7 79
A, 100 30 30 94 85 95
r 2 15 15 1.88 1.96 1.94
z 50 30 30 69.6 43.1 33.0
(smv)g sroy | 285 3.80 2.00 3 5 6
Payback 19.3 54.6 25.0 6.75 7.18 7.83
Time (yrs)

+Not a design variable. Calculated from Eq. 8-9.
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In a simulated annealing algorithm, variables which are constraining are less obvious
than when a gradient-based method is used. This is because the random method of design
perturbation causes a constraining variable to undergo small fluctuations near its constraining
value while the other variables continue to move toward their optimum values. When the final
design is reached, constraining variables will be close to, but usually not exactly at, their
constraining values.

The three final designs agree on certain variables. First, observe that although X* and Z*
are quite different for each case, the number of devices to be included in the system for the three
cases (calculated by Eq. 7-8) is very similar: 111, 110, and 102 respectively. It can be concluded
that the total number of devices is more important than their spatial arrangement. The bypass
ratio, r, is essentially constrained at its maximum value of 2 for each case. The length of the cool
side fins (1a) (measured in dimensional fin diameters) is essentially constrained at the maximum
allowed length of 100. The reason for this is discussed later in this section. The length of the hot
side fins (4s) agree to within 1.5. If a plot similar to Fig. 4-8 were made for the low Regs number
range observed in the optimized cases (174 ~ 290) the expected optimum fin lengths would be
slightly longer than in Fig. 4-8 (where Req = 500 was used). Thus, the optimized fin lengths of
6.4 to 7.9 appear to correlate with the suggested optimum fin length in Chapter 4.3.

The dimensionless fin diameter, dpa™ is similar for each case, being 4 to 5 times the hot
fin diameter, dps*. The hot side fin diameter is essentially constrained to its minimum of .022 for
all three cases. This value was calculated from a dimensional minimum fin diameter of 1 mm.
The hot side Reynolds number is similar for each case—well within the laminar range and

several times smaller than the cold side Reynolds number. The cold side Reynolds number is in
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the 600 to 900 range for each case. Finally, all three optimization cases agree that the porosity

eza should be essentially constrained at the lower bound of 0.2.
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Figure 8-2: Sensitivity Plots for Heat Sink Porosities. The vertical axis of each plot is payback time in years.
Case 1A.

The three porosities exs, exa and ezs, which can only range between 0.2 and 0.8, do not
display strong agreement. Sensitivity plots of porosities are included for the best case (design A
in Table 8-7) in Fig. 8-2. For each plot, every variable is held constant, including X*, except the
one analyzed. The sensitivity plots for porosities and the other variables which follow allow for

overall uncertainty in the objective to be estimated with respect to each variable. For example,
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observing Fig. 8-2, an uncertainty of 0.05 in ezs results in about half a year of payback increase,
while the same uncertainty in exa Or eza produces a negligible change in payback time.

The sensitivity plot for exa and ezs sheds light on the behavior of the porosities in general.
Because of the low resolution of the friction factor tables, values for porosities tend to get caught
in local minimums formed by the piecewise nature of the linear interpolation used with the
friction factor tables. Thus, the optimum values for all porosities tend to be clustered around 0.2,
0.4, and 0.6, which are specific values around which the tables were created. The sensitivity plots
indicate that exa is the least important porosity for this design. However, more specific
conclusions require a higher resolution characterization of pressure losses as functions of
porosity. The minimum in ez is especially suspect. It may be said that in general, the optimized
porosities normal to the flow direction (ex) are lower than that of a heat sink optimized unto itself
by Kim, Kim and Ortega (2006). This occurs in the thermoelectric system because concentrating
the heat transfer is worth the pressure drop of tightly spaced fins.

Sensitivity plots for dimensionless fin diameter and normalized fin length for design A
are given in Fig. 8-3. The strong slope of payback time with dps* indicates that minimizing the
diameter of the hot side fins is very important. The optimum observed in dpa* is likely
attributable to the competing effects of poorer heat transfer at large diameters and high pressure
drop at small diameters. Recall that the fin length on the cold side is 94 fin diameters. With such
a tall channel, a small decrease in dya* (to less than 0.01) can suddenly overwhelm the system
with pressure drop. The fin length on the hot side (4s) displays an optimum as previously
discussed. The plot indicates that the simulated annealing algorithm ended slightly above the

optimum length of around 5, but that the difference in payback time is marginal.
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Observe the plot of 15. The dimensionless fin length of the cool channel does not exhibit
an optimum like that observed for As. This is due to the fact that, while there is a finite mass flow
for the hot stream, no such limitation exists for the cool stream. The system is free to intake any
amount of ambient air. The optimization routine found that with very long fins (and therefore, a
very large channel) the large mass flow of cool air is able to maintain a low temperature even
while absorbing the heat transferred from the hot side. Maintaining a low temperature in the cool

flow allows for the system to preserve the difference between Ts and Ta, allowing for a larger
temperature difference than would be accomplished with short fins.
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Figure 8-3: Sensitivity Plots for Fin Lengths and Diameters. The vertical axis of each plot is payback time in
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It is expected that at some point, the added flow power required to drive such a large flow would
cause diminishing returns beyond some optimum fin length. However, for this case, the optimum
length for A4 is larger than 100.

Figure 8-4 illustrates the effect of large fin length on the temperature of the cool fluid
stream. Both fluid streams are shown as a function of system length x*. The hot stream
temperature decreases quickly, losing its exergy content. In contrast, the cool stream increases

from ambient temperature very gradually, owing to its high thermal capacitance.
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Figure 8-4: Temperature Profiles of Fluid Streams. The upper curve is the hot stream temperature, Ts. The
lower curve is the cool stream temperature, Ta. Case 1A.

Sensitivity plots for the remaining design variables are shown in Fig. 8-5. The bypass
ratio, r, is essentially constrained at its maximum value of 2. As argued in Chapter 5, an

optimum bypass ratio must exist, but it is usually greater than 2 when airstreams are used as the
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working fluid. The cool side Reynolds number, Rega, exhibits an optimum due to the competing
effects of heat transfer and pressure drop. The optimum is broad, however. Comparable
performance is obtained over a range of 600 to 1000. The different values for Rega in Table 8-7
illustrate this range. The optimum for Z* is very shallow on the right side. It is surmised from

Table 8-7 that subtle changes in the other variables shift the location of this optimum

significantly.
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Figure 8-5: Sensitivity Plots for Bypass Ratio, Reynolds Number, and Z*. The vertical axis of each plot is
payback time in years. Case 1A.
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Consider Fig. 8-6, which shows the total power output and the calculated payback time as

a function of the length of the system, X*.
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Figure 8-6: Power Output and Payback Time vs X*. The individual points represent discrete design points
with the system length being an integer value of device lengths. Case 1A.
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The fully optimized design with minimized payback time exhibits an X* value of 3 and a
Z* value of 69.6 (Table 8-7). This means that the entire system is 69.6 device lengths (3.48 m)
wide and only 3 device lengths (15 cm) in the flow direction. Increasing the length of the system
in the flow direction to 17 device lengths (0.85 m) increases the total net power it can generate,
but increases the initial cost and the payback time as well. Beyond X* = 17, the increase in pump
power required to move air through the channel is larger than the increase in power generated
from the waning source stream.

The design points between the minimum payback and maximum power harvest represent
some compromise between these two objectives. Recall, however, that in this analysis, payback
time is the objective function on which the optimization routine was based. The maximum power
case was calculated by simply extending X* on the optimized design. Observe that small
sacrifices in payback time result in comparatively large increases in power output. For example,
if the system is extended to 5 device lengths, the payback time increases about 4% (~7 years),
while the power harvest increases about 42% (~300 Watts).

The fan power requirement is also best illustrated versus the system length, X* (Fig. 8-7).
Fan power increases linearly with increasing X*, while the gross power harvest increases rapidly
before leveling off as the hot fluid stream cools. The net power harvest is the difference between
the gross power and required fan power. At the minimum payback time design (X* = 3), the fan
power is 10.5% of the gross power output. At the maximum power design (X* = 17), the fan

power is 23.1% of the gross power output.
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700 ¢

600 |

allow for comparison between the minimum payback time design and the maximum power
output design. The model suggests that 210 watts may be obtainable for about $8600, and that
465 watts may be obtainable for nearly $40,000. These numbers are independent of the price of
energy. Recall that the payback times shown are calculated using $1.00 per kW-hr as the initial
price of electricity. This was in order to answer the question, “At what energy price does the

thermoelectric harvester become feasible?”. At current energy prices ($0.08 to $0.15 per kW-hr)

N

Table 8-8 is a summary output for the optimized case. Cost parameters are included that

(EIA), the payback times would be much longer or nonexistent.
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Table 8-8: Final Optimized Variables and Cost Parameters. Case 1A.

Minimim Peybeck Time Caze:

Power DUutpit 210,821 (W)
Total Deyvices o {5 o
Total Cost §385.7 &
Payhack Tim= 6.753 (yz=i
® 3

Maxiwom Power CUTpot Case:

Eower utpatc 163821 (W)
Totel Dewvicea 623
Iocal Egatc 393T5:8 (&
Dayhack Time 1£.4728 (yra)
b 1%

z 63.5504
r 187974
Hot Side
Begis Z90.2714
es 8.00236029
= £:35531
Exs 0,214216
£33 0. 33625F

Rea 348423
da 0.0118638
3 33,3483
Exs 0.334755
By 0.212681

The results indicates that under circumstances of electricity cost at $1.00 per kilowatt-
hour, a 100°C temperature difference in air streams may begin to represent a viable source for

obtaining DC power with a thermoelectric system.
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8.4.2 Case 2: Large Temperature Difference

The second case assumes that the use of the thermoelectric harvester is made feasible
primarily through the high quality of the temperature difference between the fluid streams. A
conservative value for Zp of 0.0007 K™ is used. The price of electricity is set to $0.15 per kW-hr.
This is higher than the price of electricity in the United States in general, but accurately
represents what many US residents in population-dense areas pay, including the New England
states and California (EIA). The mass flow rate of the available airstream is arbitrarily chosen to
be 1/10 of that in the last case. Other heat path and thermoelectric device parameters are the

same as in the previous case, which are listed in Table 8-9.

Table 8-9: Second Optimized Case: Heat Path and Thermoelectric Device

Parameters.

Parameter Value
Mass flow rate of hot air stream. (kg/s) mg .003
Temperature of hot air stream/inlet temperature to
conversion system. (K) Tso 650
Temperature of ambient air available for inlet of
conversion system. (K) Tao 300
Z dimension of thermoelectric device (cm) a 5
X dimension of thermoelectric device (cm) a 5
Thickness of thermoelectric device/bypass L 4
insulation (mm) b
Thickness of ceramic covers on thermoelectric L 1
device (mm) ceram
Thermal conductivity of ceramic cover (W/mK) Kceram 100
The_rmal trangport coefficient of thermoelectric Un” 400
device (W/m°K) D
Figure of merit Zp for thermoelectric device (K™) Zo .0007

Heat sink and cost information for this case is presented in Table 8-10. This case seeks to
demonstrate what the necessary temperature of the source stream must be in order to provide a
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reasonable payback time of about 7 years. After some exploration, it was found that the initial
temperature of the available fluid streams needed to be roughly 350°C above ambient. In most
cases, waste heat or exhaust streams of such a high temperature would be more efficiently used
in a fluid cycle to generate power instead of a thermoelectric system. However, the need for such
a high temperature provides an important point of reference for demonstrating the challenges of
economic waste heat recovery using the current technology in commercially available
thermoelectric devices.

Some of cost values are more optimistic than in the first case. Each thermoelectric device
costs $30, and the total installation cost is reduced to $1000. The cost of energy is projected to
rise slightly faster than inflation («w = 1.05), and the system runs continuously without stopping

(6 =1). The other cost parameters are the same as in the first case.

Table 8-10: Second Optimized Case: Heat Sink and Cost Parameters.

Parameter Value
Thermal conductivity of the heat sinks (W/mK) Ksink 180
Effectzive thermal conductivity of bypass pathway ke 05
(W/m°K) P
Thermal contact resistance between thermoelectric ., 5
device and heat sinks. (Km?/W) Re 4x10
Cost per thermoelectric device ($) Co 30
Total fixed cost associated with installation of C 1000
system ($)
Heat sink cost ($/m?) PHs 1000
Insulation cost ($/m?) Pins 10
Inflation rate linfl .03
Prevailing interest rate Tprev .07
Ratio of rate of energy cost increase to inflation 1) 1.05
Initial price of energy ($/kW-hour) xs 0.15
Proportion of time that system is in operation 0 1
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As in the first case, three starting points were chosen. The three starting designs in Table
8-11 have payback times of 38, 154, and 145 years respectively. After running the simulated
annealing algorithm for each case, payback times close to the desired 7 years were obtained for
each design. Each optimization was programmed to use 900 total function calls (iterations of the

process in Chapter 8.3) composed of 30 perturbations in 30 probability levels.

Table 8-11: Case 2 Starting and Ending Values for Design Variables. The payback time is the objective
function to be minimized. Values for X* are intentionally discretized in the final optimized designs.

Starting Ending
A B C A B C
€xs 6 2 4 0.36 0.20 0.22
€5 6 2 4 0.44 0.34 0.41
€ 6 2 2 0.27 0.31 0.49
€4 6 2 2 0.34 0.40 0.37
Rey, 1000 50 00 822 520 534
Reyot ~10 ~860 ~24 290 503 336
‘s 005 0022 005 0023 0023 0025
:a 01 0022 022 0092 .0062 0057
s 14 05 14 1.43 111 158
Ay 100 10 10 94 86 100
r 2 1 15 1.96 1.81 1.95
7" 24 9 15 13.7 18.1 175
o X oy | 200 0.45% 0.35 8 6 7
TFfaybaCk 38.3 1547 145 7.47 7.45 6.93
ime (yrs)

+Not a design variable. Calculated from Eq. 8-9.
{Taken after one design iteration. Initial design is infeasible.

As in the first case, there are differences in X* and Z*, but it is observed through Eq. 7-8
that the total number of devices predicted by each case is very similar: 56, 60, and 63
respectively. The bypass ratio is again nearly 2 for all cases. The cool side fin length is

approaches the limit of 100. The bypass ratio and 1 for design B are far enough from the
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constraint to indicate that either these variables were actually not constraining, or that their
influence became small as they approached their upper limits. All three cases agree that the fin
length on the hot side (4s), should be much shorter than that observed in the previous case. This
would seem to disagree with the optimum fin lengths observed in Fig. 4-8. However, direct
comparison with that plot is misleading due to the high temperature of the stream. A plot
analogous to Fig. 4-8 for the temperatures involved in this case would likely have a much
different 4 value than that used in Fig. 4-8. It is concluded that the optimum fin length decreases
with increasing temperature difference between the fin base and the fluid stream.

The dimensionless fin diameter on the cool side, dpa™* is similar for each case, being
several times the dimensionless diameter on the hot side, dps*. The hot side diameter is
essentially constrained at its minimum value of 0.0022. Both Reynolds numbers generally follow
the trends of the first case. As in the first case, drawing conclusions from the optimized porosity
values is difficult, underscoring the need for a higher resolution method of characterizing the
friction factor.

Figure 8-8 shows the temperature of the fluid streams for the best performing design
(design C). Similar characteristics to the previous case are observed due to the high thermal

capacitance of the cool stream.
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Figure 8-8: Temperature Profiles of Fluid Streams. The upper curve is the hot stream temperature, Ts. The
lower curve is the cool stream temperature, T. Case 2C.

The fully optimized design with minimized payback time exhibits an X* value of 7 and a
Z* value of 17.5. This means that the entire system is 17.5 device lengths (.875 m) wide and 7
device lengths (.30 m) in the flow direction. Increasing the length of the system in the flow
direction to 29 device lengths (1.45 m) increases the total net power that it can generate, but
increases the initial cost and payback time as well. It is interesting to note that if X* is 18 or
greater, the system will be longer in the flow direction than it is wide. This is in contrast to the
previous case. This is attributable to the much lower mass flow rate, resulting in the fact that Z*
may be much smaller while still maintaining the optimum Reynolds number and fin length. The
characteristics of the power output and the payback time follow the same pattern as in the

previous case.
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Figure 8-9: Power Output and Payback Time vs X*. The individual points represent discrete design points
with the system length being an integer value of device lengths. Case 2C.
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The design points between the minimum payback and maximum power harvest represent
some compromise between these two objectives. Like the previous case, small increases in

payback time yield comparatively large increases in net power output.

Table 8-12: Final Optimized Variables and Cost Parameters. Case 2C.

Minimim Payback Time Ce3e:

Power Outpot 384 . £08 (W)
Iotal Devices 63
Toral Cost IS05.71 (&
Feyback Time 6.33443 (yr=
X7 7

HMaximom Power Tutput Caze:

Bower Sutput E3£.013 (W)
Tetal Devices 28%.
Toeal oot 113388 (&
Faypack Time 13.049 {yra)
x 25
SYSEEN PETAEELErS
F 17.5468
: 1.24927
Hot Side
Reas 335,383
%ﬂ' 0, 00249083
e 1 5150
Exs 0.21599&2
Epz 0,40621E

REa S35, 567
dea” 0.00570157
23 a5, F47
i D.487161
e 0.370016



Table 8-12 is a summary for this case. Cost parameters are included that allow for
comparison between the minimum payback time design and the maximum power output design.
The results indicate that a thermoelectric power conversion system with a source

temperature airstream of 350°C may begin to represent an economically viable option for

obtaining DC power at the upper end of current energy prices.
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9 CONCLUSION

9.1 Summary

It has been shown in this research that a differential approach to characterizing
thermoelectric behavior results in a governing equation for thermodynamic efficiency (Eq. 2-11)
that is comparable to that presented by Gordon (1991) (Eq. 2-28). The differential approach is a
versatile method. For example, assumptions could be relaxed or empirical corrections could be
included on a differential level, and the resulting differential equation for the temperature profile
observed.

It was shown that the heat rate approximations developed in Chapter 2 closely matched
an exact analytical solution. These heat rates may be used to construct an algebraically involved,
but closed-form analytical solution of a thermoelectric power harvesting system with five
thermal pathways surrounding the thermoelements.

A classical analytical solution for heat transfer through fin arrays was coupled with an
empirical Nusselt number correlation (Eq. 4-23). This combination was fully
nondimensionalized with parameters pertinent to a thermoelectric waste heat harvesting system
(Eq. 8-7). Pressure drop through fin arrays was characterized through the definition of a modified
Darcy-type friction factor (Eq. 4-29). Through modeling as a porous medium, a nonlinear
momentum equation and empirically-derived constants published by other researchers were used

to solve for friction factor based on four dimensionless characteristics of a given heat sink. A
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tabular function consisting of 5888 friction factors was generated, enabling pressure drop
calculations without the need for a differential equation solver.

The concept of incorporating bypass insulation was presented. The method of treating
bypass insulation in the model was supported through numerical validation. The economical
concept behind bypass insulation was introduced.

A test station was designed and constructed to obtain experimental data. The test station
simulated a thermoelectric harvesting system of a single device. Power output measurements for
two types of devices were taken under two radically different heat sinks and bypass ratios. It was
shown that the model predicted the power outputs very well, provided that preliminary
experiments were performed to characterize the thermoelectric device.

A system of modeling payback time was derived from first principles, incorporating the
time value of money. Equations were presented enabling the design of a system with the
objective of minimizing payback time. The economic motivation of incorporating bypass
solution was analytically confirmed.

A numerical approach to characterizing spatial effects on the fluid streams was
developed, allowing the modeling of a finite heat source and the loss in available energy as heat
is drawn through the system. The solution method of optimizing the design was presented in
detail and conducted for two cases that demonstrate examples of conditions under which a
thermoelectric system of the type considered will yield a target payback time of about 7 years.

Throughout all the mathematical modeling, an original system of nondimensionalization
was maintained. The entire system of dimensionless grouping evolved gradually throughout the

development of the research and was specifically designed to be as useful, organized, and
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intuitive as possible (though this may be difficult to believe at first reading). The system allows
optimization to be performed in condensed, dimensionless space.

Physical design characteristics of an optimized system are surmised from a tailored
simulated annealing approach on a two case studies of optimized systems. Discussion and
interpretations of the results concerning optimized design variables was offered.

The model predicted that an optimized physical system of thermoelectric energy
conversion of the type described could exhibit a payback time of roughly seven years for an
energy cost of $.15 per kilowatt-hour, a temperature difference of 350°C and optimistic
assumptions regarding startup costs and neglecting maintenance expenses. In addition, a physical
system utilizing a temperature difference of 100 °C could exhibit a similar payback time if an
optimistic, but reasonable Zp value is assumed, and the nominal price of energy rose to $1.00 per
kilowatt-hour. Airstreams were considered in both cases.

The limitations on the model, such as bypass insulation ratio and the need for high
thermal capacitance in the ambient fluid stream, may function as catalysts for the refining of the
general design presented here. Suggestions include adapting the model to the bypass insulation
configuration of Fig. 5-4, or introducing some method of drawing in new ambient air along the
flow direction of the system in order to maintain temperature difference without large fan power.
Ideas for further research on system design are noted throughout the thesis and summarized in

the final section of this chapter.
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9.2 Conclusions on Optimized Design

The optimized cases provide valuable information regarding design characteristics of a
thermoelectric energy harvesting system. With this information, this research may take new
directions that improve those aspects of the system that are most critical to its performance. The
two cases in the previous section together suggest several things about this type of thermoelectric
energy harvester:

1. Like heat engines in general, thermodynamic efficiency is greatly increased with the
quality of the temperature difference available. Cost-effective thermoelectric energy
recovery of waste streams less than 100°C greater than the ambient is difficult.

2. For source fluid streams with a large mass flow, the optimized system may be only a few
devices in the streamwise direction, X, but much longer in width, Z. For a large mass flow
rate of 0.03 kg/s, the optimized system will be 30 to 70 devices wide and only 3to 6
devices in the streamwise direction (see Table 8-7). For source fluid streams with small
mass flows, this aspect ratio of the system will be less pronounced or may reverse to
become longer in the streamwise direction. For a low mass flow rate of .003 kg/s, the
optimized system will be 13 to 18 device lengths wide and 6 to 8 device lengths in the
flow direction (Table 8-11).

3. For air as the working fluid, insulation bypass ratios should be larger than 2. Although an
optimum bypass ratio almost certainly exists (See Chapter 5), it is larger than the method
developed in this research can model accurately. When used to model larger bypass
ratios, the model predicts an optimum bypass ratio of 4.0 for a typical case. This is

expected to be an overestimation (See Fig. 7-3).
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Both heat sinks for the thermoelectric harvester proposed should have low porosities (0.2
to 0.4) in both directions. This is in contrast to heat sinks that are optimized unto
themselves for minimum thermal resistance, which have high porosity (0.8) normal to the
flow direction (Kim, Kim, and Ortega). Low porosities increase fan work required to
move fluid through the fin array, making this design not ideal for many other
applications. However, the optimized cases indicate that the need for very dense fin
systems to focus high amounts of heat transfer through the thermoelectric devices
outweighs the drawbacks of lower porosities. (See Tables 8-7 and 8-11).

Fin diameter for the hot stream should be very small (constrained at 1 mm for both case
studies). This is attributed to the need to maximize surface area and increase thermal
conductance to the thermoelectric devices despite the higher fan work requirements
associated with smaller fin diameters.

Fin length for the hot side will only be several fin diameters (1 < As< 8). The
dimensionless fin lengths observed for the hot side appear to agree generally with those
found to maximize the ratio of heat transfer to pressure drop (see Section 4-3).

Fin diameter for the cool side exhibits an optimum diameter of 2 to 5 times the fin
diameter on the hot side. This would indicate medium-sized fins of 2-5 mm in diameter.
The fin diameter is calculated with Eq. 4-22. For square fins it is equal to the fin width.
The fin length/channel height for the cool stream should be very large. Both case studies
indicate that the system is highly benefitted by fins that are at least 100 diameters long.
Although this creates larger fan power requirements, it has one highly beneficial effect.
The very large channel accommodates a high-volume flow fluid stream. By virtue of its

bulk, this stream possesses such thermal capacitance that it does not increase in
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temperature nearly as much as the other stream decreases in temperature along the flow
direction. Because this stream maintains its temperature well, the temperature difference
across the device is better preserved along the flow direction. This effect strongly
suggests that innovative methods of introducing new ambient air along the flow direction
are advisable, which would help to preserve the temperature difference between the air

streams without requiring a channel as large as suggested by these two cases.

9.3 Further Recommended Research

Efficiency Relation. The efficiency relation developed in this research through a
differential solution to a thermoelement temperature profile (Eq. 2-11) should be further
explored and scrutinized. Further exploration on the effects of electrical load on the device and
incorporation of these into an improved efficiency function is both an experimental and
analytical task. Improving the accuracy of this relation will be very beneficial to the analytical
model.

Model Improvement. The schematic of Fig. 3-2 serves as the basis for the general model.
In practice, value for the interfacial thermal conductances, U, U,y were found to be very large
compared to the primary thermal conductances, U;, Uy. A different version of the heat path
schematic may be explored which neglects these thermal conductances in favor of relaxing other
assumptions, such as the single node approximation.

Pressure Drop Characterization. The extension of estimating pressure drop based on the
modified momentum equation for flow through a porous medium is a very basic approximation
which extrapolates 16 experiments to an enormous design space. Resolution is poor with respect

to porosities, which resulted in inconclusive results with regard to an optimum set of porosities
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for each fin array. In addition, fin aspect ratio was not taken into account, and accuracy of the
porous momentum equation at Reynolds numbers as low as 10 and as high as 5000 is not
empirically confirmed. Further research on accurately predicting pressure drop through large
arrays of square fin heat sinks, especially in a tabular or correlational format, would benefit the
research.

Experimental Continuation. Experiments recommended include the creation of a test
station specifically to characterize the parameters Zp and Up” of a thermoelectric device in a
more direct manner that that performed in this research. Such tests could validate manufacturer
data as well as determine the effects of temperature on these parameters. Experimental methods
of determining the electrical resistance of a device and of observing behavior over a range of
loading ratios would be valuable in determining the accuracy of the efficiency relation used in
this research as well as discovering the source of discrepancy observed between manufacturer
data and the characterization of the devices performed in this research. In addition, a robust
prototype system that includes many thermoelectric devices together with bypass insulation is
recommended to further validate the model.

Bypass Insulation Modeling. In Chapter 5, the limitations of the model in accurately
characterizing bypass ratio are discussed. It was demonstrated that the model predicted
significantly reduced payback times for systems utilizing bypass insulation, but that the optimum
bypass ratio for many cases is beyond what the model developed in this research can accurately
employ. Spatial effects of large bypass insulation will tend to reduce the average temperature
difference across the thermoelectric devices below the average temperature difference of the
entire system. If this effect could be characterizing through analytical means, the model could be

extended to arbitrarily large bypass ratios, increasing its utility.
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APPENDIX A. MODEL AND OPTIMIZATION MATHEMATICA CODE

The following code was written in Wolfram Mathematica 8.0. The best-performing
design of Case 1 is presented (Case A). Sample output and history plots pertaining to the
simulated annealing algorithm are included. Although extensive comments have been inserted
for clarity, a working knowledge of Mathematica is necessary for following the program in

detail.
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Design Case 1A: Expensive Energy, Low Temp Gradient

System Parameters and System Model Equations

%= .002;
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Broontact flme =
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. XA et AT et vl e
yelpointapestar - 1] oints frotar - ao
E 3 - L]—J. BigThlxst=r - 13 ~dx;
| BigTixstar - 13 yHpointsfastar- 13 ] :
BigTofretary = BigTSfastar - 13 «

o rHares { TpentarE=tar - 13
_ : : | - i _
s=STiwed 3 AT wed BardSFierd | yHpolniagxatar - 13

BigTEFxaiar — 1] <dx:

£ = EoEigToixatary s

Wpieosfxstar] = Wpiscegimtar- 1 ¢
({#IEpointepustar - 1) ((Epointsfxstar-13) 7 - 1) -
FIL ypointsfxetar - 13
{points retar - 13 - Tlpoints pe=tar- 13 ( rHpointep=tar - 1377 || BigTSpmtary ax;

Leai
{f (& d4nfl - dreal} (CLrfixsd + OO (xatar g Esterfomet (2 gH58tT rizsd +
ylnsstar (yizxedt—1) +1)7) 7
[B-T6F WomEistary Il al 32 sty Ii==d (sskardi) TS5 p=erogy) ) = 157

At al Ty o
BigTiastar] = To E— :
BigTSExatary

3

T intsfx=tar] = TS «BigTSfe=tar] ;
Tapointefxmtary - Th«-BigTAfREtary
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CEEEYE;

Iffemmt = mmlmeq‘-r L, =t ti,u:rm’bewer_gt mﬂzwﬂj‘]..

[rassssnmssnssnmnpssnsssnnsnnnsy fok LESF sssssssssssssssssssssssssssnnsnnas

I* S=rabh thoxxih the sarr=rof pateed Clmes I ane ooniSin an iewjinhey oomporesreet |

he [Sypef mmeto 1T B = A6 s Inf==ilis .

[» Wali=g in "Feybe=moor=" are dorited into & I ITTEy Fe=ifsybe—tum™ «f

Fﬂ':i-[s_ =T, L5 okl iws,
16| Im|Faybacktimepi3] + 0, ReelPaybacktimefi] = 107, eal¥aybacktine[:] = Faybacktimer:1]
|

fo =uh Tooghn e pshadd s Wi the lovest p=tacE b= e o

S= pe=atizmn i} = = === = = "m=r" Th=

=T b — | ]‘._=_.|".'E|:E == v
F=23
While| {FesiPaybeck biseg 3] < Reslfayhacktiner] - 13 |/ RealPoytmcktiney 33 == 10°) 863 < total,

W o

fitr “HbterEiestT | or the E* wfh il ppheh Sims .

« . S=ve the L et -0 F.1:|_J1_.-L..""'l Ciz= =i e

ActisiPayhacktimervalne = Real Paybarktinefi] ;

b hedate Deibersh .

(ot iTayhackbmesetus, Yotor Fiead)
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Optimization Routine

v The pinle wophas = & =l The firgt wain= in U= Ik LE a=nE Toldes

the oyl i J
¢ Z* @i SA ST 2 .
Artualret=dlprics[2, B, .8, 6. 2, .2, 4, 50, 005, 005, 400
468 54%; S 03
= Simulsted Anneafing A lgorithm

o TEE e defins] s s Sreet oofput  =Yiees ties, and ThesisrT e He Sedsnd oot

sk demung T 4

Teptari=ll =10 =¥ =4 x7 mf x5 ¥f x3  xF wl] =
Acthwelretsilprioef et ), 210, =5, =5, =7, =, x5, =f, x7, =7, =13

ntempe = 305 v Thuslees

1= My e Behee of L

IED::H'E_:" v Imitiz! pruab
FiE=.BE0E; = Fir=l proe=dilisy of Soo=i1m = worss |

R

1 [ .

[ . i

BgEgd
s ! ]
o . -
L x

il
e
bl
-
i |
'

B s
i L‘!'I
i il
4]
-
=
. 1
/
=

[

n

i

o]
L
=
I

L

[

1= i
- B

(1]

}

(]

i

-

i

B e Al

P | e e el i
.= MNE =L ol =23 ==l o

i

=1°= Bongerl , nntenpse 1] ;
Frni= hrq_-l_[1+ nnt=pes 17
x3 = Fange(l, nutemps+ 1] ;
#% = Barme{l, nntemes 1] :
#5 = Banogell , ontaspes 1] -
=6'= Bangerl , nntanpse 1] :

x7 = Fange{l, nntempss 1 ;
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== Homgell, nntanpss 1] ;

=3 = Fange{l , nntempes 1] ©

x10 =Henge( 1, nntemps+ 135

#11 = FRame[l, ontampas 171
lpodints.= Range(l, nntagpass 1]
¥starpointe = Heme) 1, nnbemre s 1 ;

n Wl r - e —S
B33l =gy =Ea=nsan

= =t
ﬁl’
Fn=1;

= (EloiiAats Filmt =Sine Ih Srs

bpointsfly = bi=1i{ly, SIOF1F, >AIIF, xAILF, =1¥, =6[1¥, =o[1¥, =&11¥, w371y, =200y, =10¥]¢
Estanpointefl] = kemtar{rl 1013, x10E1Y, =501, a5 018, *T1Y, #601F, =501%, =013,
#3[LY, =013, #0130 -
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!‘n'»r[mll:l, eoll < phampa r=lles,

E‘n-ria:m-lt: 2 oot =ns 1, coantes,

H=n¥=ly p=orh the currst désiom »
slomind = xlpd - 17 + Fondom (B, -1, T3] al;
sZemed = x0[i- 13 + Rendom (Reml, {-1, 13] &2:
w3narwl = 2371~ 13+ Banddom {Real , (-1, 137 &35
sxdomnd = x4Fi- 13 - RBanddon [Real |, (=1, 131 23
shoaid = a6 7i- 13+ Rarslom [Beal, (-1, 1}] 252
swho=ned = wETi - 17 + Fondom (Eeal, -1, 1] 46;
wTo=nd = ¥Ti- 13 - Fendon [Beal, {-1, 133 47;
wicarvl = =871~ 13+ Bandlom {Heal , (-1, 137 28:
*9cand ==9Fi - 13 - RBanddon [Real |, (=1, 131 &%
wl0csnd = 21071 - 17 * Rendam(Ras1| {1,131 210;
slloerd = 21973 - 13 + Rendom[Resl, [-1, 133 211

WhiTef{xl oand-2 10,

siceed = 1§3- 13 «Fendam Bl (-1, 118l - 50t .
|
WhilelxPoand < (O02ZE2222 Y nlemmd s (1,

x2cand = ¥ 1= 1F + Rardem [Raa1 | (-1, 141 AZsT. Al .
i

While(x3oc=nd 5 002220202 VaScamd = 1,
w3caiE] = %3115+ Random {Real, (=1, 131 450 » 0" E o1 7
|

Whilejxdcmt s 5\ xlosnd s 200,
el e W Ei- I+ Bandom(Real, (=%, 1)1 4% o s) f
|

HhilefxScand 5 & =Ho=nd = 100,
xocEmd = x5Fl- 13-+ Bandkm [Real, (-1 13].83: (= 2C =
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hilefxEoand = (2 xécand s> (8,
xbomtal = x6fi- 13 + Bandeom [Raal | (-1, Li] a6 « I8 L

WailsjxTo=wls 2V wTeand > 8,
wioaiE]l = xTEI 15+ Random {Real, (=1, 13 a¥s o« 205 402
|

Whilef{xfcand £ 2V =Bcand > |5,
xBcand = x¥{i- 13+ Fandan{Fesl, (-1, 1j146;
)

i
i
s

ll:l_i'_‘l.efﬂc.'-an_iﬁ_ 2 Y xicand » U8,
x%cmnd = w8fi- 13+ Fandom{Beal, (-1, 1374571 == .
i

Whilsixibcnd= 1,
.ﬂl}EEﬁiqx.LE{i—I:}+Bagﬂm{§Enl, (=3,25) 2105 [ 2 =05
1
While{etlomid< 1 Y alleemd =2
seiloemel = w1173 - 1) + Fondom{Bas] | (-1, 13 a11;

s Thin foroes the E* v=lme $o lwe ool Filed saxh bkah e dnaion e =
Lt =y = L] =T ems

VIS OONgAl=—150 TIifEE .
holdit = Actnslvetsi lprice fxl loes] |, ¥10cend, xiamd, =ficand, xToand, xbcand,
aficend | wdeond, ¥heond | 0o, wieomed]

i
i
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» IF 2his lp the FPrat destgs seedgepatiegy (L = 20 theyy anitewmei iy
rrmet s Ssigh e
Iffi =2, &ZEavwy =ANoa{sFF];
« Prabt=tility of ooebing the desidm 1! 1k is peerer H=n b= crrresit d=ign .«
—2Eaks
Pe =E|p[—],
LE=mm | Ta;

I sh=d=miim D befti=r = = shrrest se=s iy, e is-the first peisrimbi=n
arcenrs At I 1t le poordr, iy accept 15 IF "Ha" is greater She g ranvion
rembwee biebamesny Ul =wd 1 S
TE[AE £ 0, accept=Te, mqrt:Eg-zR:nzi:l_:ln{lhe_al_, (0, 18117
IF[i =2, aocept = True] ;
fe 2fth= dasiim e ===pte|, == 1% o the rant sleaemyt o =ch s=star srr=y

Iffaccent = True, (bpoints[i] = beend, X1Fi¥ = wlcend, 327i] = x2cend, x371J = xdcand,
SELY = xdcand’; A5 = xDcand, AEfI] = xbcand XA & XToand, x8§1) = xBoamil,
HOELT = wirand, wI0Fiy = wlfeasd, w115y =2l lo=ndy

{bpoimt=fiy = bodntagd - 13, 21§13 - wifi - 13, =07i3 = =0fi - 13, =3Fi3 =#5¢t- 15,
4733 = x4[3 - 1F , 5LEF = «5f1 - 13, 6Fi] = x6fi - 13, xTha3 = 27Qi- 13,
IHEIT =B~ 1] , wFFAT-= 29F1 - 13, WOFiY = 21001 - 1], w11€iF =x110i- 13037

s Aormote] designs odl] oonpiriisbs o bHhe o

Hjarent = Tre, &rop = AFam + Eabe | fBrom = AFcom)
Iffeccept = Troe, g=a+1,; g=al;

théxstar = Artueiretailprice{xl1Eiy , 3t0F3, x3Ei3, RBELiF. xTEiF. w6Eiy . u5EiF,
=AY, =394F, =20Ey, WFIIETY

« oot o= =mpar for ge=5

us
x5EL] 2AD[EF %5EEF
W vsBgiy, " nxEgEy, " "aTEi3, " TABE3, " &SEi3, " "AO[3, " " HALE,
o lja:lm.ni_zii,]_ oL mr},rﬂg+u]]

TLOTELOET e

Print]styls|{ " “aulpiy, ' ta2gY, Y “=3§ER. " e
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desi

m—— thys "crpme D' werm e
sassen Lpdstm the =z=sling =mpes=tors EEaw
Tanew = E Te;
o = Tonew
= = = Tm=uslily s=sia==] Ic
A as
r Yra - b

« FrIONT W SEpecinaE pETuENii=ge aoEpilEation -

rmll
——]. * » Compl=t=t];
ntenps

....... Eagd &l ral Y l,_u_',;-. T —

o Thes tioee paramstesrs & el mth sore.des
== -
thezstar =%10§3 - 13 7
ther=- iy —13:
yesra - bpointagi - 13 ;

(841731 IDLE.3E , D.OI03SI4 , D.0B535535 , S9.90EE

Boe3A3EE , D.SESEOE |, OCEQRERY 0 _ERENd |, 4F_EDTR

ETa[ove Tars salp

# 1.BEIS

« 2008395
o 2S_9ETZ

===

s T_ES

{4.1_8552, 933:595 , 0.00996%7 , D.00524383 , §9,R085 , 20.£54 , 0.64€511

p.552612 , D.FX3%E , T.6Z0B349 . BE.2258 - 1.97023

. 2B:E2EY

#2258

{eE 640z 801 578 , 0.0101322 , 0,00476E63 ,'88_ s183 , 1E A3

§.££5783 , 9.€2225E5 , Di€33331 , 0,60485%¢ , G1.62% , 1.3863E , 35,655

I8E 586z, 561 878 . O_G101E3E . O_DO4TESE3 89 ayod

&.£58783 , 4.€2023% , 0.ES3531 , 0 _g04sce , 51623 , 1.0ES4E , 25 633
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128 EETE,

83g.58 , 0.40SXa8e% , 0.A0456395 , 55.€3BZ . 20.118% , 0628671

0.E28315- , DiEGESSS , 0.595723 , S1.825%  1,.5054 , EL.PAT4 , TIES
IEY 6Bé0E, TE1_738 , B_06ST4923 . B.00EEDSS , 98.96€d L 20_ 1805 .

0 EZpmss. |, pLE2EEDs , 0 E£5EsSie A £3067 , SHoadss , 1i43Sel 19 518 , zod3
[EECZIS2, BZ4.582 , DUODE7S034 , 0.009£7739 ,S0.3Z8€ , 18.273%

0_eBozaT , DIEZ05d . DoTDTOER | DOALTIRS , E290FEEl |, 1.TEEZE | Zo_4sac L ILE
F25:347%, Ti8.9€8 , Q00580385 , No00450455 , 92.6243 , 20.090E , D.E02643 ,
0.65295 ; O.E7ESSS , D.633201 , 3813559 , 1.727i2 , ZR-THOS , 2295 )
{EE_ %183, 500,183 , S.018n12% , A AQSISTEE ., BO.2&80F , 19.E97E , O.E0E52
O.E3BZLs. ., D.TAZgRT , O.E0F14%  , &0 408 , 1.58935% , Z6.4023 . 275 3
(50.2735, 75&_7a3 , p_01021EE , O_003TI53E . 90_HOES . 19_ 084 . 0-SE04E2 o,

n E£308E |, D.T2EH90D , 0576051 , 40.DESE |, 1 Ed3ns | 1E.odER |, Z.7E 3
(3503026, €95_S0E , 0U0ID3IES- , 0O0035€9S , 56545, 18.385% , D.569203 ,
O_EES&DE- , D.7LOEEY , D.SSET0E. , €9.759F , L.E5S47T | 1E-E7EE L TiE )
ES7-1829;, TFR 240 . RL0ID7iZEe , D.O0AS=0€L , 8O, T7ES9 , 28.8073

0.5%7568 , C_E50E36 , . T2025 ,; 0. S5OE07S  B0.05YE , 2:97231° ; 17.335% 2.5
{28 £33, G4T.ASE , D.AIGEIZE , 0.0038402F , 0E KO5§ . IO, 33 . 0.51%17F
g.EI8aE , 1.,7245p% , 9.534824 , SpoTERD , 4. 4S3BA , ET.STOT , Z.5E
tEgg_ 1021, §29_6€3 o, D.0103315 , 000415156 . S1_0583 21 Z211

n.=¢4EeE |, D.SO0p23d , 0 &9TTST |, BiEcelie , S1.78EE , I_E70€ , 16.3657 , 2.3
[300ZES, BEE.53E , 0C00DW9BREST , 0OOODSI€3TE , E4.S087 , IE.ZEIZ , D:SYESTE
O_sEEd3z , D.7IEFAY , D.SEFI0SE- o 3P 4458 , 1.E0I€3 |, AE.ES14 T
[29.7858, BOB.T7i4 , R.008828E , 0_00€307€5 , G2-0825€ ., E0.75e5 ,

0.528038 , D E05E4E , O.697521 . 0 52238 . B0:8187 , 1:85P835 , 35.3985 2.€
(S0.2571, 747,75, B.40071sEt |, G.40%EE . SO-BETF . 26,2344 , 5. 335384
g.5cofs55 , B.T722435 , O.S2%=ZeS S0 E0T , L G0TES , LE.4E43 , ZIE )
(50.5271, 747.75 , D.009TisEL , D.002266 . B0.§67T , g0_T3s ., pD_sasRicT

n Efg0Es |, poT2gEls L 0.53@35F° , $R.E07 , 1.80034 , 1F &84 L 2oE )
(S05F27%; 72775 , UCO0STEREE. , 0OO0426E , ‘8D 9€77 , 2Z00E3%4 , DUEaseae
O.58H0ss , DUTE3A1E , D.SEEDSE- S IDR.E0T , A.B0TES , LEasaR , 2IE )
5. 4873, TEO.04Z , 00243231 , No0D4547E , 88.7785 , 2r.ont7

0.513648 , B.ST082 , D.70E32% , 0o5S22F3 OBRIOETE 5 L.TSEIR . 2ELE5TT 42.B
A=z H=2 dpa & 1 A3

=ak E:_ﬂ =xl =x 2-:‘ = Yr= 2
2 % Complete
(243.2%0, 560,191 , R.012%1%2 , Oo0025F750 , 02.000 , £1DEZ0R , Ro24T007
0.534€523. , 0:-3B8E26S , ©.22740€ , T0.8278 -1,B3EVE , 6-O2BRET ; BiE5
(382. 339, #Em. i3, 2.01211% , 0LO02SETSS , 28.808 , £ SEIOF ., 2.347E4F
0.34E533- , D:36EE4 , 0.2374B€ , TO.5879 , 1.81€1€ , £.02F57 , 245 ]
f§s95. 395, Ge0.131 o, D.01Zi1¥E ; 0Up0ZGETSS , SE.o0g , DiDERDE . 0.24tEgT
n_gkgsaz |, D.3RS2ES , 0. 2d749FE , 70,9372 , 1.91E1E , £.92957 , 3_&£% 3
fasd.des, 860,131 L, 0U0I2TIT L 0 002EETES L 83005 , £.06I08 ., OURSTSET .
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4.2eE533 , L.IEEZ64 . 0.ZTT4S€ , TO,BETS
(g3 340, 3ED._ 181 , boorziig | BlG6oZseTSo
f_3eés3s , 0. ZAE2ce , O_Z3TRGE |, TH._ESTE
f353:34%, HE0.131 , DoOLEILE , O ODEZSETES
O0.3EE533 , O.38A2ES , D.ZITE0E , TO.S97F
f343-348, T60.131 , £.01F11F , Q.O0IEETSE
0.3£6632 , 0286268 , 0.Z2748€ , T0.5897G
¢42E. £4%, 920 T&S , '8_D11781F |, DUADDERDLT
Q.zE1295° , 0380857 , 0.2085EX , €9.053%
EgDei E41, D22 _TEs , 'bool¥Tolz |, OUDDZEEOLT
fi_gEisgs . 0590057 , O_ZDEEEL , E3_5589
[E£2E: 645, BEP-TES L Po0117013-, BIDGSESTET
g.dEa1ses. , 00380057 , D.Z08SRE , €5.o500
(4=F. 692, S2R-TEH , £.0II7H1Z , DoOOZEZOLT
0.2£31795 , 0.3200057 , 0.2085B4 , £0.9%500
¢ETE.£31, 9FF TES , 8_0117E1Z |, D_ODZEZNLIT
9.261285° , H.380437 , 0.ZO985EL , €9.9588

-4
i
™
Wi

EgREl Ed1, 922 _TES , blUbix 0on0ZEZOLT
fi.3€1z95 , 0.390057 ., O.20BGEL ., €3.5599
[22E: @4, BEP:TES Q0117812 ., DIOGIES0ET
g.dEises. , 00350057 , D.Z0ESRE , €5.o5C0
(4=€. £5%, H20_TEH , £.0II7H3Z ., DoOOTEZOAT
0.2£31208 , 02000857 , O.2085B4 , £0.9500
CEZE.#41, 9FF _TES , 4_0117E1Z |, D_ODZEZNLIT
d.261205° , 06380457 , 0.29855E% , €9.0508
EZEE: €21, BEZ_T7ES , DoOIITOIE , DoDDZEZOLT
fi_3€1zas , 0.3890057 . O.ZDBEEL ., €3.5599
[E2E: @4, BEP:TES ,P0117812- , CIOOIESOET
g.dE2285- , 0.350857 , D.I0DAERE , €9.8500
(2S0.2%4, 537,429 , S.0II8E3E , DoOOESEOIE

0. A2EIRT , D-3B4FEE , 0.23421£ , €9,550%

f20p_21%, 933.%29 , 4_p1i3EaE , p_AnzIENFS

s 1.B381E , E_82FTT , 3.45

i B3 8aR.
+ 1 _BAELE

i FACEER
oI, TIELE

o B3-805: , 4. 9EI0H

s L.BiELlE
, S4_809E

¢ L.EBOEL

+ S CERSE
+ L_BSOAL

o TA_BORE
« Z.B908Z

« B49-503E
« Z.B908%
« B4, B0EE
« 1.BEOGL

+ S _ERaE
+ L_BSOUAL

o SA_BORE
¢« Z,B908Z

« B4-0O3E
« 2.,B8908%
. B4_BOEE
« 1,BBO0F1

=4 _B03E
+ L_BSOAL

o TE-_BORE
« - 2,EB9082

. 93,2263

¢ 2, B797%

« F2.0463

3. 528, 'DlEEsTEET

» E.S2HET

# 345

2086208 BLIITEST ,

+ ECSZAET

i, E.93807
p & RITZST
» E.82673
L E_2EIET
; E.DTATR

o A_J23FT
+ E-SZATE

po A RIFET

; €.92870
p 421357
» E.82673
o AoELIEY
; E.32ETE

w A_423FT
o E-SZATE

oA RIIET

;- €.92878
. 4_E1EFT
., E.A2H72
o AoEEIRT
; E.BZAET3

¢ A_4Z3F7T
o EUSZATE

o £ 8553

+ €. 75BEZ

, #_BE5FL

P B 3

« 3= %3

o BLEETEET ,

+« 0. 2438E5

« Az6

« 0. 243865

v A=6

4.30623F , 0.468795 , 0.714316 , €0.5504 , 1.ETOT4 , E.7S3EX , 3.1

H=d Rmd dp A 4p"S-
= x5 = ==5

404 ¥ Compiete
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g

¥r=
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= Plots
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» Th= En=l opmis ddemg the s S S Foator=y In L-% -

Printi"Tot= Fowtion Caldls ",/ 24-114

o Histoey pleats of Seh deitan v=iShis

plotal = [datPlet(x] | Joined -+ Tro=, Plotfange 4 (Emixl], Mexfxl] ), Frame = Troe,
Gridlines + Antoetic, Plotlsbel = "Ra Y10

plotyl = lastFlot{xl, Joined + Tros, Plotfange » (Minixr], Bex(0]), Frams -+ Troe,
Cridlines— Autme=tic, Flotlabel = "d,,""] -

plotixd= ListPlot{x3, Joined - Troe, FlotBange» {Minix3i, Mexpxdi), Frame - Troe,
Gridiinss + Automstio, Pletlabel + "d.""]

plotwd = EstPlotixs, Joinet + Tros, Dlotfsnge 4 {Mnixd] , Exiad]} , Frame -+ Trus,
Grodidnes-+ Autoetic, Flotlabeb + “a,.% 17

Dlotud = ListPlot{yxd, Joined = True, PlotRange o [Miniwsl , M=y} Frome — Tros,
Gridiinas -+ Automstic; Platlabel + "a, "] 5

plotad = L=tPletix, Joined + Tro=, Plotfangs + {Mnixf;, Mexpiod]}, Frame » Tros,
Gridlines - Auvtometic, Flotlabel - "s50") 5

‘plotx7 = lastFlot{x?, Jdoined = True, PlotRenge -+ [Hin[xT] , Hex(x7]) , Frame + Troe,
Cridlines + Aubtopstic, Plotlabeal —+ "=, ") 7

plotxl = ldatPlet(:d | Joined -+ Tro=, PlotSange o (En{xE] , Mexfi8] ), Frame = Troe,
Grididines— Nutosstic, Flotlabel - "=5, " ;

plotx® = ListPlotixd, Joined -+ Troe, FlotBange» {Minix9], Maxixd]) , Frame = Troe,
Gridlines + Aautomstic, Plotlskbsl 4 "=5 7]

plotwll-= I..:i:stﬂ.ﬁt!xlﬂ, Joined + True, PlotPange + (Min{=10) | MExixld]), Frame <+ Tme,
Gridlines - Antomtic, Plotlabel - 274 ;
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APPENDIX B. FRICTION FACTOR TABLES

24
2dpe
Friction factor tables for f = %

dx
Um: Volume averaged velocity through channel.
dP/dx: pressure drop along flow direction.

p: fluid density.

dp: hydraulic diameter of fins: d,, = 222

Wytwy,
&x. heat sink porosity normal to the flow direction: ¢, =1 — %
& heat sink porosity parallel to the flow direction: €, = 1 — %

A: dimensionless fin length: A = di
P
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