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ABSTRACT

One of the challenges limiting the implementation of thermoelectric material in thermal systems,
in which significant heat is lost to the environment, is its limited power generation efficiency. A
team of researchers led by Penn State are designing, building and optimizing a waste heat
absorption facility through Thermoelectric Generators (TEGs) modules to understand the optimal
conditions for TEG performance. This thesis focuses on the design of an HX Enclosure to enhance
heat transfer from the heat source to the TEGs and the testing of the waste heat recovery system.
The system is built as a TEG/Qil Loop, in which inlet air and cold oil (Paratherm NF) flow through
the designed HX Enclosure. The design of the enclosure was done through SolidWorks modeling,
and the testing of the system required a variety of thermocouple sensors to monitor relevant

temperatures and flow rates.

This thesis presents results from an initial theoretical model, calculated through modeling the
system’s thermal resistance network, and results from tests conducted on the system at various
inlet temperature and flow rate conditions to understand the effects varying these inputs have on
TEG performance. These performance tests will allow engineers to understand the viability of
assumptions made in the theoretical model. The work in this thesis analyzes the significance of
these test results and provides insight into understanding the optimal conditions for the TEG’s

performance.
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Chapter 1

Introduction

This thesis focuses on the application of thermoelectric generators (TEGs) coupled with a heat
sink enclosure as a waste heat recovery system. There are strong economic opportunities to
improve fuel economy by improving the efficiency of internal combustion engines (ICEs) and
heating and cooling (HVAC) systems. Due to the inefficiency of these widely-deployed systems,
and large-scale saving opportunities, the heat sink-TEG system is being designed and tested to

determine the heat sink enclosure design and experimental efficiency results of the system.

1.1 Motivation

There are several sources of motivation for this work. The first is that HVAC and ICE systems are
used every day, but do not operate near optimal thermal efficiency. The Department of Energy has
stated the desire to improve the efficiency of internal combustion engines from 42 percent to 50
percent (a 20 percent improvement) [1]. Economically, 1 percent and 5 percent fuel savings for
personal trucks results in $5.0B and $25.0B estimated fuel savings over 1 year, respectively [2].
Extrapolating these fuel savings to other commercial vehicles has garnered interest from many

automotive OEMs.

This project seeks to quantify the electrical output of TEGs within a thermal system powered by a

heat fan. An innovative heat sink enclosure and executing a characterization matrix, testing several
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variables, is leading the author to experimentally determining the efficiency of TEGs. The result

of this thesis is meant to validate the TEG approach as a feasible waste heat recovery system.
Scaling this test to larger systems can realize the Department of Energy’s desire to improve

automotive thermal efficiencies.

1.2 Research Objective

The research objectives of this project are to develop a heat sink enclosure to facilitate the heat
transfer of “waste heat” from the heat blower to the TEGs. To motivate TEG implementation,
approximately 60% of the energy consumed globally is wasted in the form of low-grade heat. In
automobiles, the ICE does not efficiently convert thermal energy into mechanical energy, losing
much of the energy as dissipated heat in the coolant and exhaust. The HVAC and ICE systems are
characterized by large temperature differentials, offering the ability to implement TEG technology,
converting the temperature gradient into electrical output. The main research objectives of this
thesis are to: research, prototype and manufacture the optimal HX enclosure design, develop a
thermal resistance network and performance matrix, and perform analysis of experimental test

results for optimal TEG conditions.

During the design phase of the project, the enclosure must go through several iterations to be
customized to the TEG/heat loop system and designed for minimal dissipated heat loss. The heat
blower funnels heat into a large cylindrical tube, which serves as the design constraint to ensure
negligible heat loss to the surroundings. Additionally, the enclosure assembly must be designed

giving the constraints of the heat sinks attached inside the enclosure, to enhance heat flow. The
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design of the HX enclosure with respect to the TEG, water block, and heat loop is a crucial step in

this project.

Modeling the thermal resistance network of the TEG/HX system is another research objective.
While the resistance due to convection, conduction and interface resistance are identified, the
specific system’s resistances must be calculated. Identifying the relevant system parameters, such
as heat transfer coefficients and overall thermal resistance, allows the team to explore varying
inputs in efforts to attain a maximum electrical output from the TEGs. Another objective is to
develop a characterization matrix, which allows the author to variate several system parameters,
such as flow rates, temperature of the air and system oil, type of oil, etc. The placement of the
TEGs with respect to the heat absorber, heat sink and HX enclosure is a constant while simulating
the test matrix. Attaching multiple TEGs on stacked wall faces, as done in this thesis
experimentation, strongly affects the unit area generation [3]. The results of these tests will allow
the team to determine the optimal conditions for TEG output and apply the findings from

experimentation to real waste heat recovery systems.

1.3 Project Background

In the 1820s, Thomas Seebeck developed a circuit with junctions at different temperatures.
Through testing with a compass magnet, Seebeck determined a “Thermoelectric Force” exists,
which states that a temperature gradient produces an electrical potential (\Voltage), which can drive
an electric current in a circuit [4]. Furthermore, the voltage produced is proportional to the

temperature gradient between the two junctions. This concept has seen been expanded through
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thermoelectric generators. TEGs utilize the Seebeck effect with N-type and P-type semiconductor

materials connected electrically in series, but thermally in parallel [5]. Below is a graphic
visualizing the Seebeck Effect phenomena, with an equivalent thermoelectric circuit in place,
highlighting in Figure 1b that the amount of electric power produced is governed by the heat

transfer rates to and from the n-type and p-type semiconducting pellets.
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Figure 1-1 Thermoelectric phenomena highlighting the Seebeck effect with a simplified
thermoelectric circuit [5].

Electrons are capable of carrying heat and electricity [6]. With a temperature difference between
the two faces of a thermoelectric material, such as a TEG, electrons travel from the hot face to the
cold face, resulting in heat, and electricity, generation. In practical applications, one side of the
TEG is heated via a heat source, and the other side is cooled via a heat sink, resulting in voltage

generation. TEGs generate an electrical output from a temperature gradient, with the potential to
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result as a renewable energy source driven by the temperature differential in temperature-varying

systems, such as HVAC and ICE systems.

TEG technology, as pictured below, incorporates the Seebeck effect with a supply of a heat source

and heat sink. The typical TEG has an efficiency of about 5%, which is limited by the Carnot

(Th_Tc)

efficiency of a system: .
h

* 100%. While limited by a system’s operating conditions, the

Carnot efficiency equations provides the correlation between increased temperature differences

resulting in greater system efficiency, which is electrical energy generated.
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Figure 1-2 Thermoelectric material exhibiting Seebeck Effect given a heat source [3].

Since the 20™ century, thermoelectric principles have been explored in real systems to determine
the feasibility of increasing energy generation with the Seebeck Effect. Today’s reality is one of
increasing environmental concerns, as well as a fear of a global energy crisis [6]. As previously

noted, approximately 60% of the energy consumed globally is wasted in the form of low-grade
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heat. Developing countries use massive bio-fuel furnaces to mitigate global warming, and within

laboratory settings, TEGs have been installed to test for improved efficiency. Having seen proven
results with TEG incorporation into bio-fuel systems, research is advancing for TEG technology
implementation in more waste heat recovery systems. This research is intended to deliver the key

objectives related to TEGs in waste heat recovery systems.

With an increased demand to generate energy by renewable means, the TEG technology is
examined to indirectly improve efficiency of thermal systems [7]. Thermoelectric materials incite
waste heat recovery, which is the recovery and reusing of energy that would otherwise be
dissipated into the surroundings of the system. Typical waste-heat recovery systems in which
TEGs can be incorporated include steam power plants, exhaust gas, HVAC systems, etc. The
benefits of TEG modules incorporated into thermal systems is that they are light and silent, have
no moving parts and can convert recycled heat directly into electricity [6]. Beyond these traits,
TEGs have the ability to be scaled up to larger systems and are highly durable. The widespread

potential for thermoelectric technology is a driving factor behind this research.

A thermoelectric conversion system, shown in Figure 3, normally consists of heat absorbers, TEG
modules, and heat sinks, where heat absorbers function as heat collectors to heat up the TEG, and
the heat sink functions to dissipate heat from the cold end of the TEG module as rapidly and
efficiently as possible to widen the temperature difference between the hot and cold faces, to
enhance performance of the TEG module [6]. TEGs are typically paced on the exhaust pipe
surface, within an automobile’s internal combustion engine, and they are cooled with cold blocks

using a coolant, in this case engine coolant. Within the experimental system used in this thesis, the
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system is supplied heat, Qn, at the hot side of the TEG, and cooled via cooling oil on the cold side.

The experimental setup of this system features 1.550 kW heat input from a heat fan blower, a
designed heat exchanger enclosure with six-plated heat sink fins, an aluminum plate mounted on
heat exchanger enclosure, three TEG modules and coolant oil flowing through a water block. The
fins are uniformly distributed along the two walls of the HX enclosure [6]. This arrangement guides
the flow so that it is impossible for the exhaust gasses to get to the outlet without the development
of turbulence [6]. The TEG modules are clamped between the face of the hot-side heat exchangers

and the cooling heat sinks with machine screws [6].

Figure 1-3 Configuration of (a) thermoelectric conversion system, (b) individual parts that mate to
form system, and (c) dimensions of the aluminum alloy enclosure [6].



Fin spacing is another major topic explored in design of a HX enclosure. In heat transfer, fins are
used to increase the heat transfer from a surface by increasing the effective surface area [9]. Since
the use of extended surfaces is often more economical, convenient and trouble free, most proposed
application of increasing surface area is adding fins to the inner surface in order to achieve required
rate of heat transfer [10]. However, the designer should optimize the spacing or the number of fins
on base carefully; otherwise extra fins may disrupt and slow the rate of heat transfer. Although
adding numerous fins increase the surface area, they may resist the air flow by reducing the amount
of available space for air flow and cause boundary layer interferences which affect the heat transfer

adversely [10].

Aluminum alloys are a typical material selection due to their high thermal conductivity as well as
lower costs and weight. Fin effectiveness is also enhanced by increasing the ratio of the perimeter
to the cross-sectional area [9]. For this reason, the use of thin, but closely spaced fins, is preferred,
with the provision that the fin gap not be reduced to a value for which flow between the fins is

severely impeded, thereby reducing the convection coefficient [9]. Fin effectiveness is defined by

o U
f hxAcp*0)p

, which provides insight that thin fins, with a smaller area, are better justified for
conditions in which the convection coefficient h is small [9]. Experimentally, the convective heat
transfer rate through the fin arrays depends on geometric parameters and base-to-environment

temperature difference. This research takes into account optimal fin spacing and arrangement

within the HX enclosure design.
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A difficult aspect of this research, and primary focus of this thesis, is that there are a wide range

of operating conditions available within the TEG experimental system. The inputs that can vary
include inlet air and coolant flow rates, type of coolant oil and inlet temperatures. Careful analysis
of a thermal resistance network is necessary to understand the intermediary resistances and
convective heat transfer at the inlet and outlet. Upon establishing the thermal resistance network,
a series of inputs can be varied through an established model to determine the outlet temperatures

of the air and coolant, the heat transfer from the HX to the oil, and ultimately, the TEG Efficiency.

1.4 Remaining Chapters

Chapter 2 provides a Literature Review of relevant research and progress. The literature review
introduces relevant work done on this subject, including progress made on establishing optimal
plate fin arrangement, establishing thermoelectric conversion systems, review of waste heat

recovery systems in automobile engines and performance tests conducted on TEG systems.

Chapter 3 delivers a detailed overview of the design process for the HX Enclosure. The detailed
overview provides each iteration, and detailed design specifications for the final iteration. The
chapter reviews how different types of designs and assemblies have been used throughout this

research.

Chapter 4 establishes the parameters for the HX System Analysis, including the Performance Test
Matrix. These parameters are determined to conduct experimental tests of the system. Chapter 4

also details the experimental procedure.
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Chapter 5 performs an analysis of the HX System Experimental results, deriving output parameters

of interest in the Performance Matrix.

Chapter 6, Conclusion, summarizes the results of the experimental tests found in this thesis, and

discusses future work to be completed on TEG technology.

Chapter 2

Literature Review

This literature review introduces relevant work done on the thesis subject, including progress made
on establishing optimal plate fin arrangement, establishing thermoelectric conversion systems,
review of waste heat recovery systems in automobile engines and performance tests conducted on
TEG systems. The work highlighted in these fields established background knowledge for the

work completed in this thesis.

2.1 Fin Arrangement

While designing the HX enclosure, selection of the fin arrangement was a crucial step. Fin
arrangement, which can cause temperature to be distributed non-uniformly and decrease heat
exchange efficiency, can also affect fluid flow and distribution in different channels of a plate-fin
heat exchanger [11]. Previous studies used several methods to analyze fluid flow and heat transfer

in heat exchangers with pin fins and corrugated fins, but the effects of fin arrangement on fluid
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flow and heat transfer were not heavily analyzed [11]. As the contact position and number of fins

vary in different sections, there may be turbulence which can change the flow type and affect fluid
turbulence in channels [11]. This is crucial as heat transfer calculations done in this thesis assume
fully developed thermal conditions for the air and oil flow. The fin arrangement also affects the
temperature distribution, as fins have a certain thickness, and, under the same inlet conditions,
channels can be narrower if fins are arranged densely [11]. A denser arrangement results in
increased flow rate, allowing a large amount of fluid to flow out of channels without fully
transferring heat, reducing heat transfer efficiency in the exchanger [11]. Additionally, fin design
is often motivated by a desire to minimize the fin material and/or related manufacturing costs
required to achieve a prescribed cooling effectiveness [9]. For the calculations in this thesis, and
for simplicity in calculations, it was important to select a proper fin arrangement to ensure uniform

temperature distribution.

2.2 TEG Setup

Since TEGs have been discovered as a viable renewable energy source, significant testing has been
done to establish the practicality of the technicality. Many current studies have addressed waste
heat recovery from engines using TEG devices and many have claimed patents [6]. Studies on
thermoelectric generation by the recovery of engine waste heat emphasize integrated thermos-
electric conversion devices and performance simulations [6]. In the study by Chienkuo Technology
University in Taiwan, the thermoelectric conversion system consists of heat absorbers, TEG
modules, and heat sinks. The heat absorber heated up the TEG, while the heat sink dissipated heat

from the cold end of the TEG module. The exhaust gases were brought through a circuitous path,
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which is forced past the pin-fin heat absorbers. The resulting turbulence enhanced heat exchange

between the hot exhaust gases and the extensive surface of the heat exchangers [6]. The fin pins
were all the same length and made contact with the baffle box in the center of the chamber, forcing
the flow to the outlet while developing turbulence. In that study, the experimental setup for

generation performance test of a single TEG module is shown below.

1L.Air compressor

2.Tank

3. Air dryer

4 flow coutroller

5.TEG module

6.external load

7voltage meter

8.data recorder

9.DC power supply
T 10computer

Tubes for air flow
w2 Direction of air flow
= Wires

Thermocouples

Figure 2-1 Experimental setup used for the single chip TEG experiment [6].

The Chienkuo setup includes an air supply, a TEG module, a test section with heating and cooling
devices, and data acquisition tools. The experiment investigated power generation of a TEG
module, represented by an output wattage. The experimental results indicate that when the
temperature difference between hot and cold faces of the TEG, AT = T}, — T, is greater, there is a
greater TEG power output. Power in the system is P = V2 /R, where R is a load resistor (2) and V
is the output voltage (V), so a larger load resistor corresponds to a greater TEG output voltage.

The correlation between maximum power generation and temperature differences was defined
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as: P = 0.0002 * (T, — T.)?. This correlation supports prior theoretical research signaling that an

increased temperature gradient results in greater TEG power generation.

2.3 Real World Applications

In automobile engine systems, several groups have introduced thermoelectric conversion systems.
The opportunity for efficiency improvement is illustrated the diagram below, highlighting the
energy flow diagram within a vehicle. As highlighted, the 40% lost efficiency from exhaust gas
can be decreased by the implementation of thermoelectric technology. Large multinational car
companies such as BMW, Ford, Honda, etc., have demonstrated interest in exhaust heat recovery,
developing systems that make use of TEGs. The typical design locates the TEG placed on the
exhaust pipe surface, the hot side, and are cooled with cold blocks using engine coolant, the cold
side. The Ford system heat exchanger uses many small parallel channels lined with thermoelectric

material for the exhaust gases to pass. Liquid cooling is used in this case [5].

This system is rated to produce a maximum of approximately 400 W with 4.6 kg of thermoelectric
material [5]. The Renault system is to be used on a diesel truck engine. It has dimensions of
10 cm x 50 cm % 31 cm [5]. This system uses a counter flow heat exchanger arrangement using
liquid cooling. A combination of high temperature TEGs at the high temperature end and low
temperature TEGs at the low temperature end were used [5]. The studies found an appropriate way
to improve the overall efficiency of fuel used in a car to recover wasted exhaust gas with the
implementation of TEGs. The expected impact from efficiency calculation is ~1 mpg (5%) fuel

economy improvement for a typical Suburban vehicle. Reviewing this study asserted the practical
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applicability of TEGs, and the results of this thesis took into account the system setup and fin

arrangement to develop the experiment.

Vehicle Operation

25%
Mobility &
Accessories

Combustion

5%

Friction &
Radiated

30%
Coolant

Note: Charts in this presentation
are drawn from multiple sources
and may have slightly different
numbers because of different
vehicles & assumptions. Consider
them general estimates, not precise
analysis.

40%
Exhaust
Gas

Figure 2-2 Automotive energy flow diagram, highlighting 40% efficiency lost through exhaust gas
[12].
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Chapter 3

HX Enclosure Design

Prior to the experimental setup, it was necessary to design an enclosure to enhance heat transfer
and reach the TEGs. A focus of this thesis was to create an HX Enclosure, which would include
heat sinks to enhance heat transfer through the system and towards the TEG modules. This chapter

provides a detailed overview of this enclosure, and of each iteration in the design process.

3.1 HX System Overview

The setup of the initial model for the enclosure system, a heat fan blower funneling air at 793K
into a cylindrical pipe, did not practically allow the air to flow through a system and to the TEGs
for power generation. For the experimental system, the primary task was to design an HX
enclosure, which would serve as the starting point for heat delivery to the TEG and for
development of the thermal resistance network. The secondary task was to minimize heat loss to
the surroundings when the system was running. Prior to developing a precise design, the system
was defined and is shown via a sketch below. The sketch provided clarity of the system and its
components, for one heat sink, allowing the author to quantify the various modes of heat transfer

taking place.
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Figure 3-1 Thermal Resistance Network Corresponding to heat sink setup

After understanding the Heat Sink setup, the author devised a thermal resistance network. The heat
input in this system is Q/6, due to the assumption of even heat distribution between the six heat

sinks in the final design. The modes of heat transfer in the thermal resistance network are

. . . . . w
convection and conduction, where h = Convection coefficient (=] The network

experiences resistance due to convection, conduction, and “interface resistance,” at the contact
points of the Finned Heat Sink and Steel Plate, the Steel plate and the TEG, the TEG and the
Coupling Plate, and the Coupling Plate and the Water Block. Each resistance is calculated in
“Appendix A: Thermal Resistance Network Calculations.” The calculations showed that a
significant percentage of the total resistance, 94.4%, was due to convection, highlighting that

conduction and interface resistances were near-negligible. However, the author included the

&7
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effects of these resistances in the experiments, for accuracy of the overall resistance (UA),

corresponding input heat (Q), and subsequent outputs described in Chapter 4.1.

Furthermore, knowing the number and the arrangement of the heat sinks, the author configured an
overall thermal resistance network. As shown in Figure 3-2, the six heat sinks act as parallel
resistances in the overall thermal resistance network, in which R1 through Re are equal to the total
resistance through each Heat Sink Setup. This network setup allowed the author to conduct a
theoretical calculation of the UA value, due to the various modes of heat transfer. These

calculations are expanded upon in Appendix A.

s
=2

g

=R

s

A
(%]

@ @

-
=

s

¥

=4
xu'§

2

—y
=

3

Figure 3-2 Overall Thermal Resistance Network

The system featured a heat fan blower delivering 1.550 kW of energy through a 2.43-in pipe, but
required an enclosure to 1) enhance heat flow and heat transfer to the subsequent system
components, and 2) minimize dissipated heat loss to the surroundings. The HX enclosure was
limited by the geometric constraints of the fins to be placed in the enclosure and the pipe diameter.

These constraints included plate fins 40mm in height, 80mm by 80mm in base area, a required
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minimal spacing of 0.025” (0.635mm) between each plate fin to ensure manufacturability and

proper assembly of parts, and 2.43” (61.7mm) pipe diameter. From thermodynamics, the
volumetric flow rate is defined by V = i—‘:. This equation shows that a sudden change in volume,

which would mean dt is small, results in disruption of the volumetric flow rate. The calculations
and experiment required steady flow, meaning geometric dimensions of the enclosure cannot
experience sudden changes in volume. After establishing these geometric and practical design
constraints, the author moved forward with the design of the enclosure. The geometry of the

enclosure was designed to maximize the interior space within those restrictions.

3.2 Initial Prototypes

The HX enclosure consists of: bended sheet metal, six heat sinks, two octagonal plates, and four
bolts. When designing the HX enclosure to enable and enhance heat delivery through mounted
plate fins, there were several SolidWorks tactics applied to simplify the design process. The use
of a geometrically precise design, with exact placeholders for the mounted plate fin heat sinks,
standard manufacturer hole sizes and minimizing material usage for cost-effectiveness were key

components of the design.

The heat sink, shown below, was designed to replicate the heat sink purchased from the selected
vendor. The purpose of the heat sink is to enhance air flow through the HX enclosure so that
maximum heat input, Q, can be carried out throughout the system and into the TEG. The heat sinks
are placed within the hexagonal enclosure, with three heat sinks per side, to maximize the heat Q

carried to the TEG modules. The heat sink was designed using linear patterns to create geometric
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exactness, which would carry over to the stage of mating the heat sinks to the HX enclosure. An

important note made in the later stages of this thesis is that the heat sink had a staggered alignment
of fins, which would impact overall fin efficiency. In the experiments and pre-test analyses, the

author assumed an aligned fin arrangement, allowing for simple calculation of fin efficiency.

Figure 3-3 SolidWorks model of a pin-fin heat sink.
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Figure 3-4 Corresponding dimensions of the pin-fin heat sink

Recall that fins are used to increase the heat transfer from a surface by increasing the effective
surface area [9]. However, to quantify exactly how the usage of fins, and specifically the pin fins
used in the experimental setup, the author incorporated fin effectiveness into convection
calculations. Due to the simplicity of the fin arrangement, fin efficiency was calculated using the

tanh(mL

“Fundamentals of Heat and Mass Transfer” formula: n = C)/(mL ) [9]. In this thesis’s
C

1/2
situation with pin fins, the term mL, can be defined as (szh) « 132 where L can be defined as

p

the corrected fin length, h is the convection coefficient, k is the metal’s thermal conductivity and
Ap is defined as the corrected fin profile area. For pin fins, A, = iDL and L, = L + (2) [9]. Fin

efficiency’s importance in the remaining calculations is that it allowed the author to make an
assumption on the theoretical heat (Q) that would be transferred from the heat fan blower’s air

through the remaining stages of the experimental design.
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With a pin-finned heat sink selected, the next step in this thesis was to conduct material selection.

The engineering principle the author focused on was Thermal Conductivity. Thermal conductivity,

denoted as k, is defined as the property of a material to conduct heat [9]. Thermal conductivity is
evaluated in terms of Fourier’s Law for heat conduction: Q = —k * A * (g). The constant K is the

thermal conductivity constant, which is larger for materials that transfer heat well, and small for
materials that transfer heat poorly. In this project, the greater the thermal conductivity of the metal,
the more proficient it is at removing heat away through the system. [13]. Metals are materials that

have the highest conductivity at an affordable cost [13].

Shahzaib investigated several options for metals such as copper, aluminum, steel, etc. From the
metals, aluminum was one of the most common metals used to make heat sinks. Aluminum is also
fairly cheap and lightweight. Having lightweight material is crucial as weight induces stress. For
this system, having lightweight aluminum heat sinks would reduce the risks of stress induced on
the enclosure. Aluminum also possessed a high thermal conductivity of 237 watts per meter Kelvin
(W/m*K), and a melting point capable of withstanding the maximum temperatures in this system
[9]. Comparatively, the metal copper has a thermal conductivity of 401 W/m*K, which makes the
copper more conductive than aluminum. However, copper is about three times as dense as
aluminum, with a density of 8933 kg/m3 versus aluminum’s density of 2702 kg/m3. The increased
thermal conductivity of copper did not hold greater importance than the increased weight of

copper, so the pin-finned heat sinks were selected to be manufactured with aluminum,

The HX enclosure went through several iterations, which began with the figure below. The figure

below highlights the geometric dimensions of the enclosure, as well as the proposed shape of the
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enclosure. The enclosure has a rectangular extrusion in which the six heat sinks would be placed,

as highlighted in the cross-sectional view. This design was made stressing the placement of the
heat sinks, and geometric constraints. Several issues with the model included its manufacturability,
as there was no way to mount the enclosure to the experimental system nor was there geometric
symmetry in many parts of the assembly, leaving the prototype prone to human welding errors.
This manufacturing issue along with several not having designed SolidWorks parts with standard

sizing, led to drafting a second prototype.

Figure 3-5 Initial Prototype of HX Enclosure.

Upon the first iteration, several modifications were put in place. The modifications that were made
to the first prototype SolidWorks included a re-dimensioning of the enclosure. The enclosure
outline transitioned from a rectangular enclosure to a symmetrical, hexagonal enclosure. The heat

transfer principles involving uniform heat distribution to the heat sinks, enhancing heat flow with
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the optimal arrangement of heat sinks as discussed in the Literature Review, and gradual change

in volume were satisfied in this iteration of the enclosure design. A “lip” surrounding enclosure
was implemented to bolt the two halves of the HX enclosure together, making heat loss to the

surroundings negligible.

Figure 3-6 Second iteration of the HX Enclosure - full view.
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Figure 3-7 Second iteration of the HX Enclosure - cross-sectional view

3.3 Final Design

A final iteration of the HX Enclosure highlights a key difference in the mounting method: running
bolts through the enclosure. The “lip” enclosure did not ensure the stability desired for the system.
To correct this issue, the author designed four bolts to run through the enclosure, essentially
allowing the enclosure to maintain stability as system tests were conducted. The design effort
required a practical application of bolts to ensure the HX enclosure stays in place and steady
throughout the experimental phase. This effort was a crucial step as moving to designing the
thermal resistance network and preparing a performance test matrix depended on successful design

and installation of the HX enclosure.



Figure 3-8 Final SolidWorks model of the HX Enclosure.

Figure 3-9 Final SolidWorks cross-sectional model of the HX Enclosure.
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Figure 3-10 Dimensions of final design of the HX Enclosure.

Due to the nature of the enclosure design, Dr. Rattner and Shahzaib explored several welders as
the preferred form of manufacturing. Additive manufacturing was not explored as the complexity
of the design as well as the practical usage of the enclosure made the additive manufacturing
process unfeasible. The inlet air temperature from the heat fan blower is 793K, which would melt
the additive manufacturing material. After completing the SolidWorks design, both as an assembly
and deconstructing to individual parts, Shahzaib found a suitable vendor for constructing and
welding the individual parts of this enclosure. To properly weld the enclosure, aluminum slab was
welded into the bended sheet metal, with a circular 2.43” opening to be connected to the cylindrical

pipe of the system. Then within both sides of the enclosure, a “placeholder” was created for each
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of the heat sinks to be situated and screwed into the enclosure walls. Beyond this, there were 4

larger 0.75” holes on each of the enclosure walls so that the HX enclosure can be bolted in place

of the experimental system.

There were several strengths to the final iteration of the HX enclosure. These strengths included
ability to be welded by a standard vendor, avoiding increased costs of a specialized weld shop.
The symmetry of the design ensured uniform heat distribution, which satisfied assumptions made
for theoretical thermal resistance network calculations. The individual parts and standard sizing of
holes allowed mating and welding to occur seamlessly, and bolt the designed enclosure onto the
cylindrical pipe with ease. Lastly, the individual parts were designed to match the specified
geometric design constraints, increasing ease of assembly. The individual parts are provided in

summary with the Bill of Materials below.

TEM NO. PART NUMBER DESCRIPTION Q.
1 Sheet Metal - Side Bended e 1
2 Sheet Metal - Octagon Plate Stancard Hole sizing and nofe fhe sockets fo piace the heat dnks. 2
3 Thesis_Heat_Sink Heat sink procured from vendor, designed for assembly purposes. 6
4 Pipe Extrusion 0.25" thickness, designed to mount HX Enclosure onlo heat blower system 2
5 Boit Bollsofsrondu‘dsizedesimedlores:gd?})lypurposes {wil be purchased from 4
6 Hollow Cylinder Casing for Bolls, designed for assembly puposes. 4
7 Screw Shondro-daud o1 Wl b pschisedFom vances, delgned r ey "

Figure 3-11 Bill of Material for HX Enclosure
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Chapter 4

HX System Setup

Upon manufacturing the final iteration of the HX enclosure, the author developed a performance
test matrix. This matrix setup input parameters to evaluate in the system tests. Prior to running
tests, a theoretical model based on the thermal resistance network was calculated. This chapter

also details the experimental process, and the test results.

4.1 Characterization/Performance Matrix

The performance matrix set up of test conditions allowed the author to test an array of varying
inputs for a corresponding output. In this experiment, the varying inputs included inlet
temperatures of air and oil and the inlet flow rates of the air and oil. The constant inputs included
the heat sink and water block geometry, and the type of coolant oil. Ultimately, the goal of the
experiments was to determine the efficiency of the TEG and the power output. To derive these
parameters, the author recorded the resulting outlet temperatures and overall system resistance.
From this point, the heat transfer equation Q = UA * LMTD was utilized to determine the power
output and consequentially, the TEG’s efficiency. In the previous equation, UA is derived from
the thermal resistance network model, and the LMTD is log mean temperature difference. The

LMTD approach is defined by several assumptions, which include:

1) The heat exchanger setup has only two streams [14].
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2) Heat exchange with the surroundings of the system is negligible [14].

3) The overall heat transfer coefficient between the streams is constant throughout the heat

exchanger [14].

The LMTD value is determined by LMTD = (AT1 - ATz) / In (AT1/AT2), in which the various
temperature differences are determined by the experimental inlet temperatures. ATy is defined as
Tairin — Toitout, While ATz is defined as Tairout — Toilout. It IS important to note that generally, T
defines AT. With the input and output test parameters defined, the author developed the test matrix

as shown below.

INFUT YARIABLES OUPUTS
Wariable Changed New Value T_air,out T_oil out LMTD UA Power [0} | HT to il Heat loss from HX TEG Efficiency | Uncartainties
T_air (K} A0
500
BOD
100
500
T_ail [¥) 150
200
250
300
350
400
mdot_air (kg/s) 0.0500
0.0600
0.0800
0.0900
0.1000
mdot_oil [kg/s) 0.0750
0.0100
0.0150
0.0225
0.0250

Figure 4-1 Performance Matrix with sample inputs varied, along with the outputs of interest.

From the above diagram, the primary input variables were varied one at a time (with all other
inputs remaining constant). The inputs varied included the inlet air temperature, the inlet oil

temperature, the inlet mass flow rate of air and the inlet mass flow rate of oil. It was interesting to
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note that there was an inverse relationship between inlet air temperature and mass flow rate. This

inverse relationship arose from the fact that as inlet temperature increases, the fluid’s density
decreases. Tying this to the fact that mass flow rate (in kg/s) is derived from the density multiplied
by the volumetric flow rate (riz = p*¥), the author determined the validity of this relationship. For
each of the inputs, the values are varied both below and above the default input values to isolate
the potential impact of each input variation. The outputs defined were the parameters of interest

and were recorded for each of the varied inputs.

Furthermore, this setup allowed for step-by-step calculations of the power output (W) and the TEG
efficiency. Beyond these key measurements, the author also derived the heat transfer to the oil, as
well as the subsequent heat loss in the HX. After the test matrix setup, Shahzaib and Yue Cao
physically mounted the HX enclosure, water block, Pitot tube and thermocouples for instrument

readings onto the cylindrical heat blower system to conduct experiments and analysis.

4.2 Experimental Setup and Initial Model

The entire system consisted of a TEG/Oil Loop. The incoming oil was looped to the HX system
and through a desorber. The heat came into the HX enclosure via a steady fan blower, with
adjustable mass flow and temperatures for the hot air. From this point, heat went towards power

generation for the TEGs and heat transferred to the oil loop.

Prior to conducting the experiment, a set of calculations were conducted based on the initial inputs.

These calculations served as a baseline for conducting experiments while varying inputs according
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to the Performance Matrix in 4.1, and more importantly, determining how variation of each input

affects the output metrics.

Calculation Development [Appendix B]:

Appendix B provides a complete overview of the simultaneous equations used to derive the log-
mean temperature difference (LMTD), overall resistance (UA), outlet air and oil temperatures, and
Q.ir and Q,;;. Due to the nature of simultaneous equations, the Engineering Equation Solver (EES)

program was used to solve for these outputs. The full code is included in Appendix B.

Variable Definition:
: . kg
mg;, = Mass flow rate of inlet air [?]

k
m,; = Mass flow rate of inlet oil in water block [?g]

Tairin = Temperature of inlet air [K]
Touin = Temperature of inlet oil in water block[K]
Tairout = Temperature of outlet air [K]

Toiout = Temperature of outlet oil in water block[K]

k
hy qir = Specific enthalpy of air at Ty in [é]

kj
hy i = Specific enthalpy of air at T, i [@]

k
h, qir = Specific enthalpy of air at Tgiy oyt [é]



k
h, 0i1 = Specific enthalpy of air at Ty our [é]

Cpair = Specific heat of air at Tyiy in [kg—*K

Cpoit = Specific heat of oil at Ty i [k " K]

LMTD = Log mean temperature dif ference

w
UA = Overall system resistance [?]

Qqir = Heat transfer rate from air to the HX [kW]

Qoi1 = Heat transfer rate to the oil [kW]

Assumptions:

kg

thgir = 0.0730 [

. kg
r,; = 0.02618 [?]

Tair,in =794 [K]

Toil,in =393 [K]

k]
i air = 8110 [}
kj
hi.on = 261.1 1]
kj
Cp.air = 1098 [1—=]
kj

Cp oil — = 2.30 [ ]

kg * K

32
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Calculations were carried out based on the stated assumptions to determine several key output
variables: namely, power output, Q. The initial value of Q was later used to analyze key metrics
such as heat loss from the HX enclosure, heat transfer to the oil and TEG efficiency from the
system energy balance. For the UA value, the same resistance network calculations were utilized
from Appendix A. Using this value, as well as EES to solve a set of 7 simultaneous equations, the

key outputs were determined (with the complete calculations listed in Appendix B).

hZ,air = " + hl,alr
Mg Cp air
hZ,oil == " + hl,oil
My * Cpoil
T _ hZ,air B hl,air T
air,out — + air,in
Cp,air
T _ hZ,oil B hl,oil T
oil,out — oil,in

Cp,oil

1
UA = (—)
6 * Rror

(Tair,in - Toil,out) - (Tair,out - Toil,out)

] Tair,in - Toil,out

LMTD =

T airout = Toitout
Quir = UA*LMTD
Qoir = My * Cpoit * ATy
0 = 1.550 kW

Qo = 0.756 kW
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Calculating the value of Q,;, allowed the author to understand the maximum power output for the

TEG, as well as gage the potential heat loss occurring during the system tests. The TEG is only
able to convert a small fraction of the heat flow between the TEG/QOil Loop. The model’s results
were later compared with the experimental results to understand where heat was being transferred
to within this system and the discrepancies between the theoretical and experimental TEG power

outputs.

4.3 Experimental Procedure and Results

After calculating theoretical values based on a set of initial inputs, the author moved to setting up
the system and running experimental tests. With help from Shahzaib and Yue, two PhD students
on the team, the assembled system displayed no functional failures, leaks, etc. This complex
assembly was crucial to the ability to conduct and analyze experimental tests. The experimental

procedure was detailed to ensure a standardized procedure, minimizing forms of human error.

The waste heat recovery system included the TEG/HX Enclosure and the Oil Loop, and tests were
conducted at various fan blower settings, by altering the temperature and mass flow rate of the air

blower. The process for the experimental tests is as followed:

Table 4-1 Experimental procedure for starting and stopping waste absorption facility

1. Turn on the main system’s power and Blower power. Connect the USB Cable to the
desktop.

Open the LabVIEW monitoring program “Absorption.”

Turn the Emergency Stop knob to the right (clockwise).

Turn on the Load Device. Flip the “INSTS” and “Pump” switch on (Up).

Run the LabVIEW monitoring program.

o W

Turn on the fans for the oil loop.
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7. Attach the curtains and turn on ventilation system.

8. Turn on the heater, and observe data till it stabilizes. Record these steady state
conditions. Continue to run tests for desired input blower settings.

9. After having completed the tests, follow these steps to safely turn off the system.

10. Turn off the Heater. After several minutes, turn off the fans for the oil loop.

11. Turn off the load device.

12. After the oil loop has cooled, turn off the “INSTS” and “Pump” switch (Down).

13. Stop running the LabVIEW monitoring program.

14. Push the Emergency Stop Button.

15. Disconnect the USB Cable and turn off the blower power and main system’s power.

Following this procedure ensured the results would represent true steady state system values,
allowing for a proper system analysis. The author collaborated with Dr. Rattner to conduct several
tests for the system, varying the mass flow rate and temperature of the blower’s air. The relevant
experimental readings are included below, highlighting the test runs without insulation. These tests
were analyzed in energy balances to determine the heat transferred to the oil, heat delivered to the
TEG and the value of the heat lost to surroundings. The experimental values taken from the
LabVIEW monitoring program allowed the author to not only calculate the output parameters of

interest, but also compare experimental results with the values from the author’s initial model.

Table 4-2 Outputs under maximum temperature and mass flow rate of heat blower

Item Value Unit
Air inlet temp 286.6 C
Air exhaust temp 175.8 C
Exhaust velocity 899.8 FPM
Oil inlet temp 52.6 C
Oil outlet temp 68.9 C
Oil pressure 161.1 kPa
Oil mass flow rate 1.44 LPM
TEG inlet temp 51.9 C
TEG outlet temp 69.1 C
HX Pressure diff 34.3 Pa
Load voltage 23.8888 \
Load current 0.147 A
Load power 3.505 w
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Load resistance 162.576 Q
Desorber OO Temp 54.1 C
Desorber Ol Temp 68.9 C

Table 4-3 Outputs under maximum temperature and 50% mass flow rate of heat blower

Item Value Unit
Air inlet temp 381.9 C
Air exhaust temp 192.7 C
Exhaust velocity 635.2 FPM
Oil inlet temp 58.2 C
Oil outlet temp 76.8 C
Oil pressure 154.6 kPa
Oil mass flow rate 1.49 LPM
TEG inlet temp 57.5 C
TEG outlet temp 77.3 C
HX Pressure diff 17.0 Pa
Load voltage 23.8888 Vv
Load current 0.171 A
Load power 4.081 W
Load resistance 139.647 Q
Desorber OO Temp 59.7 C
Desorber Ol Temp 76.2 C

Table 4-4 Outputs under 50% maximum temperature and 50% mass flow rate of heat blower

Item Value Unit
Air inlet temp 209.9 C
Air exhaust temp 122.3 C
Exhaust velocity 621.1 FPM
Oil inlet temp 41.8 C
Oil outlet temp 53.6 C
Oil pressure 188.8 kPa
Oil mass flow rate 1.33 LPM
TEG inlet temp 41.3 C
TEG outlet temp 54.3 C
HX Pressure diff 17.3 Pa
Load voltage 23.8885 \
Load current 0.082 A
Load power 2.011 w
Load resistance 291.447 Q
Desorber OO Temp 42.2 C
Desorber Ol Temp 52.8 C
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The results from testing these three conditions led to the confirmation of a few relations. First, the

author saw an inverse relation between the oil temperature and pressure; as oil inlet and outlet
temperature increased, oil pressure decreased. As the air inlet temperature was increased and
decreased, by altering the temperature and mass flow rate of the blower, the TEG outlet
temperature in a similar fashion. This also led to confirming the relation that an increase in air inlet
temperature should result in a greater load power delivered to the TEGs, as TEG power generation
is driven by temperature gradients. However, a concerning result from the system tests showed an
output load power between 2.011 W — 4.081 W. There were 2 potential system conditions
influencing the system. One potential cause was that a significant amount of heat was lost to the
environment, while the other cause for low power output was an electrical issue within the TEG.
An important note made during testing was that the system was not properly insulated. With this
in mind, the author conducted an energy balance to understand where the energy went to in this

system.
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Chapter 5

HX System Analysis

To better understand the experimental results, the author conducted a detailed energy balance of
the HX system was conducted in Appendix C: Complete Calculations for System Energy Balance.
This energy balance of the experimental results was crucial to understand why, with a strong heat
input from the blower (approximately ranging from 0.7471 — 1.415 kW), there was a low load
power delivery (ranging from 2.366 — 4.801 W) to the TEG. An additional step in the author’s
analysis compared the initial model to the experimental results. This comparison highlighted two
experimental issues, the lack of insulation and electrical issues within the programmable load

(TEG) itself, which were not accounted for in the initial model.

5.1 Energy Balance

In the TEG/Qil Loop system, there was one heat input source and two to three main outlets for
heat to be delivered to. The heat input source was the fan blower, which delivered heat to the HX
enclosure and the oil loop, which flowed through the HX enclosure (serving as the cold fluid in
the heat exchanger). The channels for the heat to be delivered to were the TEGs within the HX
enclosure, the oil within the oil loop, and in the tests with no insulation, heat loss to the

surroundings. The energy balance with no insulation was expressed by the following equation:

Qair = Qrrc + Qoir + Quoss
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For each variable, the value was calculated based on the relevant experimental values, and Qs

was determined for the cases without insulation.

Calculation Development [Appendix CJ:

The full calculations provide a breakdown of where heat was delivered to and from within the
TEG/QOil Loop. The calculations examine the conditions of Table 4-3, maximum temperature and
maximum mass flow rate of the fan blower. The Q;z; value was derived by dividing the

programmable load’s output power by 85%, which was the tested power convertor efficiency.

Variable Definition:

Quir = Heat Input from Air (W]

Qrec = Heat delivered to the TEG [W]

Qo1 = Heat delivered to the Oil [W]

Qioss = Heat lost to surroundings [W]

dqir = Inner diameter of the fan blower pipe or input Air [m]

Agiy = Area of the fan blower pipe for input Air [m?]

k
Mg, = Mass flow rate of inlet air [?g]

k
Cpair = Specific heat of air at Tyiy in [kg—iK

m,;; = Mass flow rate of inlet oil [k?g]

k
Cpoit = Specific heat of air at Ty in [kg i K]



Assumptions:

dyir = 0.0617 [m]

kJ
Cpair = 1.042 [

kJ
Cp,oit = 2.300 [kg " K]
Equations:

Agir = 1[4 * d?u'r
Mg = Vair * Agir * Pair
My = Voil * Poir
Qqir = Mgy * Cp,air * ATgir
Qoir = My * Cpoil * AT,y
Agir = 0.00299 m?

. m 5 kg
Mg, = 4.571— % 0.00299 m? * 0.7863 —= =
S m3

3 kg

m k
m,; = 0'000024T * 862.4ﬁ = 0.02070?

kg k]
Qair = 0.01075? * 1.02 kg + K *(286.6 —175.8) K = 1.215 kW
= 0.02070 kg 2.0 i 68.9 — 52.6) K = 0.6748kW
Qoir = 0. ?*'kg*l{*( 9—-526)K=0.
3.505 i

Qioss = Qair — Qoit — Qrge = 0.5360 kW

k
0.01075 =

40
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From the energy balance of the maximum flow rate and maximum temperature condition, as well

as the energy balances done in Appendix C for the other two test conditions, it was quite easy to
determine the impact a lack of insulation had on the programmable load power output. Lacking
insulation resulted in 44.11% of input Q,;- being lost from the incoming blower air to the
surroundings, which significantly affected the amount of heat that could have been channeled to
the TEGs and converted into power by the power converter. For the 50% maximum flow rate and
maximum temperature condition, 43.56%% of Q,;, was lost to the environment. Finally, for the
50% maximum flow rate and 50% maximum temperature condition, 41.27% of Q;,- was lost to
the environment. Each scenario resulted in significant heat loss, seemingly unaffected by the input

Quirvalue.

To understand the accuracy of these measurements, an uncertainty propagation of the output
parameters was conducted on EES, shown in Appendix C. The uncertainty propagation showed
which input parameters influenced the output parameters greatest, and the degree of precision for
the results. This also served to understand the potential sources of errors in the experimental values,
as the inputs with greater uncertainty drove increased uncertainty in output parameters. The EES
output indicated for the Q,;;- outputs, the majority of uncertainty (73.98 — 97.30%) comes from the
Vqir Measurements, which were derived from the pressure drop of a Pitot tube in place (with

minimal uncertainty due to the change in air temperatures). The uncertainty for v,;, was
determined using the formula AP = % * Pair * V25 With a known instrument uncertainty of 0.25Pa.

Conversely, the majority of uncertainty (96.66 — 98.63%) for Q,;; was due to the change in oil
temperatures (with minimal uncertainty due to the volume flow rates, which were to the power of

1077).
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There were two potential solutions to minimizing Q,,ss- The author’s belief was that proper

insulation for the system, especially at the high-pressure inlet of the HX, and proper resistance

within the TEG modules led to very low TEG power outputs would increase TEG power

conversion. The system, under proper insulation, would have minimal heat lost to the environment

for each condition, resulting in greater power generation by the programmable load (corresponding

to the increase in heat transferred to the TEGs within the HX enclosure). Understanding the

importance of proper insulation led to the implementation of caulk at the HX inlet, which would

seal off potential leaks, and planning additional tests with insulation to determine the

programmable loads’ power outputs without losing heat to the environment surroundings.

5.2 Experimental and Theoretical Results Comparison

After conducting the experimental tests without insulation, the results were compared with relevant

parameters from the initial model shown below.

Table 5-1 Comparison of Theoretical and Experimental Results

Qair (kW) | Qou (kW) | Qrgg (W) | Quoss (kW)
Theoretical Model 1.550 0.756 4.56 0.789
Experimental Results — Condition 1 1.215 0.6748 4.124 0.536
Experimental Results — Condition 2 1.415 0.7935 4.801 0.6164
Experimental Results — Condition 3 0.7471 0.4363 2.366 0.3084
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The comparison of these results indicated some key discrepancies in the author’s theoretical model

and experimental conditions. The experimental Q;, values were derived from raw data, while the
theoretical Q,;,- value was derived from the thermal resistance network. The assumptions of inlet

and outlet air temperatures led to a slightly greater theoretical Q,;,-, calculated through the LMTD

approach. When comparing the ratio of QL_” for each condition to the theoretical model, the ratio

air

of heat transferred to the oil (48.77% of Q,;,) in the theoretical model was slightly lower than the

ratio of each test condition (respectively, 55.54%, 56.07% and 58.40% of Q;,).

Intuitively, this led to a decreased power output Q5 for the experimental conditions, but not to
the extent thr data suggested. The experimental Q;z, ranged from 2.366 — 4.801 W, while the
theoretical Qrze “produced” 4.56 W. This led the author and the team to agree that electrical
issues with the TEG circuitry were not the main driver of low power conversion. Another key
source for the Q1 discrepancy was the difference between theoretical and experimental values
of Q,,ss, Which represented the heat lost to the environment. The amount of heat lost to the
environment in the experimental tests led Yue to properly insulate the inlet of the HX enclosure
with caulk prior to the next test run. This solution to the low experimental Qg values is discussed

as future work within the Conclusion.
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Chapter 6

Conclusion

This thesis investigated the design and testing of a waste heat absorption facility utilizing a
designed HX enclosure, to facilitate heat transfer, and TEGs, to convert input heat into power
output. After modeling and manufacturing the HX enclosure through SolidWorks, Shahzaib and
Yue assembled the TEG/Oil loop. After the author used the system’s thermal resistance network
to determine a theoretical Qg output, the author and Dr. Rattner ran experiments by varying the
input parameters to calculate power outputs Qg-, Qo1 and Qrgs. The Qrge Output was minimal
(in the range of a few watts) when compared to the input heat Q,;,- (in the range of 0.7471 — 1.415
kW). Conducting energy balances allowed the author to discover significant heat lost to the
environment, highlighting a potential flaw in the system. Conducting an analysis of the theoretical
and experimental values supported the hypothesis that heat loss to the environment significantly

impacted the system’s performance.

Further work will focus on evaluating the waste heat absorption facility with caulk implemented
at the HX inlet. Tests run after inputting the caulk will properly insulate the system, and the
resulting Q values will indicate whether heat lost to the environment is the main driver behind the
poor Qrg. output, or there are further electrical issues with the programmable load itself causing
low power output. After this analysis, a true TEG/Oil loop recovery system can be tested for

optimal TEG performance, without losing significant input heat to the environment.
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Appendix A

Complete Calculation for Thermal Resistance Network

The calculations are broken down in terms of “steps” along the thermal resistance network. Each
“step” corresponds to a form of resistance encountered within the system (convection, conduction
or interface resistance).

Resistance due to Convection, Rconvair:

4 * Mgy

Re =
T * Do ps * Ugir

1
Nug;, = 0.304 * Re®>% x Pr3
heonv = (Nuair * kalum)/(De,hs)

in
fin, = ! :ase + finy

Afin =1 * fiNpgee * fin

0.5
tanh ((k 2 * hconv ) * (finlc)1.5>

alum * Afin

finefficiency = ( 05
( 2 * Reony > s (fing)Ls
kalum * Afin ¢

Apase = 0.0064 m?

1

N * flnefficiency * hconv * Abase

Rconv,air -

Resistance due to Interface 1, Rint,1: Steel-Steel Interface

Apase = 0.0064 m?

1

Ripe1 =
int,1
hj,steel—steel * Abase

Resistance due to Conduction, Rcond steel:



Lplate

Rcond,steel = & 2
steel * Apgse

Resistance due to Interface 2, Rint2: Steel-Steel Interface
Apgse = 0.0064 m?

1

Rint,Z = h

j,steel—steel * Abase
Resistance due to TEG, RTea:
R = 0.667 K
TEG — VY- W

Resistance due to Interface 3, Rint3: Aluminum-Steel Interface

Apase = 0.0064 m?

1

Rines = .

j,alum—steel * Abase
Resistance due to Conduction, Rcond,cp:

Lep

R =
cond.cp kalum * Abase

Resistance due to Interface 4, Rint4: Aluminum-Aluminum Interface

Apase = 0.0064 m?

1

Rint,4 = h

j,alum—alum * Abase

Resistance due to Convection, Rconv.wb:

4 * My;;

Re -
WP 1 Dy * oy

Nu,;; = 0.023 = Re%80 x pr04

hconv,wb = (Nuyj * koi)/(Dwp)
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. finwb t .
finypic = > =+ finyp,

Afinwp = T * filyp e * finy,,

() 1,0
S LLALS *

. ko * Afinwb while
flnefficiency,wb = ( 05

2 * heonvw ) . 15
(koil * Afin,wb (f wb,lc)

Apase = 0.0064 m?

1

N * flnefficiency,wb * Reonvwb * Apase

R conv,wb =

Calculations:

Resistance due to Convection, Rconvair:

4 * 0.073(1%9
Re = = 32,135

7% (0.08m) * (3.616 * 10-5) (anzs)

1
Nug; = 0.304 * 32135%59 x 0.6893 = 122.5

(122.5 ¥ 4.679 x 10~ (meK)>

= 0.8694 (

N _ w
conv 0.08m m2 x K)

0.0033
4

fin,e = +0.033 = 0.03383m

Afin = 1% 0.0033m * 0.03383m = 0.0003507 m?
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0.5
2 % 0.8694 (ZLK)
tanh 7 m- = * (0.03383 m)1>
4.679 % 104 ( ) + 0.0003507 m?2
| m* K |
flneffzaency | W 05 | = 0.9997
20.8694 (—5—)
7 LU * (0.03383 m)15
4.679 x 104 ( ) * 0.0003507 m?2
mx*xK
Apase = 0.0064 m?
R ! 0.7022 1
conv,ailr — - " W

256 * 0.9997 * 0.8694 (sz* =) * 0.0064 m?

Resistance due to Interface 1, Rint,1: Steel-Steel Interface

Apase = 0.0064 m?

R 1 = 0.039 K
int,1 = . w

4000 (—% w ) * 0.0064m?

Resistance due to Conduction, Rcond steel:

0.003175m K
Rcond,steel = = 0.020 W

25(-1) * 0.0064m?

Resistance due to Interface 2, Rint2: Steel-Steel Interface

Apase = 0.0064 m?

1 K
Rint’z —_ = 0039W

4000 (=) * 0.0064m?

Resistance due to TEG, RTea:

R —0667K
TEG = U W



Resistance due to Interface 3, Rint3: Aluminum-Steel Interface

Apase = 0.0064 m?

R ! = 0.034 K
int,3 = = Y. 17
4500 (—7 W ) * 0.0064m? w
Resistance due to Conduction, Rcond,cp:
R _ 0.003m — 0,002 K
cond,cp — W — U W

Resistance due to Interface 4, Rint4: Aluminum-Aluminum Interface

Apase = 0.0064 m?

! 0013K
=0. W

Rint,4 -
12000 (— W — ) * 0.0064m?

Resistance due to Convection, Rconv.wb:

4 % 0.02618(1%9)

Rey,), =
7 % (0.065m) * (0.0022)%

=233.1

Nu,; = 0.023 % 233.1%8% « 51.11%* = 8.693

8.693 » 0.099 (7 )
hconvwb = =13.24 ———
’ 0.065m m2x K

0.000127

fitwpc = ————m +0.009144m = 0.009208 m

Apinwp = T * 0.000127m + 0.009144 = 0.000001161 m?
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0.5

2 +13.24 (ZLK)
tanh m-x % (0.009208 m)*>

W ) 0000001161 m?

w

- 2
— %) *0.000001161 m

finefficiency,wb = I I = 0.07458

2% 13.24 (L) >
m? x K + (0.009208 )15
0 099(

Apase = 0.0064 m?

1 K
Reonvwp = =13.19—

12 % 0.07458 * 13.24 (mzwi ) * 0.0064 m? w

RTOT = Rconv,air + Rint,l + Rcond,steel + Rint,3 + RTEG + Rint,3 + Rcond,cp + Rint,4 + Rconv,wb

—14-62K
=14.62

The Rrot value calculated is the thermal resistance through one TEG; so, UA, the overall

resistance, was calculated by 1/UA = (1/Rtot+1/Rtot +1/R1oT +1/R10T +1/RT0T +1/RT0T).
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Appendix B

Complete Calculations for Initial Model

The Initial Model was setup and calculated via Engineering Equation Solver (EES). The code for
this program is attached in Appendix B.

"IKnown System Properties”

T air_in=793 [K] "Temperature of air in"

T_oil_in =393 [K] "Temperature of oil in”

mdot_air = 0.073 [kg/s] "mass flow rate of air”

mdot_oil = 0.02618 [kg/s] "mass flow rate of oil”

cp_air = 1.098 [klikg-K] "specific heat of air at T = T93K"

cp_oil = cp(Paratherm_NF, T=52.6 [C]) "specific heat of air at T = 393K"

h1_air=811.0 [kJ/kg] "specific enthalpy of air at T_air_in"

h1_oil = enthalpy(Paratherm_NF, T=120 [C], P=101.325 [kPa]) "specific enthalpy of oil at T_oil_in"

k_alum = 5.679E-4 [Wim-k] “thermal conductivity of aluminum heat sink at T_air_in"
k_wb = conductivity(Paratherm_NF, T=120 [C]) “thermal conductivity of steel water block”

Figure B-1 Known system inputs for HX system’s theoretical model.

The values in B-1 were known/assumed system properties to run the model and to determine power
output Q. A built-in EES function was used to find the properties of the oil, Paratherm NF. The
values in B-2 were used to calculate the convection coefficients which were used in determining

the overall system resistance UA.

"ISystem Resistance”

R_conv = 1/{N*in_efficiency*h_conv*A_base) “convection resistance through heat sinks”
R_int_1=0.039 [KAV] "resistance through first interface”

R _cond_plate = 0.020 [K/AWV] "conduction resistance through steel plate”
R_int_2 = 0.039 [KAV] “resistance through second interface”
R_TEG = 0.667 [K/W] "conduction resistance through TEG module”
R_int_3=0.034 [KAV] “resistance through third interface”
R_cond_cp = 0.002 [K/W] “conduction resistance through coupling plate”
R_int_4 = 0.013 [KAWV] "resistance through fourth interface”
R_conv_wb = 1/(N_wb*fin_efficiency_wb*h_conv_wb"A_base_wb) "convection resistance through water block”
R_TOT =(R_conv+R_int_1+R_cond_plate+R_int_2+R_TEG+R_int_3+R_cond_cp+R_int_4+R_conv_whb) “resistance through one heat sink series”
UA = (1/R_TOT) "overall system resistance”

Figure B-2 Overall system resistance calculations.
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Calculations:

Quir = UAxLMTD

_ (Tair,in - Toil,out) - (Tair,out - oil,out)

LMTD =
ln< (Tair,in - Toil,out) )
(Tair,out - oil,out)
hz,air == + hl,air
Mgy * Cp,air
hZ,oil == " + hl,oil
My * Cpoil
T _ hZ,air B hl,air T
air,out — c. . + air,in
p,air
T _ hZ,oil B hl,oil
oil,out — Toil,in

Cp,oil

Qoir = My * Cpoit * ATy

The above equations were solved for simultaneously using EES, resulting in:
Quir = 1.550 kW

LMTD =89.86 K

kJ
hZ,air = 8528@
kJ
hZ,oil = 916. 8@

Toiroue = 691.1 K
Toioue = 420.8 K

Qoil = 0.756 kW
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Appendix C

Complete Calculations for System Energy Balance

Equations:
Qiv = Qour = Qair = Qoit + Qrec + Qross
Agir =T[4 * dfzzir
My = Vair * Agir * Pair
My = Voil * Poil
Quir = Mgy * Cp,air * ATy
Qoir = My * Cpoi * ATy

_ LoadPower
QTEG - 85%

Qross = Qair — Qoit — QrEg
Calculations: 4,;,- = 0.00299 m?

For Maximum Flow Rate and Maximum Temperature Blower Conditions:

_ m 5 kg kg
my;, = 4.571—%0.00299 m* = 0.7863 — = 0.01075 —
s m3 s

. m3 kg kg
thoy = 0.000024 — * 862.4—5 = 0.02070 —

= 0.01075 kg 1.02 K

* (286.6 —175.8) K = 1.215 kW

_002070kg 2.000 i

* (68.9 —52.6) K = 0.6748kW

3:505 1073(kW) = 4.124 * 1073 kW
= — % = 4, *
QTEG 85%

Qioss = Qair — Qoir — Qrge = 0.5360 kW
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For 50% Maximum Flow Rate and Maximum Temperature Blower Conditions:

. m 5 kg kg
mg;, = 3.2258— % 0.00299 m“ *.7577 — = 0.00731 —
s m3 s

_ m3 kg kg
m,; = 0.00002483 — * 859.1—= = 0.02133 —=
s m3 s

kg kj
Qair = 0.00731? *1.023 kg <K *(381.9 —192.7) K = 1.415 kW

—002133kg 2.000 K
otk = = s kg * K

% (76.8 — 58.2) K = 0.7935 kW

4 081

Qioss = Qair — Qoir — Qrec = 0.6164 kW

For 50% Maximum Flow Rate and 50% Maximum Temperature Blower Conditions:

. m 5 kg kg
mg;, = 3.1552—% 0.00299 m“ *.0.8926 —; = 0.00842 —
s m3 S

. m? kg kg
m,; = 0.00002217 — % 869.7— = 0.01928 —
s m3 s

—000842kg 1.013 il
Qair_ . ?* . kg*K

*(209.9 — 122.3) K = 0.7471 kW

—001928kg 1.918 o
QOLl_ " ?* " kg*K

« (53.6 — 41.8) K = 0.4363kW

2.011

Qree = 5% * 1073 (kW) = 2.366 * 1073 kW

Qioss = Qair — Qoir — Qrec = 0.3084 kW
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Another important metric to measure was the Uncertainty Propagation. This allowed the author

to understand which input parameters were most influencing the output Q values, for both air and

oil. Understanding the uncertainty of the data allowed the author to determine the quality and

level of precision for the output parameters.

Unit Settings: SI C kPa kJ mass deg
VariablexUncertainty

Qg = 1-215£0.02143 [KW]

3 aim = 110,821 [K]

1 aiz = 189241 [K]

57 air = B7.6£1 [K]
8ron = 16.3¢1 [K]

Bropp = 18.6¢1 [K]

Bropp = 11841 [K]

Vgpq = 4.571£0.06956 [ms]

Vo = 3.226£0.1023 [mis]

Vgipz = 3.155£0.08878 [mvs]

vdot,y; = 0.000024+2 400E-07 [m?/s]
vdot,,, = 0.00002483+2.483E-07 [m?/s]
vdot,, = 0.00002217+2.217E-07 [m?/s]

Q,i, = 1.415:0.04547 [kW]
87 a1 = 110841 [K]

87 airz = 189.21 K]

51 arz = 87.6¢1 [K]

Sron = 16.3¢1 [K]

Srop = 18.6£1 [K]

Srop = 118£1 [K]

v,y =4.571£0.06956 [ms]

Vyip = 3.226£0.1023 [mis]

Vs = 3.155£0.08878 [ms]

vdot;, = 0.000024+2 400E-07 [m3/s]
vdot ;, = 00000248342 483E-07 [m?/s]
vdat ;= 0.0000221742 217E-07 [m?/s]

Partial derivative % of uncertainty
r’;‘ilﬂim.'r’;‘a-rlﬂm = 0.01096 26.02 %
E(]EiH'EE'T,EiFZ =0 0.00 %
IEQﬂim--'EQE'T,ﬂir?} =0 0.00 %
Qgir1 /@87 g1 = 0 0.00 %
Mgy /807 gip =0 0.00 %
iy /887 gy =0 0.00 %
cyipq BV = 0.2658 73.98 %
EOﬂiH'.EwﬂirZ =0 0.00 %
EQEiH'El"'IEirE =0 0.00 %
£Q,;q /evdot 5, =0 0.00 %
£Q,q /evdot 5o =10 0.00 %
&Q 4 /evdot 4, =0 0.00 %
IE'Qaair.'Z-.EE'T,aaiH =0 0.00 %
aaﬂirz.'eaTlﬂirz = 0.007478 270 %
IE'QiE|ir2-EE'T,iE|ir3 =0 0.00 %
Qgirp /@87 g1y =0 0.00 %
iz /S8 g = 0 0.00 %
iz /@87 g3 = 0 0.00 %
a]ﬂirz'.evﬂiﬂ =0 0.00 %
& in DV = 0.4386 97.30 %
IE'QaE|irIZ-.'E?'""aair?} =0 0.00 %
£Q; o /evdot 5y =0 0.00 %
&5 /evdot yo =0 0.00 %
&Q; o /evdot 5, =10 0.00 %

Figure C-1 Uncertainty Propagation of Q,;, at the first and second test conditions.



Qg5 = 0.747120.02269 [KW]

5t art = 11081 [K]
5t aiz = 189.241 [K]

5t ara = B7.6¢1 [K]

Srop = 16.3£1 [K]

Srop = 18.6¢1 K]

Br o = 11.8£1 [K]

Vyiy = 4.671£0.06956 [m/s]

Vgip = 3.226£0.1023 [mis]

Vyiz = 3.155£0.08878 [m/s]

vdot,;, = 0.000024+2 400E-07 [ms]
vdot;, =0.00002483+2.483E-07 [m¥s]
vdot;; = 0.00002217+2.217E-07 [m¥/s]

Quy = 0.6748+0.04194 [KW]

81 art = 110841 [K]

5t aiz = 189.241 [K]

5t ara = B7.6¢1 [K]

Srop = 16.3£1 [K]

8roip = 18641 [K]

Br o = 11.8£1 [K]

Vyiry = 4.571£0.06956 [m/s]

Vgip = 3.226£0.1023 [mis]

Vs = 3.155£0.08878 [m/s]

vdot,;, = 0.000024+2 400E-07 [ms]
vdot,;, = 0.00002483+2.483E-07 [m¥/s]
vdot;; = 0.00002217+2.217E-07 [m¥/s]

Figure C-2 Uncertainty Propagation of at Q,;, the third test condition and Q,; at the first test
condition.

E(]ﬂir?}":EﬁT,ﬂiﬂ =0
a]ﬂir?}":EET,ﬂirz =0

IEQﬂir?}-".':?ea‘l’,ﬂirE =0.008529

gip3 /887 gy = 0
yip3 /887 gip = 0
yip3 /887 gy = 0

Ugira /Vgiry = 0
i3 /EVgirz = 0
W53 /AVairz = 0.2368
&Q ;4 /evdot yy =0
&5 /evdot jyp =0
cQ 5 /cvdot yn =0

air’

i /887 gig =0
iy /887 gz = 0
iy /887 girg = 0
iy /887 gy = 0.0414
My 1881 gip =0
iy /887 gy =0
iy /EVgirq =0

yipy /EVgirp =0

Uiy Va3 = 0

2Q,,, /avdot,;, = 28116
EQuiH .-'.E"-l'ljﬂtui[z =1
EQuiH ":E""'d':'tuil?} =1

0.00 %
0.00 %
14.13 %
0.00 %
0.00 %
0.00 %
0.00 %
0.00 %
85.87 %
0.00 %
0.00 %
0.00 %

0.00 %
0.00 %
0.00 %
9741 %
0.00 %
0.00 %
0.00 %
0.00 %
0.00 %
259 %
0.00 %
0.00 %
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Qup = 0.7935£0.04339 [kW]

51 a1 = 110821 [K]
5rarz = 189.241 [K]

5+ aira = 87641 [K]

5r i = 16.341 [K]

5roip = 18.6¢1 [K]

510 = 11.8£1 [K]

Vypq = 457140 06956 [mis]

Vo = 3226401023 [m/s]

Vs = 316540 08878 [mis]

vdot;, = 0.000024+2 400E-07 [m/s]
vdot,;, = 0.00002483+2 483E-07 [m?/s]
vdot;; = 0.00002217+2 217E-07 [m?/s]

Qi = 0.4363£0.03723 [kW]

51 gt = 110841 [K]
51 arp = 189.2¢1 [K]

Srars = B7.6+1 [K]

Sr i = 16.341 [K]

5roip = 18.641 [K]

5r i = 11841 [K]

Vyipq = 457140 06956 [m/s]

Vo = 3.226+0.1023 [m/s]

Vs = 31554008878 [mis]

vdot;, = 0.000024+2 400E-07 [m/s]
vdot,;, = 0.00002483+2 483E-07 [m?s]
vdot ;3 = 0.00002217+2 217E-07 [m?/s]

Figure C-3 Uncertainty Propagation of at the second and third test conditions.

Qg /

a]uil?}

i /

IEQI:IiI?i

Qg /

3:1,:,"3
IEGu:lil?}
Ia:!clil?}
Eﬂu:lill‘i

Qg /

Ia‘:Jl:lil?'}

i /

1867 ain = 0

18067 airz = 0

187 air3 = 0
1887 51 =0
/887 gip = 0.04266
1887 013 =0
/&gy =0

/&Vgirp =0

/&Vgir3 = 0
/gvdot g, =0
/evdot 5 = 31358
/evdot , =0
Ea‘r,aim =0
-':Ea'l',ﬂirz =0
IEeaT,ﬂir?} =0
1887 gt =0
38t iz =0
1887 gi3 = 0.03698
/&gy =0

/&g =0

/&Vgirg =0
gvdot ,y =0
/evdot um =0
cvdot ;, = 136564

0.00 %
0.00 %
0.00 %
0.00 %
96.66 %
0.00 %
0.00 %
0.00 %
0.00 %
0.00 %
334 %
0.00 %

0.00 %
0.00 %
0.00 %
0.00 %
0.00 %
98.63 %
0.00 %
0.00 %
0.00 %
0.00 %
0.00 %
1.37 %
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