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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/Oil 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. 

 

 

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 

efficiency of a system: 
(𝑇ℎ−𝑇𝑐)

𝑇ℎ
∗ 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.  

 

 

Figure 1-2 Thermoelectric material exhibiting Seebeck Effect given a heat source [3]. 

 

Since the 20th 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, Qh, 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]. 



8 

 

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 

𝜀𝑓 = 
𝑞𝑓

ℎ∗𝐴𝑐,𝑏∗𝜃𝑏
, 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. 

 

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, ΔT = Th − Tc, is greater, there is a 

greater TEG power output. Power in the system is P = V2/R, where R is a load resistor () 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 ∗ (Th − Tc)
2. 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 × 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. 

 

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 

convection and conduction, where ℎ = 𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 [
𝑊

𝑚2∗𝐾
]. 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 
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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 R6 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.  

 

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 V̇ =
dV

dt
. 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 

“Fundamentals of Heat and Mass Transfer” formula: η =
tanh (mLc)

(mLc)
⁄  [9]. In this thesis’s 

situation with pin fins, the term mLc can be defined as (
2h

kAp
)
1/2

∗ Lc
3/2

, where Lc can be defined as 

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, Ap = πDLc and Lc = L + (
D

4
) [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 ∗ (
dT

dx
). 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 



23 

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. 
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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. 

 

 

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 = (ΔT1 - ΔT2) / ln (ΔT1/ΔT2), in which the various 

temperature differences are determined by the experimental inlet temperatures. ΔT1 is defined as 

Tair,in – Toil,out, while ΔT2 is defined as Tair,out – Toil,out. It is important to note that generally, T 

defines ΔT. With the input and output test parameters defined, the author developed the test matrix 

as shown below. 

 

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 (ṁ = ρ*V̇), 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 

𝑄𝑎𝑖𝑟 and 𝑄𝑜𝑖𝑙. 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:  

ṁ𝑎𝑖𝑟 = 𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑖𝑛𝑙𝑒𝑡 𝑎𝑖𝑟 [
𝑘𝑔

𝑠
] 

ṁ𝑜𝑖𝑙 = 𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑖𝑛𝑙𝑒𝑡 𝑜𝑖𝑙 𝑖𝑛 𝑤𝑎𝑡𝑒𝑟 𝑏𝑙𝑜𝑐𝑘 [
𝑘𝑔

𝑠
] 

𝑇𝑎𝑖𝑟,𝑖𝑛 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑖𝑛𝑙𝑒𝑡 𝑎𝑖𝑟 [𝐾] 

𝑇𝑜𝑖𝑙,𝑖𝑛 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑖𝑛𝑙𝑒𝑡 𝑜𝑖𝑙 𝑖𝑛 𝑤𝑎𝑡𝑒𝑟 𝑏𝑙𝑜𝑐𝑘[𝐾] 

𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑜𝑢𝑡𝑙𝑒𝑡 𝑎𝑖𝑟 [𝐾] 

𝑇𝑜𝑖𝑙,𝑜𝑢𝑡 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑜𝑢𝑡𝑙𝑒𝑡 𝑜𝑖𝑙 𝑖𝑛 𝑤𝑎𝑡𝑒𝑟 𝑏𝑙𝑜𝑐𝑘[𝐾] 

ℎ1,𝑎𝑖𝑟 = 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑜𝑓 𝑎𝑖𝑟 𝑎𝑡 𝑇𝑎𝑖𝑟,𝑖𝑛  [
𝑘𝐽

𝑘𝑔
] 

ℎ1,𝑜𝑖𝑙 = 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑜𝑓 𝑎𝑖𝑟 𝑎𝑡 𝑇𝑜𝑖𝑙,𝑖𝑛  [
𝑘𝐽

𝑘𝑔
] 

ℎ2,𝑎𝑖𝑟 = 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑜𝑓 𝑎𝑖𝑟 𝑎𝑡 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡  [
𝑘𝐽

𝑘𝑔
] 
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ℎ2,𝑜𝑖𝑙 = 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑜𝑓 𝑎𝑖𝑟 𝑎𝑡 𝑇𝑜𝑖𝑙,𝑜𝑢𝑡  [
𝑘𝐽

𝑘𝑔
] 

𝑐𝑝,𝑎𝑖𝑟 = 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑎𝑖𝑟 𝑎𝑡 𝑇𝑎𝑖𝑟,𝑖𝑛  [
𝑘𝐽

𝑘𝑔 ∗ 𝐾
] 

𝑐𝑝,𝑜𝑖𝑙 = 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑜𝑖𝑙 𝑎𝑡 𝑇𝑜𝑖𝑙,𝑖𝑛  [
𝑘𝐽

𝑘𝑔 ∗ 𝐾
] 

𝐿𝑀𝑇𝐷 = 𝐿𝑜𝑔 𝑚𝑒𝑎𝑛 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒  

𝑈𝐴 = 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑠𝑦𝑠𝑡𝑒𝑚 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [
𝑊

𝐾
] 

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

𝑄𝑜𝑖𝑙 = 𝐻𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑟𝑎𝑡𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑜𝑖𝑙 [𝑘𝑊] 

 

Assumptions: 

ṁ𝑎𝑖𝑟 = 0.0730 [
𝑘𝑔

𝑠
]  

ṁ𝑜𝑖𝑙 = 0.02618 [
𝑘𝑔

𝑠
] 

𝑇𝑎𝑖𝑟,𝑖𝑛 = 794 [𝐾] 

𝑇𝑜𝑖𝑙,𝑖𝑛 = 393 [𝐾] 

ℎ1,𝑎𝑖𝑟 = 811.0 [
𝑘𝐽

𝑘𝑔
] 

ℎ1,𝑜𝑖𝑙 = 261.1 [
𝑘𝐽

𝑘𝑔
] 

𝑐𝑝,𝑎𝑖𝑟 = 1.098 [
𝑘𝐽

𝑘𝑔 ∗ 𝐾
] 

𝑐𝑝,𝑜𝑖𝑙 = 2.30 [
𝑘𝐽

𝑘𝑔 ∗ 𝐾
] 
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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). 

ℎ2,𝑎𝑖𝑟 =
𝑄

ṁ𝑎𝑖𝑟 ∗ 𝑐𝑝,𝑎𝑖𝑟
+ ℎ1,𝑎𝑖𝑟 

ℎ2,𝑜𝑖𝑙 =
𝑄

ṁ𝑜𝑖𝑙 ∗ 𝑐𝑝,𝑜𝑖𝑙
+ ℎ1,𝑜𝑖𝑙 

𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 =
ℎ2,𝑎𝑖𝑟 − ℎ1,𝑎𝑖𝑟

𝑐𝑝,𝑎𝑖𝑟
+ 𝑇𝑎𝑖𝑟,𝑖𝑛 

𝑇𝑜𝑖𝑙,𝑜𝑢𝑡 =
ℎ2,𝑜𝑖𝑙 − ℎ1,𝑜𝑖𝑙

𝑐𝑝,𝑜𝑖𝑙
+ 𝑇𝑜𝑖𝑙,𝑖𝑛 

𝑈𝐴 = (
1

6 ∗ 𝑅𝑇𝑂𝑇
) 

𝐿𝑀𝑇𝐷 =
(𝑇𝑎𝑖𝑟,𝑖𝑛 – 𝑇𝑜𝑖𝑙,𝑜𝑢𝑡) − (𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 – 𝑇𝑜𝑖𝑙,𝑜𝑢𝑡)

ln (
𝑇𝑎𝑖𝑟,𝑖𝑛 – 𝑇𝑜𝑖𝑙,𝑜𝑢𝑡
𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 – 𝑇𝑜𝑖𝑙,𝑜𝑢𝑡

)
 

𝑄𝑎𝑖𝑟  =  𝑈𝐴 ∗ 𝐿𝑀𝑇𝐷 

𝑄𝑜𝑖𝑙  =  ṁ𝑜𝑖𝑙 ∗ 𝑐𝑝,𝑜𝑖𝑙 ∗ ∆𝑇𝑜𝑖𝑙 

𝑄𝑎𝑖𝑟  =  1.550 𝑘𝑊 

𝑄𝑜𝑖𝑙 = 0.756 𝑘𝑊 
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Calculating the value of 𝑄𝑎𝑖𝑟 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/Oil 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. 

2. Open the LabVIEW monitoring program “Absorption.” 

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

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

5. Run the LabVIEW monitoring program. 

6. 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 V 

Load current 0.147 A 

Load power 3.505 W 
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Load resistance 162.576 Ω 

Desorber OO Temp 54.1 C 

Desorber OI 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 V 

Load current 0.171 A 

Load power 4.081 W 

Load resistance 139.647 Ω 

Desorber OO Temp 59.7 C 

Desorber OI 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 V 

Load current 0.082 A 

Load power 2.011 W 

Load resistance 291.447 Ω 

Desorber OO Temp 42.2 C 

Desorber OI 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/Oil 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 = 𝑄𝑇𝐸𝐺 + 𝑄𝑜𝑖𝑙 + 𝑄𝑙𝑜𝑠𝑠 
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For each variable, the value was calculated based on the relevant experimental values, and 𝑄𝑙𝑜𝑠𝑠 

was determined for the cases without insulation. 

 

Calculation Development [Appendix C]: 

The full calculations provide a breakdown of where heat was delivered to and from within the 

TEG/Oil Loop. The calculations examine the conditions of Table 4-3, maximum temperature and 

maximum mass flow rate of the fan blower. The 𝑄𝑇𝐸𝐺 value was derived by dividing the 

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

 

Variable Definition:  

𝑄𝑎𝑖𝑟 = 𝐻𝑒𝑎𝑡 𝐼𝑛𝑝𝑢𝑡 𝑓𝑟𝑜𝑚 𝐴𝑖𝑟 [𝑊] 

𝑄𝑇𝐸𝐺 = 𝐻𝑒𝑎𝑡 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑇𝐸𝐺 [𝑊] 

𝑄𝑜𝑖𝑙 = 𝐻𝑒𝑎𝑡 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑂𝑖𝑙 [𝑊] 

𝑄𝑙𝑜𝑠𝑠 = 𝐻𝑒𝑎𝑡 𝑙𝑜𝑠𝑡 𝑡𝑜 𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔𝑠 [𝑊] 

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

𝐴𝑎𝑖𝑟 = 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑎𝑛 𝑏𝑙𝑜𝑤𝑒𝑟 𝑝𝑖𝑝𝑒 𝑓𝑜𝑟 𝑖𝑛𝑝𝑢𝑡 𝐴𝑖𝑟 [𝑚
2] 

ṁ𝑎𝑖𝑟 = 𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑖𝑛𝑙𝑒𝑡 𝑎𝑖𝑟 [
𝑘𝑔

𝑠
] 

𝑐𝑝,𝑎𝑖𝑟 = 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑎𝑖𝑟 𝑎𝑡 𝑇𝑎𝑖𝑟,𝑖𝑛  [
𝑘𝐽

𝑘𝑔 ∗ 𝐾
] 

ṁ𝑜𝑖𝑙 = 𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑖𝑛𝑙𝑒𝑡 𝑜𝑖𝑙 [
𝑘𝑔

𝑠
]  

𝑐𝑝,𝑜𝑖𝑙 = 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑎𝑖𝑟 𝑎𝑡 𝑇𝑜𝑖𝑙,𝑖𝑛  [
𝑘𝐽

𝑘𝑔 ∗ 𝐾
] 
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Assumptions: 

𝑑𝑎𝑖𝑟 = 0.0617 [𝑚] 

𝑐𝑝,𝑎𝑖𝑟 = 1.042 [
𝑘𝐽

𝑘𝑔 ∗ 𝐾
] 

𝑐𝑝,𝑜𝑖𝑙 = 2.300 [
𝑘𝐽

𝑘𝑔 ∗ 𝐾
] 

Equations: 

𝐴𝑎𝑖𝑟 = 𝜋/4 ∗ 𝑑𝑎𝑖𝑟
2  

ṁ𝑎𝑖𝑟 = 𝑣𝑎𝑖𝑟 ∗ 𝐴𝑎𝑖𝑟 ∗ 𝜌𝑎𝑖𝑟 

ṁ𝑜𝑖𝑙 = v̇oil ∗ 𝜌𝑜𝑖𝑙 

𝑄𝑎𝑖𝑟 = ṁ𝑎𝑖𝑟 ∗ 𝑐𝑝,𝑎𝑖𝑟 ∗ ∆𝑇𝑎𝑖𝑟 

𝑄𝑜𝑖𝑙 = ṁ𝑜𝑖𝑙 ∗ 𝑐𝑝,𝑜𝑖𝑙 ∗ ∆𝑇𝑜𝑖𝑙 

𝐴𝑎𝑖𝑟 = 0.00299 𝑚
2 

ṁ𝑎𝑖𝑟 = 4.571
𝑚

𝑠
∗ 0.00299 𝑚2 ∗ 0.7863

𝑘𝑔

𝑚3
= 0.01075

𝑘𝑔

𝑠
 

ṁ𝑜𝑖𝑙 = 0.000024
𝑚3

𝑠
∗ 862.4

𝑘𝑔

𝑚3
= 0.02070

𝑘𝑔

𝑠
 

𝑄𝑎𝑖𝑟 = 0.01075
𝑘𝑔

𝑠
∗ 1.02

𝑘𝐽

𝑘𝑔 ∗ 𝐾
∗ (286.6 − 175.8) 𝐾 = 1.215 𝑘𝑊 

𝑄𝑜𝑖𝑙 = 0.02070
𝑘𝑔

𝑠
∗ 2.0

𝑘𝐽

𝑘𝑔 ∗ 𝐾
∗ (68.9 − 52.6) 𝐾 = 0.6748𝑘𝑊 

𝑄𝑇𝐸𝐺 =
3.505

85%
∗ 10−3(𝑘𝑊) = 4.124 ∗ 10−3 𝑘𝑊 

𝑄𝑙𝑜𝑠𝑠 = 𝑄𝑎𝑖𝑟 − 𝑄𝑜𝑖𝑙 − 𝑄𝑇𝐸𝐺 = 0.5360 𝑘𝑊 
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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 𝑄𝑎𝑖𝑟 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 𝑄𝑎𝑖𝑟 was lost to the environment. Finally, for the 

50% maximum flow rate and 50% maximum temperature condition, 41.27% of 𝑄𝑎𝑖𝑟 was lost to 

the environment. Each scenario resulted in significant heat loss, seemingly unaffected by the input 

𝑄𝑎𝑖𝑟value. 

 

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 𝑄𝑎𝑖𝑟 outputs, the majority of uncertainty (73.98 – 97.30%) comes from the 

𝑣𝑎𝑖𝑟 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 𝑣𝑎𝑖𝑟 was 

determined using the formula ∆𝑃 =
1

2
∗ 𝜌𝑎𝑖𝑟 ∗ 𝑣𝑎𝑖𝑟

2  with a known instrument uncertainty of 0.25Pa. 

Conversely, the majority of uncertainty (96.66 – 98.63%) for 𝑄𝑜𝑖𝑙 was due to the change in oil 

temperatures (with minimal uncertainty due to the volume flow rates, which were to the power of 

10−7). 
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There were two potential solutions to minimizing 𝑄𝑙𝑜𝑠𝑠. 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) 𝑄𝑜𝑖𝑙 (𝑘𝑊) 𝑄𝑇𝐸𝐺  (𝑊) 𝑄𝑙𝑜𝑠𝑠 (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 𝑄𝑎𝑖𝑟 values were derived from raw data, while the 

theoretical 𝑄𝑎𝑖𝑟 value was derived from the thermal resistance network. The assumptions of inlet 

and outlet air temperatures led to a slightly greater theoretical 𝑄𝑎𝑖𝑟, calculated through the LMTD 

approach. When comparing the ratio of 
𝑄𝑜𝑖𝑙

𝑄𝑎𝑖𝑟
 for each condition to the theoretical model, the ratio 

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

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

 

Intuitively, this led to a decreased power output 𝑄𝑇𝐸𝐺 for the experimental conditions, but not to 

the extent thr data suggested. The experimental 𝑄𝑇𝐸𝐺 ranged from 2.366 – 4.801 W, while the 

theoretical 𝑄𝑇𝐸𝐺 “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 𝑄𝑇𝐸𝐺  discrepancy was the difference between theoretical and experimental values 

of 𝑄𝑙𝑜𝑠𝑠, 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 𝑄𝑇𝐸𝐺 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 𝑄𝑇𝐸𝐺 output, the author and Dr. Rattner ran experiments by varying the 

input parameters to calculate power outputs 𝑄𝑎𝑖𝑟, 𝑄𝑜𝑖𝑙, and 𝑄𝑇𝐸𝐺. The 𝑄𝑇𝐸𝐺 output was minimal 

(in the range of a few watts) when compared to the input heat 𝑄𝑎𝑖𝑟 (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 𝑄𝑇𝐸𝐺 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, Rconv,air: 

𝑅𝑒 =
4 ∗ ṁ𝑎𝑖𝑟

𝜋 ∗ 𝐷𝑒,ℎ𝑠 ∗ 𝜇𝑎𝑖𝑟
 

𝑁𝑢𝑎𝑖𝑟 = 0.304 ∗ 𝑅𝑒
0.59 ∗ 𝑃𝑟

1
3 

ℎ𝑐𝑜𝑛𝑣 = (𝑁𝑢𝑎𝑖𝑟 ∗ 𝑘𝑎𝑙𝑢𝑚)/(𝐷𝑒,ℎ𝑠) 

𝑓𝑖𝑛𝑙𝑐 =
𝑓𝑖𝑛𝑏𝑎𝑠𝑒
4

+ 𝑓𝑖𝑛𝑙 

𝐴𝑓𝑖𝑛 = 𝜋 ∗ 𝑓𝑖𝑛𝑏𝑎𝑠𝑒 ∗ 𝑓𝑖𝑛𝑙𝑐 

𝑓𝑖𝑛𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = (

tanh((
2 ∗ ℎ𝑐𝑜𝑛𝑣
𝑘𝑎𝑙𝑢𝑚 ∗ 𝐴𝑓𝑖𝑛

)
0.5

∗ (𝑓𝑖𝑛𝑙𝑐)
1.5)

(
2 ∗ ℎ𝑐𝑜𝑛𝑣
𝑘𝑎𝑙𝑢𝑚 ∗ 𝐴𝑓𝑖𝑛

)
0.5

∗ (𝑓𝑖𝑛𝑙𝑐)1.5
 

𝐴𝑏𝑎𝑠𝑒 = 0.0064 𝑚
2 

𝑅𝑐𝑜𝑛𝑣,𝑎𝑖𝑟 =
1

𝑁 ∗ 𝑓𝑖𝑛𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ∗ ℎ𝑐𝑜𝑛𝑣 ∗ 𝐴𝑏𝑎𝑠𝑒
 

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

𝐴𝑏𝑎𝑠𝑒 = 0.0064 𝑚
2 

𝑅𝑖𝑛𝑡,1 =
1

ℎ𝑗,𝑠𝑡𝑒𝑒𝑙−𝑠𝑡𝑒𝑒𝑙 ∗ 𝐴𝑏𝑎𝑠𝑒
 

Resistance due to Conduction, Rcond,steel: 
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𝑅𝑐𝑜𝑛𝑑,𝑠𝑡𝑒𝑒𝑙 =
𝐿𝑝𝑙𝑎𝑡𝑒

𝑘𝑠𝑡𝑒𝑒𝑙 ∗ 𝐴𝑏𝑎𝑠𝑒
 

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

𝐴𝑏𝑎𝑠𝑒 = 0.0064 𝑚
2 

𝑅𝑖𝑛𝑡,2 =
1

ℎ𝑗,𝑠𝑡𝑒𝑒𝑙−𝑠𝑡𝑒𝑒𝑙 ∗ 𝐴𝑏𝑎𝑠𝑒
 

Resistance due to TEG, RTEG: 

𝑅𝑇𝐸𝐺 = 0.667
𝐾

𝑊
 

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

𝐴𝑏𝑎𝑠𝑒 = 0.0064 𝑚
2 

𝑅𝑖𝑛𝑡,3 =
1

ℎ𝑗,𝑎𝑙𝑢𝑚−𝑠𝑡𝑒𝑒𝑙 ∗ 𝐴𝑏𝑎𝑠𝑒
 

Resistance due to Conduction, Rcond,cp: 

𝑅𝑐𝑜𝑛𝑑,𝑐𝑝 =
𝐿𝑐𝑝

𝑘𝑎𝑙𝑢𝑚 ∗ 𝐴𝑏𝑎𝑠𝑒
 

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

𝐴𝑏𝑎𝑠𝑒 = 0.0064 𝑚
2 

𝑅𝑖𝑛𝑡,4 =
1

ℎ𝑗,𝑎𝑙𝑢𝑚−𝑎𝑙𝑢𝑚 ∗ 𝐴𝑏𝑎𝑠𝑒
 

Resistance due to Convection, Rconv,wb: 

𝑅𝑒𝑤𝑏 =
4 ∗ ṁ𝑜𝑖𝑙

𝜋 ∗ 𝐷𝑤𝑏 ∗ 𝜇𝑜𝑖𝑙
 

𝑁𝑢𝑜𝑖𝑙 = 0.023 ∗ 𝑅𝑒
0.80 ∗ 𝑃𝑟0.4 

ℎ𝑐𝑜𝑛𝑣,𝑤𝑏 = (𝑁𝑢𝑜𝑖𝑙 ∗ 𝑘𝑜𝑖𝑙)/(𝐷𝑤𝑏) 
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𝑓𝑖𝑛𝑤𝑏,𝑙𝑐 =
𝑓𝑖𝑛𝑤𝑏,𝑡
2

+ 𝑓𝑖𝑛𝑤𝑏,𝑙 

𝐴𝑓𝑖𝑛,𝑤𝑏 = 𝜋 ∗ 𝑓𝑖𝑛𝑤𝑏,𝑡 ∗ 𝑓𝑖𝑛𝑤𝑏,𝑙 

𝑓𝑖𝑛𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦,𝑤𝑏 = (

tanh((
2 ∗ ℎ𝑐𝑜𝑛𝑣,𝑤𝑏
𝑘𝑜𝑖𝑙 ∗ 𝐴𝑓𝑖𝑛,𝑤𝑏

)
0.5

∗ (𝑓𝑖𝑛𝑤𝑏,𝑙𝑐)
1.5
)

(
2 ∗ ℎ𝑐𝑜𝑛𝑣,𝑤𝑏
𝑘𝑜𝑖𝑙 ∗ 𝐴𝑓𝑖𝑛,𝑤𝑏

)
0.5

∗ (𝑓𝑖𝑛𝑤𝑏,𝑙𝑐)
1.5

 

𝐴𝑏𝑎𝑠𝑒 = 0.0064 𝑚
2 

𝑅𝑐𝑜𝑛𝑣,𝑤𝑏 =
1

𝑁 ∗ 𝑓𝑖𝑛𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦,𝑤𝑏 ∗ ℎ𝑐𝑜𝑛𝑣,𝑤𝑏 ∗ 𝐴𝑏𝑎𝑠𝑒
 

 

Calculations: 

Resistance due to Convection, Rconv,air: 

𝑅𝑒 =
4 ∗ 0.073(

𝑘𝑔
𝑠 )

𝜋 ∗ (0.08𝑚) ∗ (3.616 ∗ 10−5)
(𝑁 ∗ 𝑠)
𝑚2

= 32,135 

𝑁𝑢𝑎𝑖𝑟 = 0.304 ∗ 32135
0.59 ∗ 0.689

1
3 = 122.5 

ℎ𝑐𝑜𝑛𝑣 =

(122.5 ∗ 4.679 ∗ 10−4 (
𝑊

𝑚 ∗ 𝐾))

0.08𝑚
= 0.8694 (

𝑊

𝑚2 ∗ 𝐾
) 

𝑓𝑖𝑛𝑙𝑐 =
0.0033

4
+ 0.033 = 0.03383 𝑚 

𝐴𝑓𝑖𝑛 = 𝜋 ∗ 0.0033𝑚 ∗ 0.03383𝑚 = 0.0003507 𝑚2 
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𝑓𝑖𝑛𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =

(

 
 
 
 
 tanh((

2 ∗ 0.8694 (
𝑊

𝑚2 ∗ 𝐾
)

4.679 ∗ 10−4 (
𝑊
𝑚 ∗ 𝐾

) ∗ 0.0003507 𝑚2
)

0.5

∗ (0.03383 𝑚)1.5)

(
2 ∗ 0.8694 (

𝑊
𝑚2 ∗ 𝐾

)

4.679 ∗ 10−4 (
𝑊
𝑚 ∗ 𝐾

) ∗ 0.0003507 𝑚2
)

0.5

∗ (0.03383 𝑚)1.5

)

 
 
 
 
 

= 0.9997 

𝐴𝑏𝑎𝑠𝑒 = 0.0064 𝑚
2 

𝑅𝑐𝑜𝑛𝑣,𝑎𝑖𝑟 =
1

256 ∗ 0.9997 ∗ 0.8694 (
𝑊

𝑚2 ∗ 𝐾
) ∗ 0.0064 𝑚2

= 0.7022
𝐾

𝑊
 

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

𝐴𝑏𝑎𝑠𝑒 = 0.0064 𝑚
2 

𝑅𝑖𝑛𝑡,1 =
1

4000 (
𝑊

𝑚2 ∗ 𝐾
) ∗ 0.0064𝑚2

= 0.039
𝐾

𝑊
 

Resistance due to Conduction, Rcond,steel: 

𝑅𝑐𝑜𝑛𝑑,𝑠𝑡𝑒𝑒𝑙 =
0.003175𝑚

25(
𝑊

𝑚 ∗ 𝐾) ∗ 0.0064𝑚
2
= 0.020

𝐾

𝑊
 

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

𝐴𝑏𝑎𝑠𝑒 = 0.0064 𝑚
2 

𝑅𝑖𝑛𝑡,2 =
1

4000 (
𝑊

𝑚2 ∗ 𝐾
) ∗ 0.0064𝑚2

= 0.039
𝐾

𝑊
 

Resistance due to TEG, RTEG: 

𝑅𝑇𝐸𝐺 = 0.667
𝐾

𝑊
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Resistance due to Interface 3, Rint,3: Aluminum-Steel Interface 

𝐴𝑏𝑎𝑠𝑒 = 0.0064 𝑚
2 

𝑅𝑖𝑛𝑡,3 =
1

4500 (
𝑊

𝑚2 ∗ 𝐾
) ∗ 0.0064𝑚2

= 0.034
𝐾

𝑊
 

Resistance due to Conduction, Rcond,cp: 

𝑅𝑐𝑜𝑛𝑑,𝑐𝑝 =
0.003𝑚

237 (
𝑊

𝑚 ∗ 𝐾
) ∗ 0.0064𝑚2

= 0.002
𝐾

𝑊
 

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

𝐴𝑏𝑎𝑠𝑒 = 0.0064 𝑚
2 

𝑅𝑖𝑛𝑡,4 =
1

12000 (
𝑊

𝑚2 ∗ 𝐾
) ∗ 0.0064𝑚2

= 0.013
𝐾

𝑊
 

Resistance due to Convection, Rconv,wb: 

𝑅𝑒𝑤𝑏 =
4 ∗ 0.02618(

𝑘𝑔
𝑠 )

𝜋 ∗ (0.065𝑚) ∗ (0.0022)
(𝑁 ∗ 𝑠)
𝑚2

= 233.1 

𝑁𝑢𝑜𝑖𝑙 = 0.023 ∗ 233.1
0.80 ∗ 51.110.4 = 8.693 

ℎ𝑐𝑜𝑛𝑣,𝑤𝑏 =
8.693 ∗ 0.099 (

𝑊
𝑚 ∗ 𝐾)

0.065𝑚
= 13.24

𝑊

𝑚2 ∗ 𝐾
 

𝑓𝑖𝑛𝑤𝑏,𝑙𝑐 =
0.000127

2
𝑚 + 0.009144𝑚 = 0.009208 𝑚 

𝐴𝑓𝑖𝑛,𝑤𝑏 = 𝜋 ∗ 0.000127𝑚 ∗ 0.009144 = 0.000001161 𝑚
2 
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𝑓𝑖𝑛𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦,𝑤𝑏 =

(

 
 
 
 
 tanh((

2 ∗ 13.24 (
𝑊

𝑚2 ∗ 𝐾
)

0.099(
𝑊
𝑚 ∗ 𝐾

) ∗ 0.000001161 𝑚2
)

0.5

∗ (0.009208 𝑚)1.5)

(
2 ∗ 13.24 (

𝑊
𝑚2 ∗ 𝐾

)

0.099 (
𝑊
𝑚 ∗ 𝐾

) ∗ 0.000001161 𝑚2
)

0.5

∗ (0.009208 𝑚)1.5

)

 
 
 
 
 

= 0.07458 

𝐴𝑏𝑎𝑠𝑒 = 0.0064 𝑚
2 

𝑅𝑐𝑜𝑛𝑣,𝑤𝑏 =
1

12 ∗ 0.07458 ∗ 13.24 (
𝑊

𝑚2 ∗ 𝐾
) ∗ 0.0064 𝑚2

= 13.19
𝐾

𝑊
 

 

𝑅𝑇𝑂𝑇 = 𝑅𝑐𝑜𝑛𝑣,𝑎𝑖𝑟 + 𝑅𝑖𝑛𝑡,1 + 𝑅𝑐𝑜𝑛𝑑,𝑠𝑡𝑒𝑒𝑙 + 𝑅𝑖𝑛𝑡,3 + 𝑅𝑇𝐸𝐺 + 𝑅𝑖𝑛𝑡,3 + 𝑅𝑐𝑜𝑛𝑑,𝑐𝑝 + 𝑅𝑖𝑛𝑡,4 + 𝑅𝑐𝑜𝑛𝑣,𝑤𝑏

= 𝟏𝟒. 𝟔𝟐
𝑲

𝑾
 

 

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

resistance, was calculated by 1/UA = (1/RTOT+1/RTOT +1/RTOT +1/RTOT +1/RTOT +1/RTOT). 
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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. 

 

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. 

 

 

Figure B-2 Overall system resistance calculations. 
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Calculations: 

𝑄𝑎𝑖𝑟  =  𝑈𝐴 ∗ 𝐿𝑀𝑇𝐷 

𝐿𝑀𝑇𝐷 =
(𝑇𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑜𝑖𝑙,𝑜𝑢𝑡) − (𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 − 𝑇𝑜𝑖𝑙,𝑜𝑢𝑡)

𝑙𝑛 (
(𝑇𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑜𝑖𝑙,𝑜𝑢𝑡)

(𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 − 𝑇𝑜𝑖𝑙,𝑜𝑢𝑡)
)

 

ℎ2,𝑎𝑖𝑟 =
𝑄

ṁ𝑎𝑖𝑟 ∗ 𝑐𝑝,𝑎𝑖𝑟
+ ℎ1,𝑎𝑖𝑟 

ℎ2,𝑜𝑖𝑙 =
𝑄

ṁ𝑜𝑖𝑙 ∗ 𝑐𝑝,𝑜𝑖𝑙
+ ℎ1,𝑜𝑖𝑙 

𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 =
ℎ2,𝑎𝑖𝑟 − ℎ1,𝑎𝑖𝑟

𝑐𝑝,𝑎𝑖𝑟
+ 𝑇𝑎𝑖𝑟,𝑖𝑛 

𝑇𝑜𝑖𝑙,𝑜𝑢𝑡 =
ℎ2,𝑜𝑖𝑙 − ℎ1,𝑜𝑖𝑙

𝑐𝑝,𝑜𝑖𝑙
+ 𝑇𝑜𝑖𝑙,𝑖𝑛 

𝑄𝑜𝑖𝑙  =  ṁ𝑜𝑖𝑙 ∗ 𝑐𝑝,𝑜𝑖𝑙 ∗ ∆𝑇𝑜𝑖𝑙 

  

The above equations were solved for simultaneously using EES, resulting in: 

𝑸𝒂𝒊𝒓  =  𝟏. 𝟓𝟓𝟎 𝒌𝑾 

𝑳𝑴𝑻𝑫 = 𝟖𝟗. 𝟖𝟔 𝑲 

𝒉𝟐,𝒂𝒊𝒓 = 𝟖𝟓𝟐. 𝟖
𝒌𝑱

𝒌𝒈
 

𝒉𝟐,𝒐𝒊𝒍 = 𝟗𝟏𝟔. 𝟖
𝒌𝑱

𝒌𝒈
 

𝑻𝒂𝒊𝒓,𝒐𝒖𝒕 = 𝟔𝟗𝟏. 𝟏 𝑲 

𝑻𝒐𝒊𝒍,𝒐𝒖𝒕 = 𝟒𝟐𝟎. 𝟖 𝑲 

𝑸𝒐𝒊𝒍  =  𝟎. 𝟕𝟓𝟔 𝒌𝑾 
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Appendix C 

 

Complete Calculations for System Energy Balance 

Equations: 

𝑄𝐼𝑁 = 𝑄𝑂𝑈𝑇  →   𝑄𝑎𝑖𝑟 = 𝑄𝑜𝑖𝑙 + 𝑄𝑇𝐸𝐺 + 𝑄𝐿𝑂𝑆𝑆 

𝐴𝑎𝑖𝑟 = 𝜋/4 ∗ 𝑑𝑎𝑖𝑟
2  

ṁ𝑎𝑖𝑟 = 𝑣𝑎𝑖𝑟 ∗ 𝐴𝑎𝑖𝑟 ∗ 𝜌𝑎𝑖𝑟  

ṁ𝑜𝑖𝑙 = v̇oil ∗ 𝜌𝑜𝑖𝑙 

𝑄𝑎𝑖𝑟 = ṁ𝑎𝑖𝑟 ∗ 𝑐𝑝,𝑎𝑖𝑟 ∗ ∆𝑇𝑎𝑖𝑟 

𝑄𝑜𝑖𝑙 = ṁ𝑜𝑖𝑙 ∗ 𝑐𝑝,𝑜𝑖𝑙 ∗ ∆𝑇𝑜𝑖𝑙 

𝑄𝑇𝐸𝐺 =
𝐿𝑜𝑎𝑑𝑃𝑜𝑤𝑒𝑟
85%

 

𝑄𝐿𝑂𝑆𝑆 = 𝑄𝑎𝑖𝑟 − 𝑄𝑜𝑖𝑙 − 𝑄𝑇𝐸𝐺 

Calculations: 𝐴𝑎𝑖𝑟 = 0.00299 𝑚
2 

For Maximum Flow Rate and Maximum Temperature Blower Conditions: 

ṁ𝑎𝑖𝑟 = 4.571
𝑚

𝑠
∗ 0.00299 𝑚2 ∗ 0.7863

𝑘𝑔

𝑚3
= 0.01075

𝑘𝑔

𝑠
 

ṁ𝑜𝑖𝑙 = 0.000024
𝑚3

𝑠
∗ 862.4

𝑘𝑔

𝑚3
= 0.02070

𝑘𝑔

𝑠
 

𝑄𝑎𝑖𝑟 = 0.01075
𝑘𝑔

𝑠
∗ 1.02

𝑘𝐽

𝑘𝑔 ∗ 𝐾
∗ (286.6 − 175.8) 𝐾 = 1.215 𝑘𝑊 

𝑄𝑜𝑖𝑙 = 0.02070
𝑘𝑔

𝑠
∗ 2.000

𝑘𝐽

𝑘𝑔 ∗ 𝐾
∗ (68.9 − 52.6) 𝐾 = 0.6748𝑘𝑊 

𝑄𝑇𝐸𝐺 =
3.505

85%
∗ 10−3(𝑘𝑊) = 4.124 ∗ 10−3 𝑘𝑊 

𝑄𝑙𝑜𝑠𝑠 = 𝑄𝑎𝑖𝑟 − 𝑄𝑜𝑖𝑙 − 𝑄𝑇𝐸𝐺 = 0.5360 𝑘𝑊 
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For 50% Maximum Flow Rate and Maximum Temperature Blower Conditions: 

ṁ𝑎𝑖𝑟 = 3.2258
𝑚

𝑠
∗ 0.00299 𝑚2 ∗ .7577

𝑘𝑔

𝑚3
= 0.00731

𝑘𝑔

𝑠
 

ṁ𝑜𝑖𝑙 = 0.00002483
𝑚3

𝑠
∗ 859.1

𝑘𝑔

𝑚3
= 0.02133

𝑘𝑔

𝑠
 

𝑄𝑎𝑖𝑟 = 0.00731
𝑘𝑔

𝑠
∗ 1.023

𝑘𝐽

𝑘𝑔 ∗ 𝐾
∗ (381.9 − 192.7) 𝐾 = 1.415 𝑘𝑊 

𝑄𝑜𝑖𝑙 = 0.02133
𝑘𝑔

𝑠
∗ 2.000

𝑘𝐽

𝑘𝑔 ∗ 𝐾
∗ (76.8 − 58.2) 𝐾 = 0.7935 𝑘𝑊 

𝑄𝑇𝐸𝐺 =
4.081

85%
∗ 10−3(𝑘𝑊) = 4.801 ∗ 10−3 𝑘𝑊 

𝑄𝑙𝑜𝑠𝑠 = 𝑄𝑎𝑖𝑟 − 𝑄𝑜𝑖𝑙 − 𝑄𝑇𝐸𝐺 = 0.6164 𝑘𝑊 

 

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

ṁ𝑎𝑖𝑟 = 3.1552
𝑚

𝑠
∗ 0.00299 𝑚2 ∗ .0.8926

𝑘𝑔

𝑚3
= 0.00842

𝑘𝑔

𝑠
 

ṁ𝑜𝑖𝑙 = 0.00002217
𝑚3

𝑠
∗ 869.7

𝑘𝑔

𝑚3
= 0.01928

𝑘𝑔

𝑠
 

𝑄𝑎𝑖𝑟 = 0.00842
𝑘𝑔

𝑠
∗ 1.013

𝑘𝐽

𝑘𝑔 ∗ 𝐾
∗ (209.9 − 122.3) 𝐾 = 0.7471 𝑘𝑊 

𝑄𝑜𝑖𝑙 = 0.01928
𝑘𝑔

𝑠
∗ 1.918

𝑘𝐽

𝑘𝑔 ∗ 𝐾
∗ (53.6 − 41.8) 𝐾 = 0.4363𝑘𝑊 

𝑄𝑇𝐸𝐺 =
2.011

85%
∗ 10−3(𝑘𝑊) = 2.366 ∗ 10−3 𝑘𝑊 

𝑄𝑙𝑜𝑠𝑠 = 𝑄𝑎𝑖𝑟 − 𝑄𝑜𝑖𝑙 − 𝑄𝑇𝐸𝐺 = 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. 

 

Figure C-1 Uncertainty Propagation of 𝐐𝐚𝐢𝐫 at the first and second test conditions. 
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Figure C-2 Uncertainty Propagation of at 𝐐𝐚𝐢𝐫 the third test condition and 𝐐𝐨𝐢𝐥 at the first test 

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