
 

 

 

 

 

Experimental Study of Branching Fins 

for Enhanced Heat Transfer in Latent 

Energy Storage System 

 
 

By 

 

Jonas Skaalum 

 

Submitted in partial fulfilment of the requirements 

for the degree of Master of Applied Science 

 

 

at 

 

 

Dalhousie University 

Halifax, Nova Scotia 

December 2017 

 

 

 

 

© Copyright by Jonas Skaalum, 2017 



ii 
 

To my family, friends, and Rebecca. 

  



iii 
 

Table of Contents 

List of Tables .................................................................................................................................... v 

List of Figures .................................................................................................................................. vi 

Abstract ............................................................................................................................................ x 

List of Abbreviation and Symbols Used .......................................................................................... xi 

Acknowledgements ........................................................................................................................ xii 

Chapter 1. INTRODUCTION ........................................................................................................ 1 

1.1. Background ...................................................................................................................... 1 

1.2. Research Objectives ......................................................................................................... 4 

1.3. Literature Review ............................................................................................................. 5 

1.3.1. PCM Categories ........................................................................................................ 5 

1.3.2. Heat Transfer in Shell and Tube LHESSs ................................................................... 7 

1.3.3. LHESSs Evaluation by ε-NTU Methods ..................................................................... 9 

1.3.4. Impact of Extended Surfaces on LHESS Performance ............................................ 10 

Chapter 2. EXPERIMENTAL GEOMETRY ................................................................................... 19 

2.1. Mobile Testing Bench ..................................................................................................... 19 

2.1.1. Heat Transfer Fluid Temperature Control and Circulation .................................... 21 

2.1.2. Sensors ................................................................................................................... 23 

2.1.3. Data Acquisition Tools............................................................................................ 25 

2.2. Experimental Geometry ................................................................................................. 26 

2.3. Experimental Procedure ................................................................................................ 33 

2.4. Error and Uncertainty .................................................................................................... 35 

2.4.1. Temperature and Volumetric Flow ........................................................................ 35 

2.4.2. Heat Transfer Rate ................................................................................................. 36 

2.4.3. Net Energy Transfer ............................................................................................... 37 

Chapter 3. RESULTS AND DISCUSSION ..................................................................................... 39 

3.1. Discharging with 22.5 °C HTF ......................................................................................... 39 

3.1.1. Bifurcated Fins ....................................................................................................... 39 

3.1.2. Short Straight Fins .................................................................................................. 41 

3.1.3. Long Straight Fins ................................................................................................... 43 

3.1.4. Power Comparison ................................................................................................. 44 

3.2. Discharging with 12.5 °C HTF ......................................................................................... 47 

3.2.1. Bifurcated Fins ....................................................................................................... 47 



iv 
 

3.2.2. Short Straight Fins .................................................................................................. 48 

3.2.3. Long Straight Fins ................................................................................................... 48 

3.2.4. Power Comparison ................................................................................................. 49 

3.3. Charging with 62.5 °C HTF .............................................................................................. 51 

3.3.1. Bifurcated Fins ....................................................................................................... 51 

3.3.2. Short Straight Fins .................................................................................................. 52 

3.3.3. Long Straight Fins ................................................................................................... 53 

3.3.4. Power Comparison ................................................................................................. 54 

3.4. Charging with 72.5 °C HTF .............................................................................................. 58 

3.4.1. Bifurcated Fins ....................................................................................................... 58 

3.4.2. Short Straight Fins .................................................................................................. 59 

3.4.3. Long Straight Fins ................................................................................................... 60 

3.4.4. Power Comparison ................................................................................................. 61 

Chapter 4. ENERGY AND EFFECTIVENESS COMPARISONS ....................................................... 67 

Chapter 5. COST BENEFIT ANALYSIS ........................................................................................ 83 

Chapter 6. CONCLUSION AND RECOMMENDATIONS .............................................................. 88 

References ..................................................................................................................................... 92 

Appendix A: Data Sheets ................................................................................................................ 98 

 



v 
 

List of Tables 

Table 2.1: Properties of liquid and solid dodecanoic acid ............................................................. 32 

Table 2.2: Pipe flow properties ...................................................................................................... 34 

Table 2.3: Water density and dynamic viscosity with temperature .............................................. 34 

Table 2.4: Reynolds number for experimental conditions ............................................................ 34 

Table 2.5: Measurement uncertainties for calculating energy change ......................................... 38 

Table 4.1: Theoretical and measured energy changes for discharging experiments .................... 75 

Table 4.2: Theoretical and measured energy changes for charging experiments ......................... 76 

Table 5.1: Material costs of copper sheet for fin manufacturing .................................................. 83 

Table 5.2: Manufacturing time estimates per fin in minutes ........................................................ 84 

Table 5.3: Estimated cost per fin ................................................................................................... 84 

Table 5.4: Cost of fins per kWh of energy delivered in 4 hours with various HTF inlet 

temperatures ................................................................................................................................. 84 

Table 5.5: Cost of fins per kWh of energy delivered in 8 hours with various HTF inlet 

temperatures ................................................................................................................................. 85 

Table 5.6: Cost of fins per kWh of energy delivered in 4 hours, discounting the cost of folding .. 87 

Table 5.7: Cost of fins per kWh of energy delivered in 8 hours discounting the cost of folding ... 87 



vi 
 

List of Figures 

Figure 1.1: Thermal energy stored in water compared to dodecanoic acid relative to ambient 

temperature of 293 K ....................................................................................................................... 3 

Figure 1.2: Diagram of a basic shell and tube architecture ............................................................. 7 

Figure 1.3: Fin geometries examined by Almogbel (2005), Yu et al. (2006) and Lorenzini et al. 

(2011) from left to right respectively. ............................................................................................ 11 

Figure 1.4: Bifurcating heat exchanger design of (Sciacovelli et al., 2015) ................................... 13 

Figure 1.5: Snowflake heat exchanger of (Sheikholeslami et al., 2016) ........................................ 15 

Figure 1.6: 2D axisymmetric fin designs of (Eslami et al., 2017) .................................................... 16 

Figure 2.1: Schematic of experimental setup ................................................................................ 20 

Figure 2.2: CAD model of test bench concept (left) and photograph of the constructed bench 

(right) ............................................................................................................................................. 20 

Figure 2.3: Water Heating Unit ...................................................................................................... 21 

Figure 2.4: Cole-Parmer Polystat RK-12122-52 15L 230 V circulating bath ................................... 22 

Figure 2.5: Picture of an Iwaki MD-30RT-115NL pump ................................................................. 22 

Figure 2.6: Photograph of a T-type thermocouple probe with special limits of error................... 23 

Figure 2.7: K-type thermocouple probe ......................................................................................... 23 

Figure 2.8: Photograph of a FTB 4605 Flow Meter ........................................................................ 24 

Figure 2.9: Photograph of a PX26 Differential Pressure Sensor and Connecting Tubes ................ 25 

Figure 2.10: Photographs of empty NI-cDAQ 9174 unit (left) and NI-cDAQ mounted to test bench 

and filled with modules (right) ....................................................................................................... 26 

Figure 2.11: Photograph of bifurcated fin folded from a copper sheet ........................................ 27 

Figure 2.12: Photograph of bifurcated fins mounted onto copper pipe ....................................... 28 

Figure 2.13: Photograph of straight fins of equal mass (top) and straight fin of equal surface area 

(bottom) ......................................................................................................................................... 28 

Figure 2.14: Photograph of straight fins of equivalent mass to bifurcated version mounted on 

pipes ............................................................................................................................................... 29 

Figure 2.15: Photograph of straight fins of equivalent surface area to bifurcated version 

mounted on pipe............................................................................................................................ 30 

Figure 2.16: Diagram of HTF flow and thermocouple placement in heat exchanger .................... 31 

Figure 2.17: Diagram of thermocouple placement for straight-finned heat exchanger ............... 31 

Figure 2.18: Photograph of the heat exchanger submerged in molten PCM ................................ 32 



vii 
 

Figure 2.19: Calibration results of inlet and outlet thermocouples............................................... 35 

Figure 2.20: Calibration results of PCM thermocouples ................................................................ 36 

Figure 3.1: Temperature profile from bifurcated fin discharge experiment: HTF inlet temperature 

of 22.5 °C, initial temperature of 62.5 °C, Ste = 0.48 ..................................................................... 40 

Figure 3.2: Temperature profile from short-straight fin discharge experiment: HTF inlet 

temperature of 22.5 °C, initial temperature of 53.5 °C, Ste = 0.38 ............................................... 42 

Figure 3.3: Positions of thermocouples relative to short-straight fins .......................................... 43 

Figure 3.4: Temperature profile from long-straight fin discharge experiment: HTF inlet 

temperature of 22.5 °C, initial temperature of 58 °C, Stefan = 0.43 ............................................. 44 

Figure 3.5: Rate of heat transfer profiles for all three fin types with HTF inlet temperature of 22.5 

°C .................................................................................................................................................... 45 

Figure 3.6: Rate of heat transfer profiles per unit of fin area for all three fin types with HTF inlet 

temperature of 22.5 °C .................................................................................................................. 46 

Figure 3.7: Temperature profile from bifurcated fin discharge experiment: HTF inlet temperature 

of 12.5 °C, initial temperature of 65 °C, Ste = 0.64 ........................................................................ 47 

Figure 3.8: Temperature profile from short-straight fin discharge experiment: HTF inlet 

temperature of 12.5 °C, initial temperature of 66 °C, Ste = 0.65 .................................................. 48 

Figure 3.9: Temperature profile from long-straight fin discharge experiment: HTF inlet 

temperature of 12.5 °C, initial temperature of 65.5 °C, Ste = 0.64 ............................................... 49 

Figure 3.10: Rate of heat transfer profiles for all three fin types with HTF inlet temperature of 

12.5 °C ............................................................................................................................................ 50 

Figure 3.11: Rate of heat transfer profiles per unit of fin area for all three fin types with HTF inlet 

temperature of 12.5 °C .................................................................................................................. 51 

Figure 3.12: Temperature profile from bifurcated fin charging experiment: HTF inlet 

temperature of 60 °C, initial temperature of 12.5 °C, Ste = 0.57 .................................................. 52 

Figure 3.13: Temperature profile from short-straight fin charging experiment: HTF inlet 

temperature of 62.5 °C, initial temperature of 12.5 °C, Ste = 0.60 ............................................... 53 

Figure 3.14: Temperature profile from long-straight fin charging experiment: HTF inlet 

temperature of 62.5 °C, initial temperature of 12.5 °C, Ste = 0.60 ............................................... 54 

Figure 3.15: Rate of heat transfer profiles for all three fin types with HTF inlet temperature of 

62.5 °C ............................................................................................................................................ 55 



viii 
 

Figure 3.16: Rate of heat transfer profiles per unit of fin area for all three fin types with HTF inlet 

temperature of 62.5 °C .................................................................................................................. 56 

Figure 3.17: Rate of heat transfer profiles for all three fin types with HTF inlet temperature of 

62.5 °C corrected to account for ambient losses. .......................................................................... 57 

Figure 3.18: Rate of heat transfer profiles per unit of fin area for all three fin types with HTF inlet 

temperature of 62.5 °C corrected to account for ambient losses. ................................................ 58 

Figure 3.19: Temperature profile from bifurcated fin charging experiment: HTF inlet 

temperature of 72.5 °C, initial temperature of 22.5 °C, Ste = 0.60 ............................................... 59 

Figure 3.20: Temperature profile from short-straight fin charging experiment: HTF inlet 

temperature of 72.5 °C, initial temperature of 22.5 °C, Ste = 0.60 ............................................... 60 

Figure 3.21: Temperature profile from long-straight fin charging experiment: HTF inlet 

temperature of 72 °C, initial temperature of 22.5 °C, Ste = 0.60 .................................................. 61 

Figure 3.22: Rate of heat transfer profiles for all three fin types with HTF inlet temperature of 

72.5 °C ............................................................................................................................................ 62 

Figure 3.23: Rate of heat transfer profiles per unit of fin area for all three fin types with HTF inlet 

temperature of 72.5 °C .................................................................................................................. 63 

Figure 3.24: Rate of heat transfer profiles for all three fin types with HTF inlet temperature of 

72.5 °C corrected to account for ambient losses ........................................................................... 64 

Figure 3.25: Rate of heat transfer profiles per unit of fin area for all three fin types with HTF inlet 

temperature of 72.5 °C corrected to account for ambient losses ................................................. 65 

Figure 4.1: Cumulative energy profiles for all three fin types under discharge conditions, HTF 

temperature of 22.5 °C .................................................................................................................. 69 

Figure 4.2: Difference between outlet and inlet HTF thermocouple when submerged in constant-

temperature bath at 12.5 °C .......................................................................................................... 70 

Figure 4.3: Cumulative energy profiles for all three fin types under discharge conditions, HTF 

temperature of 12.5 °C, corrected for thermocouple bias ............................................................ 71 

Figure 4.4: Cumulative energy profiles for all three fin types under charging conditions, HTF 

temperature of 72.5 °C .................................................................................................................. 72 

Figure 4.5: Cumulative energy profiles for all three fin types under charging conditions, HTF 

temperature of 62.5 °C .................................................................................................................. 73 

Figure 4.6: Effectiveness of heat exchangers with HTF inlet temperatures of 22.5 °C (a) and of 

12.5 °C (b) ....................................................................................................................................... 77 



ix 
 

Figure 4.7: Effectiveness of heat exchangers with HTF inlet temperatures of 62.5 °C (a) and of 

72.5 °C (b) ....................................................................................................................................... 78 

Figure 4.8: Cumulative energy transferred by heat exchangers over 4 hours (a) and 8 hours (b) 

with different HTF inlet temperatures. .......................................................................................... 80 

Figure 4.9: Percentage difference in cumulative energy transferred over 4 hours (a) and 8 hours 

(b) between the straight fins and the bifurcated fins .................................................................... 82 

Figure 5.1: Estimated manufacturing costs of fin geometries for different folding times ............ 86 

 

  



x 
 

Abstract 

Thermal energy from sustainable sources is a growing percentage of the global energy 

budget, one which requires storage technologies for effective use. For thermal energy, 

latent heat energy storage systems (LHESSs) offer the potential for significantly improved 

energy density and quality compared to traditional systems. Most materials suitable for use 

in LHESSs, however, have very low thermal conductivities leading to limited heat transfer 

rates and requiring advances in heat exchanger design for these systems. 

 

A comparative study was performed between a heat exchanger with bifurcated fins and 

heat exchangers with straight fins within a LHESS. The bifurcated fins transferred less 

energy than the straight fins during charging tests due to their reduced ability to form 

convective cells of molten phase change material. During discharge the bifurcated 

geometry provided a lower but steadier rate of heat transfer, and exchanging slightly more 

energy over an eight-hour period than the straight fins. 
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Chapter 1. INTRODUCTION 

1.1. Background 

Due to the particulars of the Canadian climate, a significant portion of the country’s energy 

budget is spent on heating buildings. In 2013, for example, 14 % of the country’s secondary 

energy consumption was used for space and water heating within the residential and 

commercial/institutional sectors. The majority of this space heat was generated using 

natural gas (50 %), electricity (25 %), and wood (17 %) (Natural Resources Canada, 2017). 

As a party to the Paris Agreement, the government of Canada has set out a framework for 

reducing the greenhouse gas emissions of the population (Government of Canada, 2016). 

Part of this framework involves shifting the country’s supply of energy towards low-carbon 

sources, such as solar and wind harvesting. Many of these sources are, however, extremely 

time-sensitive in terms of their supply. The availability of solar energy, for example, 

depends on the time of day and local weather conditions, as well as the season. As a result, 

the supply of energy from these sources does not always match the demand, and an energy 

storage system is required to bridge the gap.  

There are three general forms in which thermal energy may be stored; sensible heat, latent 

heat, and thermochemical heat. Sensible heat refers to thermal energy that manifests as a 

change in the temperature of an object. Latent heat is thermal energy that contributes to a 

change of phase such as from solid to liquid without changing the temperature. 

Thermochemical heat storage systems convert heat into chemical potential energy through 

a reversible reaction, usually producing two substances that can be recombined to release 

the stored heat (Yan et al., 2015). Sensible heat storage is ubiquitous in the heating systems 

of residential and commercial buildings. Hot water tanks, for either potable use or space 

heating, can commonly be found in basements or closets. The advantage of the hot water 

tank is that frequent, non-periodic, and short-duration demands for warm water can be met 

without relying on a high ramp-rate heat source, such as by burning natural gas. There are 

several limitations, however, to energy storage through purely sensible heating. Firstly, 

storing energy as sensible heat results in a higher temperature gradient between the storage 

medium and the environment, which leads to self-discharge. Secondly, as sensible heat is 
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added or removed from the system the temperature of the storage medium changes. As the 

storage medium approaches the temperature of the surroundings, there is a corresponding 

decrease in the quality of the stored energy as well as the rate at which it can be transferred. 

Thirdly, the energy density of sensible heat storage is limited by the heat capacity of the 

material and the temperature limits of the application (Tatsidjodoung et al., 2013). In a 

domestic hot water tank, for example, the maximum temperature of the water is limited to 

prevent steam formation and dangerous pressure buildup. Therefore, the maximum 

quantity of heat that can be stored in a hot water tank is limited to the largest size of tank 

that may be installed. 

 

The motivation for research into latent heat energy storage systems (LHESSs) is their 

potential for improving on the space and weight limitations of storing thermal energy as 

purely sensible heat.  

Figure 1.1 shows a comparison between the thermal energy stored in water and in 

dodecanoic acid as they are heated up from a temperature of 20 °C (293 K) up to 330 K. 

Dodecanoic acid melts at 42.5 °C (315.5 K) and has a latent heat of 182 kJ/kg, resulting in 

a large step increase of energy required to bring the temperature past the melting point 

(Desgrosseilliers et al., 2013).  
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Figure 1.1: Thermal energy stored in water compared to dodecanoic acid relative to 

ambient temperature of 293 K 

 

This step increase associated with the phase change represents a dramatic increase in 

energy storage density over the sensible heat storage on either side. The phase change 

process is also a nearly isothermal one, meaning that the quality of the heat does not decline 

as energy is removed from the system. So long as the system temperature cycles above and 

below the melting temperature of the selected material, the system can benefit from these 

improvements in energy density and quality. 

 

There are two main issues facing the integration of phase change materials (PCMs) into 

thermal storage systems. One is the “rate problem”, whereby most materials that have high 

latent heats also have low thermal conductivities. The low thermal conductivities limit the 

rate of heat transfer within the PCM, greatly increasing the time required to store and 

retrieve thermal energy (Groulx et al., 2016). The second limitation is the lack of design 

equations for heat exchangers in contact with materials undergoing liquid-solid phase 

change. Heat exchanger design equations allow designers to estimate how a potential heat 
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exchanger will perform under different operating conditions based on the physical 

parameters of the design. Through these equations, such as the log-mean temperature 

difference (LMTD) method or the effectiveness-number of heat transfer units (ε-NTU) 

method, heat exchanger designers can identify optimal configurations based on the 

constraints of the application (Bergman et al., 2011). These design equations, however, are 

intended for use with systems involving two moving fluids, or one moving fluid and a 

condensing or evaporating fluid. Thus, these design equations must be modified to account 

for a stationary medium with latent storage and variable thermophysical properties 

according to the phase. 

 

1.2. Research Objectives 

 

Energy is usually transferred between the PCM and the heat transfer fluid (HTF) via a heat 

exchanger, which generally includes finned surfaces to provide a larger surface area for 

heat transfer. There is a growing body of work on the topic of heat exchangers with fins 

that diverge from a main stem into smaller branch fins, much like the structure of a plant. 

These bio-inspired fin designs have been shown to offer superior rates of heat transfer 

compared to non-branched fins of equal volume when used to cool electronics (Park et al., 

2014). In terms of applications within LHESSs, there have been several numerical studies 

exploring various branching fin geometries to enhance heat transfer in PCM (Sciacovelli 

et al., 2015; Ziaei et al., 2015; Sheikholeslami et al., 2016). There is little to no 

experimental work on branching fins within bodies of PCM, however, and additionally no 

works comparing branching fins to straight fins of equal surface area. Some guidelines as 

to the relative costs and benefits of branching fins compared to straight fins would be 

valuable to this field. In pursuit of that goal, the objective of this work is to experimentally 

compare a LHESS-based heat exchanger with bifurcated fins against heat exchangers with 

straight fins. To achieve this objective, the following sub-objectives were set for this 

project: 

• Design and construct a new LHESSs testing platform for the Lab of Applied 

Multiphase Thermal Engineering (LAMTE) at Dalhousie University. 
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• Design and construct a PCM-based LHESS that can be used to test different fin 

geometries. 

• Design and construct a set of bifurcating and straight fins of equivalent surface area, 

as well as a set of straight fins with equal mass to the bifurcating fins. 

• Use the LHESS testing platform to experimentally examine the various fin types, 

outlining any differences in heat transfer mechanics between the two under various 

operating conditions. 

 

1.3. Literature Review 

1.3.1. PCM Categories 

In practice, any material that changes phase at an application-appropriate temperature and 

has a comparatively high latent heat of fusion can be defined as a phase change material. 

PCMs can be divided into two main categories, organic and inorganic (Zalba et al., 2003). 

Organic PCMs are composed of organic molecules, which are relatively large at the 

molecular scale and are built primarily from carbon, oxygen, and hydrogen atoms. 

Inorganic PCMs are those composed of non-organic molecules, with the main groupings 

being salt-hydrates and metallic PCMs (Sharma et al., 2005). 

 

Organic PCMs 

Organic PCMs tend to take the form of waxy solids or liquids at room temperature and are 

mainly derived as by-products from the petrochemical and agricultural industries. When 

undergoing phase change from liquid to solid, most organic PCMs self-nucleate and exhibit 

little to no supercooling behaviour (Hasnain, 1998). This means that the liquid phase 

spontaneously forms crystals and solidifies at the freezing temperature, so that below this 

temperature there is no supercooled liquid remaining. Organic PCMs are also notable for 

their excellent chemical stability over many melt-freeze cycles, which allows them to be 

used for long periods of time and contributes to their cost-effectiveness and environmental 

sustainability (Kahwaji et al., 2016; Sharma et al., 2016). The two most common types of 

organic PCMs are paraffins and fatty acids. The paraffin family of organic molecules, 

characterized by their CnH2n+2 structure, has a wide range of melting temperatures 
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depending on the length of the carbon chain, with each member also having a high latent 

heat (Sharma et al., 2005). Paraffins are also relatively inexpensive and chemically 

compatible with common encapsulation materials, but can be flammable and thus may 

require additional safety precautions depending on the application (Sharma et al., 2016). 

The fatty acid branch of organic PCMs have the form CH3(CH2)2nCOOH and share many 

physical properties with paraffins (Sharma et al., 2005). Fatty acids are generally less 

flammable than paraffins, but many are chemically incompatible with common plastics. 

Dodecanoic acid, a fatty acid with 12 carbon atoms, has particularly favourable properties 

for use in domestic solar-based LHESSs (Desgrosseilliers et al., 2013). Also known as 

lauric acid, the material is derived from coconut or laurel oil and is commonly used as a 

food additive or as a component in soap-making. Dodecanoic acid has a melting 

temperature of 42.5 °C, which is ideal for domestic hot water systems where cold water 

below 20 °C is to be preheated with solar-sourced heat at 50-60 °C. In addition to its high 

latent heat and good chemical stability over many cycles, dodecanoic acid is food-safe and 

relatively inexpensive (Kahwaji et al., 2017). 

 

Inorganic PCMs 

Any PCM which is not organic falls into the category of inorganic PCMs, resulting in an 

extremely broad spectrum of thermophysical properties. Salt compounds for use in 

concentrated solar plants, for example, have melting points between 120-220 °C. Most salt-

hydrates, on the other hand, have melting temperatures between 8-89 °C, comparable to 

common organic PCMs (Pielichowska et al., 2014). Salt-hydrates are formed when salt 

crystals incorporate water molecules into their lattices, such as in CaCl2·12H2O. At 

elevated temperatures, the water and salt molecules separate into a liquid mixture of the 

two components, a process equivalent to melting. Compared to organic PCMs, salt hydrates 

generally have higher thermal conductivities and latent heats, but have severe corrosivity 

issues towards most metals (Sharma et al., 2009). Salt hydrate PCMs also display 

supercooling, where the solution will remain in liquid form below the freezing temperature, 

requiring manual nucleation to begin the solidification process (Desgrosseilliers, 2012).  
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1.3.2. Heat Transfer in Shell and Tube LHESSs 

One of the most common heat exchanger types used in experimental studies of LHESSs is 

the shell and tube design, where one section of the volume is occupied by the PCM and the 

other by the HTF (Charach et al., 1992; Longeon et al., 2013). Figure 1.2 shows a diagram 

of a simple cylindrical shell and tube heat exchanger, with a single tube passing through a 

larger concentric shell. 

 

Figure 1.2: Diagram of a basic shell and tube architecture 

 

There are many variations on this basic shell and tube architecture for increasing the rate 

of heat transfer between the two sides of the exchanger, such as: 

• Multiple tubes within the shell (Arena et al., 2015; Xiao et al., 2015). 

• Multiple passes of the tube through the shell (Castell et al., 2008; Tay et al., 2012; 

Hadiya et al., 2016). 

• Baffles within the shell or tube to increase the residence time and promote 

turbulence (Languri et al., 2013). 

• Non-circular cross-sections of the shell or tube (Kurnia et al., 2013; Rouault et al., 

2014; Darzi et al., 2016). 

• Fins and other extended surfaces projecting from the shell or tube to increase the 

surface area (Sugawara et al., 2011; Chiu et al., 2012; Al-Abidi et al., 2013; Paria 

et al., 2015; Merlin et al., 2016). 
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Charging and Discharging 

There are two distinct modes of heat transfer within a LHESSs, depending on whether it is 

being charged or discharged. During charging, energy is added to the system by the HTF, 

which enters the heat exchanger at a temperature greater than the PCM melting 

temperature. Heat is transferred into the PCM in three stages; the first sensible, then latent, 

and then second sensible. During the first sensible stage, the initially solid PCM warms up 

until its temperature approaches the melting temperature, at which point the latent stage 

begins. During the latent phase, energy added to the system allows the PCM to transition 

from solid to liquid, with a front of molten PCM progressing from the heated surfaces. The 

second sensible stage begins when all the PCM has melted, meaning that additional thermal 

energy added to the system will increase the overall temperature of the PCM. During 

discharge the reverse occurs, as cold HTF passes through the heat exchanger and absorbs 

energy from the PCM, causing the PCM to cool down and resolidify. 

Experimental studies have shown that during charging, natural convection within the 

molten PCM plays a significant role in the heat transfer between the HTF and the remaining 

solid PCM (Castell et al., 2008; Longeon et al., 2013; Kamkari et al., 2014; Liu et al., 

2014; Murray et al., 2014; Merlin et al., 2016). Natural convection in the liquid PCM also 

causes the melting front to move from the top of the system to the bottom, and can cause 

thermoclines to appear within the liquid PCM (Longeon et al., 2013). Numerical work has 

shown that increasing the contact area between the HTF pipe and the molten PCM increases 

the overall heat transfer rate (Belusko et al., 2016). The same studies show that natural 

convection has a greatly reduced impact on the transfer of heat between the HTF and the 

PCM during discharge. The PCM around the cooled surface tends to solidify first, forming 

a layer of solid PCM that insulates the heat transfer surface from the remainder of the liquid 

PCM. 

 

HTF Flow Rate 

Increasing the flow rate of the HTF results in an improved rate of heat transfer within the 

LHESS by reducing the thermal resistance on the HTF side of the heat exchanger. 

Reducing the resistance of the HTF has a relatively minor effect on the overall rate of heat 

transfer, however, as the resistance on the PCM-side is usually much more significant 
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(Medrano et al., 2009). During discharge, the increased thermal resistance from the solid 

PCM further reduces the impact of HTF flow rate on the overall heat transfer rate (Sarı et 

al., 2002; Medrano et al., 2009; Liu et al., 2014; Murray et al., 2014; Rahimi et al., 2014).  

 

1.3.3. LHESSs Evaluation by ε-NTU Methods 

To compare and select the most appropriate heat exchanger geometries, designers make 

use of mathematical tools such as the log-mean temperature difference (LMTD) and 

effectiveness-number of transfer units (ε-NTU). These methods, however, are built on the 

premise that both sides of the heat exchanger are filled with moving fluids. If one side is 

filled with a stationary body, such as PCM in the solid phase, it is necessary to adjust the 

method to preserve it as a meaningful tool for comparison.  

One approach for adapting the ε-NTU method is to consider only the latent portion of the 

heat exchange process, as most of the energy is transferred during this stage. During the 

latent stage, the HTF transfers energy to a body at constant temperature, thus the maximum 

rate of heat transfer occurs when the HTF streams leaves at the PCM temperature. Based 

on this assumption, an expression for effectiveness can be described by Eq. (1.1) (Ismail et 

al., 1993; Tay et al., 2012). 

 𝜀 =
𝑇𝑖𝑛−𝑇𝑜𝑢𝑡

𝑇𝑖𝑛−𝑇𝑃𝐶𝑀
 (1.1) 

The term ε is the effectiveness of the system, Tin and Tout are the inlet and outlet 

temperatures of the HTF, and TPCM is the melting temperature of the PCM. Since the outlet 

HTF temperature will change over time as the PCM charges or discharges, the effectiveness 

is presented as an average over the entire charging or discharging process. 

There have also been empirical correlations developed for the effectiveness based on 

specific experimental geometries. Amin et al. (2012), for example, presents effectiveness 

plots generated from experiments performed on a shell and tube exchanger filled with 7.4 

cm diameter capsules of PCM. The correlations are functions of the mass flow rate, and 

are given for charging and discharging modes. For both modes, the effectiveness decreased 

as mass flow rate increased, due to the reduced residence time of the HTF (Amin et al., 

2012; Amin et al., 2014). Similar approaches have been presented for tubes with annular 

fins (Tay et al., 2014).  
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1.3.4. Impact of Extended Surfaces on LHESS Performance 

A basic technique for improving the effectiveness of a heat exchanger is to increase the 

available surface area for heat transfer. This is most commonly achieved by adding fins, 

also known as extended surfaces, to the interface between the hot and cold sides of the 

exchanger. Fins are usually only placed on the PCM side of the exchanger, as placing fins 

on the HTF side will increase the pressure difference required to circulate the fluid. 

Inserting fins into the PCM side, however, comes at the cost of removing some of the PCM 

to make space, thus reducing the overall heat storage capacity of the LHESS. Thus, it is in 

the interest of the LHESS designer to achieve the greatest improvement in heat transfer 

using the minimum amount of extra non-PCM material. As a result, there is a large and 

expanding body of literature on experimental and numerical studies exploring the 

consequences of using various types and arrangements of fins within LHESSs. 

 

Fin Geometries 

The work of Ismail et al. (2001) serves as a standout parametric experimental study on the 

effects of fin geometries on the performance of a shell and tube based LHESS. It is shown 

that increases to the fin length, thickness, and number of fins all reduce the solidification 

time of the system, albeit with diminishing returns. In addition, increasing the fin thickness 

was shown to have a relatively minor effect on the solidification time compared to changes 

in the number and length of fins (Ismail et al., 2001). Other experimental studies have also 

shown that increasing the fin thickness has a relatively minor effect on the rate of heat 

transfer, as very little surface area is added for a given change in thickness (Al-Abidi et al., 

2013; Paria et al., 2015). 

Concerning fin shapes, comparisons have been performed on the relative merits of pin-

shaped and flat rectangular fins. It has been shown that for fins of equal volume, rectangular 

fins provide greater rates of heat transfer than pin fins due to their greater surface area 

(Baby et al., 2012; Tay et al., 2013). Certain orientations of flat fins can, however, impede 

the natural convection motion of the molten PCM and thus negatively impact the rate of 

heat transfer. In a vertical shell and tube heat exchanger, for example, longitudinal fins 

performed better than annular fins in terms of heat transfer, as the longitudinal fins allowed 
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fluid PCM to circulate up and down the length of the shell (Agyenim et al., 2009). 

Likewise, in a horizontal shell and tube exchanger, angling longitudinal fins so that molten 

PCM may circulate from the bottom half to the upper half promotes natural convection and 

thus increases the overall rate of heat transfer (Liu et al., 2014). 

 

Branching fin designs 

The practice of bio-inspired design involved examining structures and systems present in 

nature to gain insight into technological design problems. Regarding heat transfer via 

finned surfaces, researchers and designers have looked to circulatory systems as an 

example of highly efficient transport geometries. Analysis of the similarities between mass 

flow in natural structures, such as in plants, and the flow of heat from a point source through 

a medium has sparked a field of research into branching fin designs. Bejan (1997) described 

an analytical method for designing root-like system of cooling fins embedded into a heat-

generating volume representing a computer chip. The method allocated a certain volume 

of conductive fin material within the chip to minimize the temperature difference between 

the chip and the fin. Bejan branded this type design as an application of his “constructal 

theory”, a subset of bio-inspired design pertaining specifically to flow systems. Other 

algorithms have since been designed for a wide variety of fin structures protruding into 

single-phase media similar to computer chips. The works of Almogbel (2005), Yu et al. 

(2006), Lorenzini et al. (2011), for example, all considered cases of two-dimensional 

conduction heat transfer, where fins of a fixed volume are permutated into right-angled 

fractal designs, as shown in Figure 1.3. 

 

Figure 1.3: Fin geometries examined by Almogbel (2005), Yu et al. (2006) and Lorenzini et al. (2011) 

from left to right respectively. 
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In all three cases, it was found that longer and more complex fins resulted in decreased 

thermal resistance, but that the improvements diminished with greater complexity levels. 

In addition, for a given maximum fin volume it was show that an optimal combination of 

geometrical parameters for minimizing thermal resistance existed (Almogbel, 2005; Yu et 

al., 2006; Lorenzini et al., 2011). In the case described by Almogbel (2005), for example, 

a single optimal fin branch to fin thickness ratio can be found for a given fin volume, heat 

transfer coefficient, number of branches, and branch to stem length ratio. 

 

Y-fins 

In addition to right-angled fins, there have been numerical studies published on fins with 

one or two levels of branching at various angles. Lorenzini et al. (2006) examined the case 

of a fin branching once, forming a Y-shaped design. It was determined that for a given fin 

volume, dimensionless heat transfer rate, stem to branch length ratio, and stem to branch 

thickness ratio, there was a single optimal angle of bifurcation. In addition, it was shown 

that branches at right angles to the stem forming a T-shaped fin always had a greater 

thermal resistance than the Y-shaped ones (Lorenzini et al., 2006). Calamas et al. (2013) 

numerically compared Y-shaped fins with three levels of branching to non-branching 

rectangular fins of equivalent volume. It is reported that the Y-shaped fins showed superior 

fin efficiencies compared to the rectangular fins. In addition, for the Y-shaped fins, 

bifurcation angles of 45° from the stem, and stem to branch thickness ratios of 1.68:1 

provided the greatest fin efficiencies of those tested (Calamas et al., 2013). 

Bonjour et al. (2004) and Kim (2014) numerically examined the performances of Y-shaped 

fins transferring heat from a moving fluid to a heat sink. Bonjour et al. (2004) concluded 

that for a given set of boundary conditions, bifurcated fins performed better than straight 

fins when the radius of the heat exchanger exceeded a specific limit. Kim (2014) concluded 

that there existed branching geometries that provided greater rates of heat transfer than 

straight fins of equal cross-sectional area, but that the improvements diminished as the 

residence time of the fluid increased. 
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Branching Fins in PCM 

Some studies have considered the application of branching fins specifically in LHESSs, 

with the fins embedded into the PCM side of the heat exchanger. Figure 1.4 shows the 

design presented by Sciacovelli et al. (2015) in their numerical study of a shell and tube 

exchanger with longitudinal fins. Four straight longitudinal fins were compared to 

branching longitudinal fins designed by an optimization algorithm. The performances were 

described in terms of exchanger efficiency, defined as the percentage of the total stored 

energy extracted in a given time. It was found that longitudinal fins with a single level of 

bifurcation provided a 6 to 9% increase in efficiency over straight fins, while fins that 

bifurcate twice along their length improved efficiency by 24%. It was also noted that the 

optimal angle between the branched fins depended on the fraction of molten PCM, thus 

each branch angle provided a peak efficiency improvement at a specific stage of the 

charging process (Sciacovelli et al., 2015). 

 

Figure 1.4: Bifurcating heat exchanger design of (Sciacovelli et al., 2015)1 

 

                                                           
1 Reprinted from Applied Energy, Volume 137, Sciacovelli, A., Gagliardi, F., & Verda, V., 

Maximization of performance of a PCM latent heat storage system with innovative fins, 

707-715, Copyright (2015), with permission from Elsevier. 
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Another study presented by Pizzolato et al. (2017) expanded on the previous work of 

Sciacovelli et al. (2015), demonstrating an algorithm for generating branching finned 

structures with shell and tube LHESSs. The algorithm was designed to provide the optimal 

fins shape for delivering a specified percentage of the stored energy within a time limit. 

For high energy demands, the algorithm preferred shorter and thicker fins with fewer 

branches. If long time periods are chosen for a given energy demand, the fins become 

thinner at the base and at the intersections of branches so as to provide thermal chokepoints 

(Pizzolato et al., 2017). In branching fin studies, it is more common to see fins that have 

varying thicknesses along their length. Usually the base of the fin is the thickest section 

and then at each branching point the fin thickness is divided between the branches. Other 

designs do not reduce the fin thickness at the branching points, such as those presented by 

Sheikholeslami et al. (2016) and Eslami et al. (2017).  

 

Figure 1.5 shows the design examined by Sheikholeslami et al. (2016) in a numerical study 

on a tube fitted with four longitudinal fins projecting into a body of PCM. The rectangular 

fins were compared to four branching fins with two bifurcation points along their length. 

The resulting design had a snowflake-like arrangement with the same cross-sectional area 

as the original straight fins. The authors reported a 50% decrease in solidification time 

when using the branching fins and an 87% decrease over the case with no fins at all 

(Sheikholeslami et al., 2016). 
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Figure 1.5: Snowflake heat exchanger of (Sheikholeslami et al., 2016)2 

Eslami et al. (2017) also discussed a 2D numerical model, but one that is axisymmetric 

with a fin branching out from the origin-point along the axis of rotation. Figure 1.6 shows 

the three models discussed by the authors; a straight fin, an angled fin forming a ‘V’, and 

an angled fin that straightens out to form a “pencil shape”. The V-shaped fin provided a 

25% reduction in discharge time, and the pencil-shaped fin provided a 38% reduction 

compared to the straight fin. During charging, use of the two angled fin types resulted in a 

greater liquid fraction of PCM during the run, but the time for complete melting was the 

same for all three fins. The convergent melting times is explained by the presence of natural 

convection, which significantly increases the rate of heat transfer and thus masks the 

advantages of the branched fins at conducting heat (Eslami et al., 2017). It is especially 

valuable to have studies that examine fin performance during both charging and 

discharging modes due to the different types of heat transfer present during each mode. 

                                                           

2 Reprinted from Journal of the Taiwan Institute of Chemical Engineers, Volume 67, 

Sheikholeslami, M., Lohrasbi, S., Ganji, D. D., Response surface method optimization of 

innovative fin structure for expediting discharging process in latent heat thermal energy 

storage system containing nano-enhanced phase change material, 115-125, Copyright 

(2016), with permission from Elsevier. 
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Figure 1.6: 2D axisymmetric fin designs of (Eslami et al., 2017)3 

 

There are also more abstract studies, which numerically examined heat transfer paths that 

dynamically grow and branch off into the PCM body during the study. Ziaei et al. (2015) 

considered a two-dimensional line heat source growing into a square of PCM, splitting into 

two branches at the halfway point along the PCM. It was determined that a branch angle 

of 155° resulted in the lowest melting time. The same authors then considered a three-

dimensional version of a similar problem, with a line growing into a cylindrical volume 

and then branching into three equidistant lines. During the later study, it was shown that 

the angle of the branches in the longitudinal direction had a minimal impact on the melting 

time (Ziaei et al., 2016).  

 

Based on the available literature, it appears that branching fin designs provide a definite 

heat transfer advantage compared to straight fins during discharge; when conduction is the 

main mode of heat transfer (Sciacovelli et al., 2015; Sheikholeslami et al., 2016; Eslami et 

al., 2017). Few papers, however, consider the differences in fin performance during 

melting, when natural convection plays a major role in heat transfer within the LHESSs. 

                                                           
3 Reprinted from International Journal of Hydrogen Energy, Volume 42, Issue 28, Eslami, 

M., Bahrami, M. A., Sensible and latent thermal energy storage with constructal fins, 

17681-17691, Copyright (2017), with permission from Elsevier. 
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Most studies compare branched fins to straight ones with equal cross-sectional area, 

holding fin volume constant so that the discharging time may be used as a metric of 

performance. For fins of equal volume, branching fins will have a greater surface area, so 

the comparison is usually skewed in favour of the branched fins. It would therefore be of 

interest to compare straight and branching geometries for fins of equal surface area, so that 

the change in geometry is the main variable affecting the rate of heat transfer. There is also 

a lack of studies in the literature examining the effectiveness of bifurcating fins 

experimentally. Potentially one of the only experimental studies performed on a branching 

fin heat exchanger is that of Park et al. (2014), which does not involve any PCM. The 

authors described a cylindrical heat exchanger with Y-shaped fins intended for cooling 

electronics via natural convection compared to a heat exchanger with straight fins of equal 

cross-sectional area. Thus, there is a need for an experimental study on branching fins used 

to charge and discharge PCM in a LHESS. 

 

Parameters of Performance 

There is currently no standard for testing the performance of finned heat exchangers used 

in PCM applications, resulting in a wide variety of metrics. Medrano et al. (2009), for 

example, reported that the addition of annular fins to a shell and tube LHESS improved the 

rate of heat transfer by 50-100 W compared to the case of the unfinned tube. Rathod et al. 

(2015), while discussing the addition of three longitudinal fins to a heat exchanger, 

describes the impact in terms of a 24% reduction in PCM melting time and a 43% reduction 

in solidification time. Merlin et al. (2016), also describing the effects of incorporating 

annular fins along a heat exchanger, reported a 400% increase in the “heat transfer 

coefficient” as described in Eq. (1.2), 

 Heat Transfer Coefficient =
�̇�

𝐴∆𝑇
 (1.2) 

where �̇� is the rate of heat transfer, A is the surface area of the heat exchanger, and ∆𝑇 is 

the temperature difference of the HTF between the system inlet and outlet. These three 

similar studies highlight the difficulty in comparing heat exchanger improvements when 

they are measured using different metrics. Furthermore, use of melting times or heat 

transfer coefficients to compare heat exchangers can lead to unintuitive conclusions. 

Charging and solidification times can be a convenient proxy for heat exchanger 
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effectiveness, as they are relatively simple to measure and provide a single scalar value to 

compare against. While melting time can be reduced by increasing the rate of heat transfer, 

it is also reduced by any changes that diminish the total volume of PCM in the system, and 

therefore the energy storage capacity. Thus, lowered melting time can represent both an 

improvement and a decrease in LHESS performance. The heat transfer coefficient likewise 

allows for simpler comparisons between exchangers through normalization by the heat 

transfer area and HTF temperatures. This normalization does not, however, account for the 

heat exchanger volume, and thus the loss of PCM storage capacity. As a result, Medrano 

et al. (2009) and Merlin et al. (2016) each conclude that absorbing PCM into porous 

graphite and placing the resultant composite into the heat exchanger provides the greatest 

normalized thermal power. In the experiment described by Merlin et al. (2016), use of the 

graphite-PCM composite improved the normalized thermal power by over 800% compared 

to the case with a bare copper tube embedded into the PCM. The graphite, however, 

occupied more than 50% of the volume previously occupied by the PCM, resulting in an 

equivalent loss of energy storage capacity. 
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Chapter 2. EXPERIMENTAL GEOMETRY 

2.1. Mobile Testing Bench 

A mobile testing bench was designed and constructed to facilitate the experimental work 

of this study as well as future studies conducted at the LAMTE. The requirements of the 

testing bench were as follows: 

• The bench must have sufficient workspace to comfortably hold an experimental 

LHESS. The maximum footprint for such an experiment is 60 cm by 60 cm, and 

could be up to 60 cm tall. 

• The bench must have a heater and chiller for controlling the temperature of a heat 

transfer fluid (HTF), such as water. 

• The bench must include appropriate pumps and piping to circulate the HTF through 

the experiment. 

• The bench must include sensors for measuring temperature, HTF flow rate, and the 

pressure differential across the experimental setup. 

• The bench must be mobile so that it can be easily moved around the LAMTE. 

Figure 2.1 shows a schematic view of the testing bench, detailing the HTF flow from either 

the hot or cold-water tank through the PCM-based LHESS. Temperature sensors are 

incorporated into the pipes to measure the change in HTF temperature between the inlet 

and outlet of the LHESS, as well as within the PCM. In addition, the volumetric flow rate 

of the HTF and the pressure drop in the HTF across the LHESS are measured with 

appropriate sensors. All of the sensor readings are collected by a single data acquisition 

system (DAQ), which is controlled by a LABVIEW user interface on a nearby computer. 
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Figure 2.1: Schematic of experimental setup 

Figure 2.2 shows the computer aided design (CAD) assembly of the test bench concept as 

well as a picture of the completed design. 

 

Figure 2.2: CAD model of test bench concept (left) and photograph of the constructed 

bench (right) 
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2.1.1. Heat Transfer Fluid Temperature Control and Circulation 

The hot and cold-water loops each have their own temperature management and pumping 

systems, which allows them to be run simultaneously if necessary. Figure 2.3 shows the 

hot-water bath and the attached 500 W electric immersion heater with built-in temperature 

control (TEMPCO model TSP02793). To mitigate heat loss, the water storage container is 

wrapped with insulation that is not shown in the figure. 

 

 

Figure 2.3: Water Heating Unit 

Figure 2.4 shows the circulating bath used to provide cold water to the experimental setup. 

The Cole-Parmer Polystat RK-12122-52 model has a cooling capacity of 800 W at 20 °C, 

and is also able to provide hot water using a 1200 W heater. The bath has a built-in pump 

that can maintain a maximum flow rate of 17.0 liters per minute. 
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Figure 2.4: Cole-Parmer Polystat RK-12122-52 15L 230 V circulating bath 

 

An Iwaki MD-30RT-115NL centrifugal pump (Cole Parmer model EW-72012-10) is used 

to pump the water in the hot loop. See Appendix A for the associated pump curves. 

 

 

Figure 2.5: Picture of an Iwaki MD-30RT-115NL pump 
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2.1.2. Sensors 

 

Temperature 

Temperature data was sampled at the HTF inlet and outlet using T-type thermocouple 

wires, attached to a National Instruments NI 9213 DAQ card. See Appendix A for the data 

sheets of the thermocouples and DAQ card. Figure 2.6 shows one of the T-type probes, 

sheathed in a 1/16-inch diameter cladding. 

 

Figure 2.6: Photograph of a T-type thermocouple probe with special limits of error 

 

In addition, three K-type thermocouple probes were used to measure the temperature of the 

PCM along the length of the experimental geometry. Figure 2.7 shows one of the K-type 

probes, clad in a 1/8-inch diameter cladding. 

 

Figure 2.7: K-type thermocouple probe 

 

The rigid cladding ensures that the thermocouple remained in the same location between 

tests. Although less accurate than T-type probes, the K-type thermocouples were readily 

available in the LAMTE at the time of testing.  

 

Volumetric Flow Rate  

The flow rate of the heat transfer fluid was measured using two Omega brand model FTB 

4605 turbine meters, one of which is shown in Figure 2.8. These meters are connected in-

line with the fluid flow, which causes an internal turbine to rotate and trigger a current 
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pulse from a hall-effect sensor. The rate and number of pulse accumulations can be 

correlated with the rate and volume of flow over a given time. The current pulses pass 

through a step-up resistor as described in Appendix A and are then routed to a NI 9435 

module attached to the NI-cDAQ 9174 National Instruments data acquisition system. The 

measurement uncertainty of the flowmeter in operation is ± 2% of the output. 

 

 

Figure 2.8: Photograph of a FTB 4605 Flow Meter 

As per the operating manual, the FTB 4605 flow meter outputs 40 pulses per liter of flow. 

To verify the pulse per liter output, each flow meter was connected to the circulating bath 

and water was discharged through the meters at a constant flow rate and temperature. The 

discharged water was collected and then weighed on a Cole-Parmer Symmetry model scale 

with 0.1 g precision. This process was repeated eleven times for each flow sensor. The 

density of the water was determined according to its temperature, which was measured 

with a submerged T-type thermocouple as well as by the circulating bath. For all trials, the 

recorded water temperature was 23.0 °C with variations of only 0.1 °C due to the controlled 

environment of the circulating bath. The resulting flow calibration constants for the two 

flow meters was determined to be 39.81 and 46.31 pulses per liter. The LABVIEW data 

acquisition program uses these calibration constants to output a flow rate figure for each 

metering device. 

 

Pressure 

The pressure drop across each side of the system is measured with an OMEGA brand PX26 

pressure transducer, shown in Figure 2.9.  
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Figure 2.9: Photograph of a PX26 Differential Pressure Sensor and Connecting Tubes 

In the setup, tubes branch off the main water-flow lines on either side of the heat-storage 

device that is to be tested and connect to the two inputs on the pressure sensor. The 

deflection of a small membrane within the sensor due to relative pressure differences 

between the inputs is expressed as a potential difference that is picked up by the NI-DAQ 

NI 9219 card. This voltage signal is multiplied by a gain to give a pressure value in pascals. 

2.1.3. Data Acquisition Tools 

Signals from the measurement sensors are processed and logged on the computer with the 

aid of a National Instruments data acquisition system, model NI-cDAQ 9174, as shown in 

Figure 2.10. This cDAQ model has four slots that may be filled by NI modules, which 

serve as connection ports for the measurement sensors. Thermocouples are connected to a 

NI 9213 module, which provides the cold junction compensation required for taking 

temperature readings. The flow sensors are connected to a NI 9435 module, intended for 

digital inputs. Whenever a voltage or current input passes over a specified threshold, the 

NI 9435 module outputs a digital ON signal. A pulse input, such as that produced by the 

flow sensors, is thus converted to a series of digital ON signals that the computer keeps a 

running count of. The pressure sensors connect to a NI 9219 module, a universal analog 

input device that picks up the voltage excitation.   
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Figure 2.10: Photographs of empty NI-cDAQ 9174 unit (left) and NI-cDAQ mounted to 

test bench and filled with modules (right) 

 

The reading and logging of the sensor signals is controlled by LABVIEW 15.0 software, 

which is designed for use with the NI-cDAQ system. The LABVIEW software allows for 

preprocessing of the signals, such as converting pulses counted by the flow meter into a 

volume measurement, and is also used to display the sensor outputs in real time. 

 

2.2. Experimental Geometry 

There are relatively few experimental studies on heat exchangers using bifurcated fins to 

enhance the heat transfer rate within a LHESS. Therefore, it would be of value to 

experimentally compare a heat exchanger with bifurcated fins to one with straight fins. The 

goal of this study is to explore the impact that bending a straight fin into a Y-shape has on 

the rate of heat transfer between a HTF and a mass of PCM. To isolate the effect of fin 
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geometry on the rate of heat transfer, the bifurcated fin and the straight fin were designed 

to have the same amount of surface area in contact with the PCM as the bifurcated fin. 

 

Figure 2.11 shows a bifurcated fin folded from a single sheet of copper. The original copper 

sheet was 304.8 mm long (12 in), 76.2 mm wide (3 in) and 0.61 mm thick (0.024 in). The 

folded fin has a straight section 76.2 mm long (3 in) and then a Y-shaped bifurcation on 

each end. The angle of the bifurcation is 45 ° from the horizontal, resulting in a 90° split. 

 

 

Figure 2.11: Photograph of bifurcated fin folded from a copper sheet 

 

Figure 2.12 shows four of the bifurcated fins soldered onto a ¼ - inch nominal copper pipe 

with outer diameter of 9.525 mm (0.375 in) and inside diameter of 7.899 mm (0.311 in). 

The total mass of the heat exchanger is 1.3 kg, which contributes a relatively small 0.5 kJ/K 

of energy storage to the system due to its heat capacity.  
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Figure 2.12: Photograph of bifurcated fins mounted onto copper pipe 

The folding process used to construct the bifurcated fin results in some of the original 

surface area being lost, as the sheet must be folded back onto itself. Thus, to create a straight 

fin of equal surface area, the original sheet of copper was cut down to 228.6 mm (9 inches). 

The length of a fin can have a significant impact on the heat transfer rate in PCM, so to 

control this variable a third fin type of equal mass to the bifurcated fin is introduced. Figure 

2.13 shows these two straight fins. The top fin has equivalent mass of 143 g to the 

bifurcated fin, being made from the same 304.8 mm by 76.2 mm sheet. The bottom fin has 

a surface area of 174.2 cm2, equal to that of the bifurcated fin. 

 

 

Figure 2.13: Photograph of straight fins of equal mass (top) and straight fin of equal 

surface area (bottom) 
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Figure 2.14 shows the fins of equal mass to the bifurcated ones, cut in half and mounted 

on copper pipes. The fins are spaced in increments of 3.175 cm (1.25 in.) and have been 

cut in half to facilitate installation and to prevent bending due to misalignment. 

 

 

Figure 2.14: Photograph of straight fins of equivalent mass to bifurcated version mounted 

on pipes 

 

Figure 2.15 shows the fins of equivalent surface area to the bifurcated ones, cut in half and 

then mounted onto the heat transfer pipe. Each pair of these straight fins have the same 

surface area as one of the bifurcated fins. 
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Figure 2.15: Photograph of straight fins of equivalent surface area to bifurcated version 

mounted on pipe 

 

The LHESS used for this experiment is a box with interior side lengths of 303 mm (11.93 

in) and a depth of 151 mm (5.95 in). Figure 2.16 shows the path of the HTF through the 

heat exchanger, as well as the placement of the thermocouples throughout the system. The 

three thermocouples embedded into the PCM are 6-inch probes (15.24 cm) and are inserted 

through the lid of the container so that the tip rests 1.5 cm above the container floor. Figure 

2.17 shows the placement of the thermocouples relative to the straight-finned heat 

exchanger.  
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Figure 2.16: Diagram of HTF flow and thermocouple placement in heat exchanger 

 

Figure 2.17: Diagram of thermocouple placement for straight-finned heat exchanger 
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The box was filled with the dodecanoic acid as the PCM, a food-grade additive derived 

from coconut oil and often used in soap manufacturing. Dodecanoic acid has a high latent 

heat and a melting temperature of 42.5 °C, making it ideal for solar thermal applications. 

Table 2.1 lists the thermophysical properties of lauric acid according to Yaws (1999) and 

the experimental work of Desgrosseilliers et al. (2013). The change of heat capacity of 

dodecanoic acid with temperature is also provided in Desgrosseilliers et al. (2013) and was 

used for the energy calculation in this study. 

Table 2.1: Properties of liquid and solid dodecanoic acid 

Molecular Weight 200.31 kg/kmol 

Density of Powder at 20°C / Liquid at 

45°C 
869 / 873 kg/m3 

Melting Temperature 42.5 ± 0.5°C 

Latent Heat of Fusion 182 kJ/kg ± 5 % 

Heat Capacity of Solid/Liquid 2.4 / 2.0 kJ/kg∙K ± 3 % 

Thermal Conductivities of Solid / Liquid 0.150 / 0.148 W/m∙K 

Viscosity of Liquid at 44 °C 0.008 Pa∙s 

 

 

Figure 2.18: Photograph of the heat exchanger submerged in molten PCM 
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Figure 2.18 shows the system filled with molten dodecanoic acid up to a height of 97 mm, 

so that there is 20 mm of PCM above the top edge of the fins. 

2.3. Experimental Procedure 

To investigate the heat transfer characteristics of the heat exchangers, it is necessary to test 

them using various water temperatures leading to different temperature differentials 

driving the heat transfer. The experimental method for this process is as follows:  

• Cycle water through the heat exchanger at 62.5 °C for at least 8 hours. 

• Repeat for the following temperatures in order: 12.5, 72.5, 22.5 and 62.5 °C. 

• Repeat for all fin geometries. 

The four water setpoint temperatures (hot HTF of 62.5 and 72.5°C, cold HTF of 12.5 and 

22.5°C) were selected to provide symmetrical ranges around the melting temperature of 

42.5 °C, resulting in identical Stefan numbers. The 12.5 °C setpoint, for example, is 30 °C 

below the melting temperature, while 72.5 °C is 30 °C above the melting point. The Stefan 

number is a dimensionless term describing the ratio of the sensible and latent heat in a mass 

of phase change material, as shown in Eq. (2.1). 

 Ste =  
𝑐𝑝∆𝑇

𝐿
  (2.1) 

 

Ste is the Stefan number, cp is the heat capacity of the material, L is the latent heat of the 

material, and ΔT is the temperature difference the material undergoes. 

The flow rate for all experiments is set to 3 liters per minute. The Reynold’s number was 

calculated for this flow rate according to Eq. (2.2). 

 Re𝐷 =  
𝜋𝜌�̇�

4𝜇𝐷
 (2.2)  

 

ReD is the Reynolds number for flow through a pipe, 𝜌 is the density of water, �̇� is the 

volumetric flow rate of water, 𝜇 is the dynamic viscosity of water, and D is the inside 

diameter of the pipe. Table 2.2 summarizes the pipe flow properties that remained constant 

for all of the experiments, while Table 2.3 lists the properties of water at the four tested 

temperatures. 

 



34 
 

Table 2.2: Pipe flow properties 

Properties Value 

Flow rate  0.00005 m3/s 

Inside diameter  0.0079 m 

 

Table 2.3: Water density and dynamic viscosity with temperature 

Temperature (°C) Density (kg/m3) Dynamic Viscosity 

(kg/m∙s) 

12.5 999.3 1.23 

22.5 997.6 0.95 

62.5 981.9 0.45 

72.5 976.3 0.39 

 

Table 2.4: Reynolds number for experimental conditions 

Temperature (°C) Reynolds Number 

12.5 4036 

22.5 5214 

62.5 6492 

72.5 7864 

 

Table 2.4 shows the calculated Reynolds numbers for the four operation conditions of the 

experiment. Flow through a circular tube becomes turbulent at Reynolds numbers larger 

than 2300, so the regime is expected to be turbulent for all four experiments. 

 

HTF Flow Rate Variations 

Variations in the flow rate of the HTF will affect the rate of heat transfer in the system by 

changing the residence time of the fluid as well as the convective coefficient inside the 

pipes. Early trials of the experimental procedure investigated the effect of varying the HTF 

flow rates in the range of 1.1 to 4.1 L/min. It was found that varying the flow rate in this 

range had a negligible effect on the rate of heat transfer (Skaalum et al., 2017).  



35 
 

2.4. Error and Uncertainty 

2.4.1. Temperature and Volumetric Flow 

Thermocouples 

The thermocouple limits of error were examined using a FLUKE 7102 microbath, which 

maintains a bath of oil at a controlled temperature with accuracy ±0.25 °C and a stability 

of 0.015 °C. 

The two T-type thermocouples used to measure the change in HTF temperature were tested 

simultaneously in the bath over a temperature range of 10 °C to 75 °C. Figure 2.19 shows 

the steady-state temperature readings of the two probes. The difference between the 

thermocouple readings and the setpoint temperature was in all cases less than 0.1 °C, and 

the maximum difference between the two thermocouples was 0.05 °C. 

 

 

Figure 2.19: Calibration results of inlet and outlet thermocouples 

 

The three K-type thermocouples were tested at the four HTF setpoint temperatures: 12.5 

°C, 22.5 °C, 62.5 °C, and 72.5 °C. Figure 2.20 shows the results of the K-type thermocouple 
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calibration. The greatest deviation from the setpoint is thermocouple C, which registered 

0.55 °C above the 12.5 °C setpoint. Therefore, ± 0.55 °C was used as the uncertainty of 

these three K-type thermocouples. 

 

 

Figure 2.20: Calibration results of PCM thermocouples 

Flow Meters 

The measurement uncertainty used for the FTB 4605 flowmeter is ±2% of the output value, 

as specified in the equipment datasheet. 

2.4.2. Heat Transfer Rate 

The rate of heat transfer is calculated from the inlet and outlet temperatures according to 

Eq. (2.3) 

 �̇� = �̇�𝑐𝑝∆𝑇 (2.3) 

where �̇� is the rate of heat transfer, �̇� is the mass flow rate of the HTF, 𝑐𝑝 is the heat 

capacity of the water, and ∆𝑇 is the temperature change of the water between the inlet and 

outlet of the system. The mass flow rate is calculated by multiplying the density of water 

by the volumetric flow rate measured using the FTB 4605 flow meter, and thus the 

measurement uncertainty for the mass flow rate is 2%. The change in temperature is 

calculated from the difference between two T-type thermocouples placed on opposite ends 
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of the heat exchanger. These thermocouples were validated in constant-temperature bath, 

and it was found that the maximum variation between the two probes at the same 

temperature setpoint was 0.05 °C. Thus, ±0.05 °C is also used as the measurement 

uncertainty of the ∆𝑇 term. 

The total measurement uncertainty of the rate of heat transfer is determined by calculating 

the maximum and minimum �̇� that could result from the two measurement uncertainties, 

as shown in Eqs. (2.4) and (2.5). 

 �̇�𝑚𝑎𝑥 = (1 +  𝑈�̇�) ∗ �̇�𝑐𝑝(∆𝑇 + 𝑈∆𝑇) (2.4) 

 �̇�𝑚𝑖𝑛 = (1 − 𝑈�̇�) ∗ �̇�𝑐𝑝(∆𝑇 − 𝑈∆𝑇) (2.5) 

Where 𝑈�̇� is the measurement uncertainty of the flow sensors (as a percentage in decimal 

form) and 𝑈∆𝑇 is the measurement uncertainty of the temperature difference between the 

two T-type thermocouples. For each time step in the measurement output file a rate of heat 

transfer is calculated alongside upper and lower bounds based on measurement 

uncertainties. This method slightly overestimates the total measurement uncertainty 

compared to performing a root-mean-squared summation, but is much simpler to 

implement during data processing. 

 

2.4.3. Net Energy Transfer 

The net energy transferred between the HTF and the LHESS is calculated by integrating 

the rate of heat transfer over the duration of the experiment, as in Eq. (2.6). 

 ∆𝐸 = ∫ �̇�𝑐𝑝∆𝑇  𝑑𝑡 (2.6) 

Where ∆𝐸 is the total energy transferred by the HTF. The maximum and minimum rates 

of heat transfer are likewise integrated to provide bounds of uncertainty for the net energy 

transfer. 

The net energy transfer may also be calculated by considering the change in temperature 

of the PCM, according to Eq. (2.7). 

 ∆𝐸𝑃𝐶𝑀 = ∆𝐸𝑙𝑎𝑡𝑒𝑛𝑡 + ∆𝐸𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 = 𝑚𝐿𝜑 + 𝑚𝑐𝑝∆𝑇 (2.7) 

Where ∆𝐸𝑃𝐶𝑀 is the change in PCM energy, ∆𝐸𝑙𝑎𝑡𝑒𝑛𝑡 is the change in latent energy of the 

PCM, ∆𝐸𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 is the change of sensible energy in the PCM, m is the mass of the PCM, 

L is the latent heat of the PCM, 𝜑 is the fraction of PCM that has changed phase, cp is the 
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heat capacity of the PCM, and ∆𝑇 is the temperature change of the PCM. The measurement 

uncertainties of these variables are presented in Table 2.5. 

 

Table 2.5: Measurement uncertainties for calculating energy change 

Variable Measurement Uncertainty 

Mass 5% 

Latent Heat 5% 

Heat Capacity 3% 

Temperature Change ±1.0 °C 

 

The uncertainties of the PCM material properties are those given by Desgrosseilliers et al. 

(2013). The temperature change is estimated from the HTF temperatures measured at the 

end of the previous experiment and the current experiment. Thus, the uncertainty of the 

temperature change is equal to double the measurement uncertainty of the T-type 

thermocouples inserted into the HTF stream. There is no uncertainty associated with the 

melt fraction because it is not measured, rather it is assumed that all of the PCM changes 

phase between the beginning and the end of each experiment. 

The total measurement uncertainty for the PCM-side energy calculations is shown in Eq. 

(2.8). 

𝑈𝐸 = 𝑈𝐸,𝑙𝑎𝑡𝑒𝑛𝑡 + 𝑈𝐸,𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 = ∆𝐸𝑙𝑎𝑡𝑒𝑛𝑡 (√𝑈𝑚
2 + 𝑈𝐿

2) + ∆𝐸𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 (√𝑈𝑚
2 + 𝑈𝑐𝑝

2 + 𝑈∆𝑇
2 ) (2.8) 

𝑈𝐸 is the total uncertainty, 𝑈𝐸,𝑙𝑎𝑡𝑒𝑛𝑡 is the total uncertainty of the latent energy change, 

𝑈𝐸,𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 is the total uncertainty of the sensible energy change, 𝑈𝑚 is the uncertainty of 

the PCM mass, 𝑈𝐿 is the uncertainty of the PCM latent heat, 𝑈𝑐𝑝
 is the uncertainty of the 

PCM heat capacity, and 𝑈∆𝑇 is the uncertainty of the PCM temperature change. In order to 

calculate the total uncertainty, 𝑈∆𝑇 is first divided by the recorded PCM temperature change 

to convert it to a percentage uncertainty. 
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Chapter 3. RESULTS AND DISCUSSION 

This chapter will present the recorded temperature profiles and calculated rates of heat 

transfer for each experimental run with the three fin geometries (bifurcated, short-straight, 

and long-straight). 

Four sequential experiments were performed for each fin type with the following HTF inlet 

temperatures: 22.5 °C, 72.5 °C, 12.5 °C and 62.5 °C. Each experiment was run for at least 

8 hours, which was used as the cut-off point for displaying the results of each experiment. 

3.1. Discharging with 22.5 °C HTF 

3.1.1. Bifurcated Fins 

Figure 3.1 shows the temperature data collected from the T-type thermocouples positioned 

at the HTF inlet and outlet, as well as the three K-type thermocouples placed within the 

PCM along the length of the heat exchanger. Temperatures were sampled at 4-second 

intervals, and then the raw data files were down-sampled to 20-second intervals to reduce 

the file sizes. Symbols were added to the three K-type thermocouples every 40 data points 

(800 second intervals) to help distinguish them from each other. 
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Figure 3.1: Temperature profile from bifurcated fin discharge experiment: HTF inlet 

temperature of 22.5 °C, initial temperature of 62.5 °C, Ste = 0.48 

 

The PCM temperature begins at 62.5 °C before the HTF at 22.5 °C is introduced at the 

inlet. Once the cooler HTF is introduced, the temperature recorded by the thermocouples 

embedded into the PCM drops quickly to the solidification temperature in approximately 

1 hour. The HTF output temperature spikes at the beginning of the experiment as the easily 

available energy in the PCM close to the heat exchanger and the copper is extracted. The 

temperature of the PCM around the thermocouples then stabilizes at 41.7 °C, which is 

slightly below the melting temperature, for another hour before beginning to decline once 

again towards the HTF setpoint. The temperature stabilization at 41.7 °C could be an 

indication of a small amount of supercooling, where the PCM only solidifies at a 

temperature below the melting point. Alternatively, the plateau location below the 

solidification temperature could be the result of combined uncertainties between the K-
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type thermocouples and the literature value for this melting point. During the second 

temperature decline, the temperature probe at point A shows the quickest response, 

followed by the probes at B and C. Point A is closest to the HTF inlet/outlet side of the 

heat exchanger while C is the furthest away, thus the thermocouple A is expected to 

experience a greater temperature difference between the PCM and HTF than points B and 

C due to changes in the HTF temperature along the heat exchanger. 

3.1.2. Short Straight Fins  

Figure 3.2 shows the temperatures recorded for the 22.5 °C HTF experiment performed 

with the short-straight fins of equal surface area to the bifurcated fins. The initial 

temperature of the PCM is slightly lower than in the test shown in Figure 3.1 because that 

is the temperature the PCM stabilized at during the previous experiment (62.5 °C inlet HTF 

through the bifurcating-finned heat exchanger). Although the initial temperature for this 

test is 9 °C lower than the one performed with bifurcated fins, this temperature difference 

represents a relatively small fraction of the total energy change over the test period. During 

the bifurcated fin experiment the PCM exchanged 1785 kJ of energy, of which 511 kJ was 

sensible energy. The 9 °C difference in starting temperatures between the two experiments 

represents 126 kJ of energy, which is 7.4 % of the energy exchanged during the short-

straight fin test and 7.1 % of the energy exchanged during the bifurcated-fin test. 
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Figure 3.2: Temperature profile from short-straight fin discharge experiment: HTF inlet 

temperature of 22.5 °C, initial temperature of 53.5 °C, Ste = 0.38 

 

For this test, the thermocouples at points B and C responded much more rapidly to the HTF 

temperature change than for the equivalent test performed with bifurcating-finned heat 

exchanger. Figure 3.3 shows the thermocouple placements relative to the straight fins. 

During the soldering process, one of the fins was attached at a slight angle, bringing it very 

close to thermocouple C. As a result, thermocouple C is expected to follow the HTF 

temperature more closely than A, which is further away from the fins. Thermocouple B is 

likewise placed much closer to a copper surface in the straight-finned arrangement than it 

was with the bifurcated fins, and thus should also respond quickly once the temperature 

fronts from the two adjacent fins meet.  
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Figure 3.3: Positions of thermocouples relative to short-straight fins 

 

3.1.3. Long Straight Fins 

Figure 3.4 shows the temperatures recorded for the 22.5 °C HTF inlet experiment using the 

longer straight fins, with initial PCM temperature of 58 °C. Compared to the shorter straight 

fins, the longer fins were able to bring the PCM temperature slightly closer to the HTF inlet 

temperature by the end of the 8-hour run, likely due to the increased surface area and thus 

rate of heat transfer. For both of the straight-finned exchanger experiments, the 

thermocouples embedded in the PCM reached the melting temperature more quickly than 

in the case of the bifurcating-finned exchanger. As the distance between the probes and the 

fins is different for the bifurcated and straight-finned exchangers, it is difficult to draw 

conclusions from the rapidity of the thermocouple response rates. It is likely, however, that 

the proximity of each straight fin to its neighbour results in more concentrated regions of 

heat exchange around the locations where the probes are placed. 
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Figure 3.4: Temperature profile from long-straight fin discharge experiment: HTF inlet 

temperature of 22.5 °C, initial temperature of 58 °C, Stefan = 0.43 

 

3.1.4. Power Comparison 

Figure 3.5 shows the rates of heat transfer for the three experiments run with 22.5 °C HTF. 

The dotted lines represent the uncertainty on the rates of heat transfer. As the HTF mass 

flow rate and heat capacity are constant throughout the experiment, the profiles in the figure 

also represent the temperature difference between the inlet and outlet streams. The axis on 

the right has the scale for the temperature difference, which is generally below 1 K due to 

the small size of this experimental heat exchanger. For all three fin types, the heat transfer 

rate is disproportionally large at the beginning of the experiment, corresponding with the 

sudden increase in outlet HTF temperature compared to the inlet due to the removal of 

easily available thermal energy. The rate of heat transfer during the first few seconds of the 
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experiment is generally in the magnitude of thousands of Watts, but the axis of the figure 

has been limited to 400 W to preserve the details of the profile. 

 

Figure 3.5: Rate of heat transfer profiles for all three fin types with HTF inlet temperature 

of 22.5 °C 

 

The rate of heat transfer profiles for the two straight-finned exchangers are very similar, 

with the longer fins providing more heat transfer as expected due to their increased surface 

area compared to the other two fins types. The bifurcating-finned exchanger provides the 

lowest rate of heat transfer for the first two hours of the experiment, but afterwards 

maintains a higher rate of heat transfer than the straight-finned exchangers. The declining 

slope of the two straight-finned exchangers is much steeper than the bifurcating-finned 

exchanger, thus it takes much longer for the bifurcating-finned exchanger to remove all of 

the available energy and reach 0 W of heat transfer. 
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Figure 3.6 shows the rate of heat transfer divided by the total surface area of the fins, 

normalizing the differences in surface area between the longer straight fins and the other 

two fin types. The profiles in this figure show that the two straight fin types provide similar 

rates of heat transfer per unit area for the first two hours of the experiment. For the 

remainder of the run, however, the longer straight fins maintain a higher normalized rate 

of heat transfer than the shorter straight fins. During discharge, conduction is the primary 

mode of heat transfer between the PCM and the heat exchanger. The longer fins therefore 

provide an advantage over the shorter fins due to the reduced distance that heat must 

conduct through the PCM before reaching the heat exchanger. 

 

 

Figure 3.6: Rate of heat transfer profiles per unit of fin area for all three fin types with 

HTF inlet temperature of 22.5 °C 
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3.2. Discharging with 12.5 °C HTF 

3.2.1. Bifurcated Fins 

Figure 3.7 shows the temperature data collected from the 12.5 °C HTF inlet temperature 

experiment through the bifurcating-finned heat exchanger. The initial temperature of the 

PCM around the thermocouples begins at 65 °C, which is where the PCM temperature 

stabilized during the previous experiment (HTF inlet temperature of 72.5 °C through the 

bifurcating-finned exchanger). The temperature trends are very similar to the experiment 

performed on the same heat exchanger with 22.5 °C HTF, but with a shorter temperature 

plateau. 

  

Figure 3.7: Temperature profile from bifurcated fin discharge experiment: HTF inlet 

temperature of 12.5 °C, initial temperature of 65 °C, Ste = 0.64 
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3.2.2. Short Straight Fins 

Figure 3.8 shows the temperatures recorded for the 12.5 °C HTF experiment run with the 

short-straight finned heat exchanger and the same initial PCM temperature of 65 °C as the 

bifurcated-fin experiment. Compared to the bifurcating-finned exchanger, the short-

straight fins resulted in a more rapid decline in temperature at points B and C, but a slower 

decline at point A.  

  

 

Figure 3.8: Temperature profile from short-straight fin discharge experiment: HTF inlet 

temperature of 12.5 °C, initial temperature of 66 °C, Ste = 0.65 

3.2.3. Long Straight Fins 

Figure 3.9 shows the temperatures recorded for the 12.5 °C HTF inlet temperature 

experiment run with the long-straight fins, with the initial PCM of 65.5 °C. For the long-

straight fins the temperature plateau is negligibly short, but the temperature of the three 
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PCM thermocouples is the same by the 8-hour mark as for the experiments run with the 

other two types of fins. 

 

Figure 3.9: Temperature profile from long-straight fin discharge experiment: HTF inlet 

temperature of 12.5 °C, initial temperature of 65.5 °C, Ste = 0.64 

 

3.2.4. Power Comparison 

Figure 3.10 shows the rates of heat transfer for the three experiments run with 12.5 °C 

HTF. Compared to the tests run at 22.5 °C, the rates of heat transfer are greater for all three 

fin types, as expected due to the larger difference between the HTF inlet and the 

solidification temperature. As with the 22.5 °C experiments, the bifurcating-finned 

exchanger maintains a steadily-declining rate of heat transfer over a longer period of time 

compared to the two straight-finned exchangers.  
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Figure 3.10: Rate of heat transfer profiles for all three fin types with HTF inlet 

temperature of 12.5 °C 

Figure 3.11 shows the heat transfer profiles normalized by the surface area of the three fin 

types. In this normalized plot, the heat transfer rates provided by the three heat exchangers 

are equivalent for the first hour of the experiment, after which the profiles for the two 

straight fins declines quickly while the bifurcated fins profile descends more gradually.  
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Figure 3.11: Rate of heat transfer profiles per unit of fin area for all three fin types with 

HTF inlet temperature of 12.5 °C 

 

3.3. Charging with 62.5 °C HTF 

3.3.1. Bifurcated Fins 

Figure 3.12 shows the temperature data collected from the 62.5 °C HTF experiment run 

with the bifurcated fins and the PCM initially at 12.5 °C. The jagged appearance of the 

inlet and outlet temperatures is the result of the on-off operation of the heater unit. The 

heater unit was also difficult to set to a specific temperature, thus for this experiment the 

inlet temperature is closer to 60 °C rather than the intended 62.5 °C. Compared to the 

discharge experiments (HTF of 22.5 and 12.5 °C) the PCM thermocouples take longer to 

reach the plateau and spend much longer at constant temperature during this middle stage 

of the experiment. 
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Figure 3.12: Temperature profile from bifurcated fin charging experiment: HTF inlet 

temperature of 60 °C, initial temperature of 12.5 °C, Ste = 0.57 

 

3.3.2. Short Straight Fins  

Figure 3.13 shows the temperatures recorded for the 62.5 °C HTF experiment performed 

with the straight-finned heat exchanger and initial PCM temperature of 12.5 °C. The HTF 

inlet temperature is closer to 64 °C for the first three hours of the experiment due to the 

imprecision of the control mechanism, but for the remainder of the experiment it remains 

at the intended setpoint. Compared to the bifurcating-finned exchanger, the PCM 

thermocouples exceed the melting temperature much sooner, likely due to the smaller 

distance between the probes and the fins. In addition, the thermocouples report a 

temperature of 57.5 °C by the 8-hour mark, which is 6 degrees higher than the final 
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temperature reading from the same experiment performed with the bifurcating-finned 

exchanger. 

  

 

Figure 3.13: Temperature profile from short-straight fin charging experiment: HTF inlet 

temperature of 62.5 °C, initial temperature of 12.5 °C, Ste = 0.60 

 

3.3.3. Long Straight Fins 

Figure 3.14 shows the temperatures recorded for the 62.5 °C charging experiment 

performed with the long-finned heat exchanger and the PCM initially at 12.5 °C. As 

expected, the trends are similar to those recorded for the short-finned exchanger, but with 

the thermocouples reaching a steady state temperature about 30 minutes sooner due to the 

greater surface area. Notably, the PCM around the thermocouples in the bifurcating-finned 

exchanger were still in the process of approaching a steady temperature when the 8-hour 

experiment ended. 
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Figure 3.14: Temperature profile from long-straight fin charging experiment: HTF inlet 

temperature of 62.5 °C, initial temperature of 12.5 °C, Ste = 0.60 

 

3.3.4. Power Comparison 

Figure 3.15 shows the rates of heat transfer for the three experiments run with 62.5 °C 

HTF. A 13-point rolling average was used to smooth out the jagged peaks of the data, so 

that the trends may be observed more clearly. For these charging experiments, the rate of 

heat transfer profiles for the straight fins overlap almost completely. This similarity is likely 

due to the presence of natural convection within the molten PCM enhancing the rate of heat 

transfer, and thus masking the differences in heat transfer due to surface area. 

The bifurcating-finned exchanger maintains a lower rate of heat transfer during the first 

half the of the experiment and a higher one during the latter half compared to the two 

straight-finned exchangers. This same pattern was seen during the two discharge 

experiments, but is much more pronounced for the charging experiments. 
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Figure 3.15: Rate of heat transfer profiles for all three fin types with HTF inlet 

temperature of 62.5 °C 

 

Figure 3.16 shows the rates of heat transfer normalized by fin surface area. The 

normalization highlights how the additional surface area of the longer straight fins does not 

result in a proportional gain in heat transfer rate. Overall, when charging with a HTF 

temperature of 62.5 °C, the shorter straight fins provide the highest rates of heat transfer 

per unit area. 
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Figure 3.16: Rate of heat transfer profiles per unit of fin area for all three fin types with 

HTF inlet temperature of 62.5 °C 

 

For all three experiments, the rate of heat transfer reaches a value of approximately 60 W 

by the end of the experiment. For the two straight-finned tests, the PCM thermocouples 

had reached a steady temperature by this point, indicating that the energy transferred from 

the HTF is being lost through the system to the environment. The majority of the energy 

losses to the environment likely left through the uninsulated piping between the HTF inlet 

and outlet, as well as through some small uninsulated regions on the lid of the LHESS. As 

the HTF temperature within these pipes was held constant throughout the experiment, the 

rate of heat loss should be consistent over the entire 8-hour run. Therefore, the heat transfer 

rate profiles may be corrected by subtracting the steady-state heat losses at each time step. 
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Figure 3.17 shows the data from Figure 3.15 shifted downwards by 60 W to account for 

the ambient losses.  

 

Figure 3.17: Rate of heat transfer profiles for all three fin types with HTF inlet 

temperature of 62.5 °C corrected to account for ambient losses. 

 

Figure 3.18 shows the heat transfer rates of the fin types per unit surface area corrected to 

account for the 60 W of heat lost to the environment. 
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Figure 3.18: Rate of heat transfer profiles per unit of fin area for all three fin types with 

HTF inlet temperature of 62.5 °C corrected to account for ambient losses. 

 

3.4. Charging with 72.5 °C HTF 

3.4.1. Bifurcated Fins 

Figure 3.19 shows the temperature data collected from the experiment performed with the 

bifurcating-finned exchanger, which followed the discharge experiment performed with 

the same heat exchanger and HTF at 22.5 °C. For this experiment the HTF inlet temperature 

was set to 72.5 °C and the initial PCM temperature was 22.5 °C. The jagged appearance of 

the inlet and outlet temperatures is the result of the on-off operation of the heater unit. 
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Figure 3.19: Temperature profile from bifurcated fin charging experiment: HTF inlet 

temperature of 72.5 °C, initial temperature of 22.5 °C, Ste = 0.60 

 

Compared to the experiment performed with the bifurcating-finned exchanger using 62.5 

°C HTF at the inlet, increasing the HTF temperature to 72.5 °C has a dramatic effect on 

the melting profile. The temperature plateau around the melting point is shortened from 4 

hours to around 1 hour, and the PCM thermocouples record a steady-state temperature well 

within the 8-hour experiment run time.  

 

3.4.2. Short Straight Fins  

Figure 3.20 shows the temperatures recorded for the 72.5 °C HTF experiment performed 

with the straight-finned heat exchanger and an initial PCM temperature of 22.5 °C. 

Compared to the same experiment performed with bifurcated fins, the PCM thermocouples 
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exceed the melting point sooner, which in turn results in the PCM reaching a steady-state 

temperature approximately 1 hour earlier. 

  

Figure 3.20: Temperature profile from short-straight fin charging experiment: HTF inlet 

temperature of 72.5 °C, initial temperature of 22.5 °C, Ste = 0.60 

3.4.3. Long Straight Fins 

Figure 3.21 shows the temperatures recorded for the long-straight finned exchanger run 

with 72.5 °C HTF at the inlet and an initial PCM temperature of 22.5 °C. The profile is 

similar to the ones captured during the same experiment run with the shorter fins, except 

the PCM thermocouples reach the melting temperature slightly sooner and thus the steady 

state temperature earlier. 
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Figure 3.21: Temperature profile from long-straight fin charging experiment: HTF inlet 

temperature of 72 °C, initial temperature of 22.5 °C, Ste = 0.60 

 

3.4.4. Power Comparison 

Figure 3.22 shows the rates of heat transfer for the three experiments run with 72.5 °C 

HTF. As with the experiments run with 62.5 °C HTF, the long-straight finned heat 

exchanger initially shows the highest rate of heat transfer, followed closely by the short-

finned exchanger, with the bifurcating-finned exchanger transferring heat at a rate around 

50 W lower than the short-straight finned exchanger. After a brief plateau, the heat transfer 

rates of the two straight-finned exchangers declines rapidly, while the bifurcating-finned 

exchanger maintain a plateau for another 1.5 hours. Once all three profiles are in the 

declining phase the order of heat transfer reverses, with the bifurcating fins performing the 

best and the longer straight fins providing the lowest rate. Around the 5-hour mark, all of 
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the profiles reach a steady-state between 50 – 75 W, representing heat lost through the 

system to the environment. 

 

 

Figure 3.22: Rate of heat transfer profiles for all three fin types with HTF inlet 

temperature of 72.5 °C 

 

Figure 3.23 shows the data from Figure 3.22 normalized by the surface area of the three 

heat exchangers. As with the results from the charging experiments run with 62.5 °C HTF, 

the normalization demonstrates that the longer straight fins are not as productive in terms 

of heat transfer per unit area compared to the other two fin geometries. 
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Figure 3.23: Rate of heat transfer profiles per unit of fin area for all three fin types with 

HTF inlet temperature of 72.5 °C 

 

Figure 3.24 shows the heat transfer rate profiles from Figure 3.22 shifted downwards by 

75 W to account for ambient losses. 
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Figure 3.24: Rate of heat transfer profiles for all three fin types with HTF inlet 

temperature of 72.5 °C corrected to account for ambient losses 

 

Figure 3.25 shows the heat transfer per unit fin area profiles, also corrected to account for 

the 75 W of losses to the environment. 
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Figure 3.25: Rate of heat transfer profiles per unit of fin area for all three fin types with 

HTF inlet temperature of 72.5 °C corrected to account for ambient losses 

 

The temperature profiles collected from the HTF inlet and outlet, as well as within the PCM 

mass, can be used to form a general picture of the heat transfer characteristics for each fin 

type. Overall, the bifurcated fins provided a slower rate of heat transfer over a longer period 

of time compared to the straight fins. The longer straight fins also showed a higher rate of 

heat transfer than the shorter straight fins, as expected due to their greater surface area. The 

most notable difference between the fin types was seen with the 62.5 °C HTF inlet 

condition. During these tests, the bifurcated fins were not able to bring the PCM to a steady-

state temperature within the 8-hour period, while the straight finned exchanger displayed 

no difficulty in doing so. A possible explanation for this difference is the proximity of the 

fins to each other in the straight-finned exchangers. The PCM in these narrow cavities 

should melt more quickly than it does in the larger gaps between the bifurcated fins. Once 



66 
 

a cell of PCM has become liquid, it is able to carry heat through convection and thus 

significantly increase the rate of heat transfer in the system.  
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Chapter 4. ENERGY AND EFFECTIVENESS COMPARISONS 

The purpose of a LHESS is to store energy received from a HTF stream and then release it 

back later. Therefore, when comparing different LHESS heat exchangers it is important to 

quantify the amount of energy within the system over time. Knowing the inlet and outlet 

temperatures of the HTF, the energy delivered or removed from the system may be 

calculated according to Eq. (4.1). 

 𝐸 = ∫ �̇�𝑐𝑝∆𝑇
𝑡𝑓

𝑡𝑖
𝑑𝑡 (4.1) 

where E is the energy lost or gained by the HTF over the interval ti to tf, �̇� is the mass flow 

rate of the HTF, 𝑐𝑝 is the heat capacity of the fluid, and ∆𝑇 is the temperature difference 

between the inlet and outlet thermocouples. The theoretical change of energy of the PCM 

may be calculated by Eq. (4.2). 

 ∆𝐸𝑃𝐶𝑀 = 𝑚𝑐𝑝∆𝑇 + 𝜑𝑚𝐿 (4.2) 

where ∆𝐸𝑃𝐶𝑀 is the energy change of the PCM, m is the mass of the PCM, 𝑐𝑝 is the heat 

capacity of the PCM, ∆𝑇 is the temperature change of the PCM, 𝜑 is the fraction of PCM 

that has changed phase, and L is the latent heat of the PCM. Equation (4.2) is difficult to 

apply, however, because it requires that the overall temperature of the PCM be known. For 

the experiments performed in this work, the PCM temperature change may be 

approximated using the HTF setpoint temperature of the current experiment and that of the 

previous experiment. Assuming that most of the PCM mass reached a steady-state 

temperature close to the driving temperature at the end of each experiment, the difference 

in setpoint temperatures should be close to the actual change in PCM temperature.  

Equation 4.2, used that way, therefore provides the maximum theoretical amount of energy 

can could be stored or removed from the PCM in a specific experiment. The mass of the 

copper heat exchanger is approximately 1.3 kg, meaning that it contributes approximately 

0.5 kJ/K (0.00014 kWh/K) of additional thermal storage. For the texted temperature ranges, 

the proportion of energy storage contributed by the copper was less than the uncertainty of 

the energy calculations, therefore it was neglected. 

 

Figure 4.1 shows the energy profiles calculated from the integral in Eq. (4.1) for the three 

heat exchangers under discharge conditions, with the HTF inlet temperature set to 22.5 °C. 
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The dotted profiles show the uncertainty range of the energy profiles, calculated by 

integrating the maximum and minimum heat transfer rates. The uncertainty increases over 

time due to the accumulating effect of the integration. Also shown is the theoretical energy 

change of the PCM as a black dotted line, calculated according to Eq. (4.2) and assuming 

a complete change of phase. The change in the heat capacity of the PCM with temperature 

is accounted for using a linear fit approximation of the data presented by Desgrosseilliers 

et al. (2013). None of the energy profiles reach the theoretical change in PCM temperature, 

suggesting that not all of the PCM had changed phase by this point. Any energy that the 

PCM lost to the environment would not be captured in the energy profiles, causing them 

to undershoot the theoretical PCM energy change. 

The energy profiles show that the shorter-straight fins initially remove the most energy 

from the system, although the longer straight fins overtake the shorter ones between the 

two and three-hour mark. The bifurcated fins remove energy more slowly, and do not catch 

up to the longer straight fins within the 8-hour period. 
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Figure 4.1: Cumulative energy profiles for all three fin types under discharge conditions, 

HTF temperature of 22.5 °C 

 

For the discharge experiments at 12.5 °C, the HTF thermocouples would sometime report 

a small loss of temperature in the HTF on the order of 0.04 °C. This loss of HTF 

temperature results in a negative rate of heat transfer, implying that the PCM or the 

environment absorbed energy from the cool HTF stream.  In order to determine what was 

actually happening in this case, the inlet and outlet thermocouples were retested in the 

calibration bath after the end of the experiment. Figure 4.2 shows the difference between 

the outlet and inlet HTF thermocouples when submerged in a bath of oil maintained at 12.5 

°C. Over the test period, the outlet thermocouple consistently read a higher temperature 

than the inlet thermocouple, with an average difference of 0.03 °C over the run-time. At 

12.5 °C the mass flow rate of the HTF stream was 0.05 kg/s, and the heat capacity is 4.19 

kJ/kg∙K, thus the apparent rate of heat transfer caused by this temperature difference is 
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0.006 kW. Over eight hours, that rate of heat transfer results in 0.05 kWh of deficit in the 

amount of stored energy, between 10-15% of the total energy discharged over the course 

of the experiment. The energy plots for the discharge experiment run with 12.5 °C HTF 

have been corrected to account for this bias. 

 

 

Figure 4.2: Difference between outlet and inlet HTF thermocouple when submerged in 

constant-temperature bath at 12.5 °C 

 

Figure 4.3 shows the energy profiles for the three heat exchangers during discharging with 

HTF set to 12.5 °C. Both the long-straight fins and the bifurcated fins removed the same 

amount of energy during these experiments, but the long-straight fins extracted the energy 

in around half the time taken by the bifurcated fins. The short-straight fins extracted energy 

more slowly than the straight fins and more quickly than the bifurcated fins, but were 

unable to extract energy past the 3-hour mark. At this stage the HTF thermocouples used 
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in the short-straight fin experiment begin to record negative heat transfer rates, which have 

been corrected to 0 W, hence the flattening out of the profile. All three profiles have been 

corrected to account for the 0.03 °C temperature bias between the outlet and inlet HTF 

thermocouples. 

As with the experiments performed with 22.5 °C HTF inlet fluid, none of the energy 

profiles reach the theoretical PCM energy change. It is possible that some of the PCM mass 

remains in the liquid phase by the end of the 8-hour runtime, in which case the theoretical 

PCM energy change would be overestimated. In the case of the short-straight finned 

exchanger, it is likely that a significant portion of the PCM did not solidify and that some 

of the PCM energy escaped to the surroundings before it could be captured by the HTF 

stream.  

 

 

Figure 4.3: Cumulative energy profiles for all three fin types under discharge conditions, 

HTF temperature of 12.5 °C, corrected for thermocouple bias 
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Figure 4.4 shows the energy profiles for the three heat exchangers during charging with 

HTF set to 72.5 °C, calculated from the heat transfer rate profiled corrected for ambient 

losses. The three profiles are very similar, with the longer straight fins providing peak 

energy storage the soonest at the 3-hour mark. The short-straight fins catch up to the long-

straight fins before the 4-hour point, and the bifurcated fins reach the plateau after the 5-

hour mark. 

 

Figure 4.4: Cumulative energy profiles for all three fin types under charging conditions, 

HTF temperature of 72.5 °C 

 

Figure 4.5 shows the energy profiles for the three heat exchangers during charging with 

HTF set to 62.5 °C. The energy profiles of the two straight fin types are the same for this 

HTF temperature, while the bifurcated fin profile does not reach the same plateau during 

the 8-hour test period.  
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Figure 4.5: Cumulative energy profiles for all three fin types under charging conditions, 

HTF temperature of 62.5 °C 

 

Table 4.1 shows the estimated change in energy of the PCM during each of the discharging 

experiments, calculated from the HTF inlet temperature of that experiment and the HTF 

inlet temperature of the previous experiment. Also shown is the total measured energy 

transferred between the PCM and the HTF stream. Overall, the energy delivered by the 

HTF during the discharge experiments is less than the theoretical change in PCM energy 

based on the thermocouple readings. The most likely cause for this discrepancy is that the 

PCM has not completely solidified throughout the container, and thus the theoretical 

energy change is an overestimation. This issue could be addressed in future experiments 

by placing thermocouples in the corners of the PCM container and using them to gauge 

when the phase change process was complete. Alternatively, running the experiments for 

a longer period of time would help guarantee that all of the PCM had changed phase. For 
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these discharging experiments, the long-straight and the bifurcated fins were able to extract 

more energy from the PCM compared to the short-straight fins during the 8-hour time span. 

This difference likely results from the diminished reach of the short-straight fins into the 

PCM mass compared to the other two geometries. Once the shorter fins are completely 

engulfed by the solidification front, their impact on the remaining molten PCM is expected 

to be limited compared to longer fins. Interestingly, the short-straight fins extracted less 

total energy when the HTF was at 12.5 °C compared to at 22.5 °C. This could be the result 

of the solidification front overtaking the shorter fins more quickly, thereby reducing the 

time the fins spend in contact with the liquid PCM and thus the rate of heat transfer during 

the 8-hour testing time. 

In addition, the average effectiveness of the heat exchanger is calculated according to Eq. 

(4.3).  

 𝜀 =
𝑇𝑖𝑛−𝑇𝑜𝑢𝑡

𝑇𝑖𝑛− 𝑇𝑃𝐶𝑀
 (4.3) 

where 𝜀 is the effectiveness of the heat exchanger, 𝑇𝑖𝑛 is the inlet temperature of the HTF, 

𝑇𝑜𝑢𝑡 is the outlet temperature of the HTF, and 𝑇𝑃𝐶𝑀 is the phase-change temperature of the 

PCM. The inlet and outlet temperatures change over the course of the experiment, so the 

mean effectiveness averaged over the 8-hour period is presented in Table 4.1. For the 

discharge experiments, the average effectiveness of the bifurcated fins is about the same as 

the long-straight fins over the course of the 8-hour experiment. The short-straight fins 

showed lower effectiveness figures for the discharging experiments compared to the other 

two fin types, especially when the HTF inlet temperature was set to 12.5 °C. 
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Table 4.1: Theoretical and measured energy changes for discharging experiments 

Fin Type HTF 

Tinlet 

(°C) 

HTF Tinlet, 

previous (°C) 

PCM ΔT 

(±1.1 K) 

Theoretical 

ΔEtotal  

(± 0.04 kWh) 

HTF ΔE 

(kWh) 

εmean  

(±0.05) 

Bifurcated 22.5 62.5 40.0 0.59 0.39 ±0.07 0.013 

12.5 72.5 60.0 0.71 0.52 ±0.07 0.011 

Short-

Straight 

22.5 60.0 37.5 0.58 0.35 ±0.08 0.010 

12.5 72.5 60.0 0.71 0.33 ±0.07 0.006 

Long-

Straight 

22.5 62.5 40.0 0.59 0.41 ±0.07 0.014 

12.5 72.5 60.0 0.71 0.49 ±0.08 0.010 

 

Table 4.2 shows the energy results for the charging experiments, including both the raw 

values of energy transfer and those corrected to account for losses to the ambient. The 

corrected values for energy delivery via the HTF are in all cases close to the theoretical 

value calculated from the PCM thermocouples. The HTF energy measurements tend to 

overestimate the energy delivered compared to the PCM thermocouples, likely due to 

energy losses that were not accounted for. 

For the charging experiments, all three fin types delivered similar amounts of energy over 

the 8-hour time period and also demonstrated roughly the same average effectiveness. As 

seen from the rate of heat transfer profiles for these three fin types, all of them converged 

during the latter half of each experiment, especially for the HTF inlet temperature on 72.5 

°C. The presence of natural convection in the molten PCM during these charging 

experiments may be masking the differences in the heat transfer characteristics of the three 

fin types. The only exception is the experiment run with the bifurcated fins with a HTF 

inlet temperature of 62.5 °C. As shown in the temperature profiles for that experiment, it 

took much longer to melt the PCM in the region around the fins compared to the cases with 

the straight fins. For a HTF temperature of 72.5 °C, however, the bifurcated fins deliver as 

much energy as the other two types. There may be a critical HTF inlet temperature between 

72.5 °C and 62.5 °C where the heat transfer performance of the bifurcated fins begins to 

deviate significantly from the straight-finned exchangers.  
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Table 4.2: Theoretical and measured energy changes for charging experiments 

Fin Type HTF 

Tinlet 

(°C) 

HTF Tinlet, 

previous (°C) 

PCM ΔT 

(±1.1 K) 

Theoretical 

ΔEtotal 

(± 0.04 kWh) 

HTF ΔE 

(kWh) 

Corrected 

HTF ΔE 

(kWh) 

εmean  

(±0.05) 

Bifurcated 60.0 12.5 47.5 0.62 0.95 

±0.11 

0.47 ± 

0.11 

0.034 

72.5 22.5 50.0 0.67 1.23 

±0.11 

0.63 

±0.11 

0.026 

Short-

Straight 

62.5 12.5 50.0 0.64 1.04 

±0.11 

0.56 

±0.11 

0.032 

72.5 22.5 50.0 0.67 1.24 

±0.11 

0.64 

±0.11 

0.026 

Long-

Straight 

62.5 12.5 50.0 0.64 1.04 

±0.11 

0.56 

±0.11 

0.032 

72.0 22.5 49.5 0.67 1.23 

±0.11 

0.63 

±0.11 

0.024 

 

Figure 4.6 shows the effectiveness of the three heat exchangers over time while discharging 

the PCM, plotted on a logarithmic scale. From these plots, it appears that the long straight-

finned exchanger has the highest effectiveness at the beginning of the discharge 

experiments, while the bifurcated exchanger shows the greatest long-term effectiveness. 

These trends follow the same pattern as the rates of heat transfer, whereby the straight-fins 

reach a steady-state temperature sooner than the bifurcated fins, which is accompanied by 

a decrease in the HTF temperature difference across the exchanger. During the 12.5 °C 

HTF inlet discharge experiment, the effectiveness begins to rise again after the 4-hour 

mark, despite the rate of heat transfer having dropped to 0 W by this stage. This anomalous 

rise is likely due to the HTF thermocouple bias reporting a small negative temperature 

change, which become visible once the heat transfer process has stopped. 
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Figure 4.6: Effectiveness of heat exchangers with HTF inlet temperatures of 22.5 °C (a) 

and of 12.5 °C (b) 

Figure 4.7 shows the effectiveness of the three heat exchangers over time while charging 

the PCM, plotted on a logarithmic scale. The effectiveness was calculated using the 

temperature values taken directly from the experiment, with no corrections made to account 

for what the temperatures would be without losses to the environment. With the HTF inlet 

temperature of 62.5 °C all three heat exchangers demonstrate similar effectiveness over 

time. The bifurcated fins initially perform slightly less effectively during the first three 

hours, but perform more effectively than the straight-finned exchangers after this point. As 

noted with the rate of heat transfer plots, the bifurcating finned exchanger takes longer to 
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bring the PCM to a steady-state temperature, thus the effectiveness profiles are comparing 

different states of charge for any given time. With a HTF inlet temperature of 72.5 °C, the 

longer-straight fins consistently provide the greatest effectiveness over the test period. 

 

 

Figure 4.7: Effectiveness of heat exchangers with HTF inlet temperatures of 62.5 °C (a) 

and of 72.5 °C (b) 

 

In addition to effectiveness, an important metric of the utility of a heat exchanger is the 

absolute amount of energy it can provide in a given time period. Figure 4.8 shows the 



79 
 

amount of cumulative energy transferred by each exchanger over four hours and eight 

hours at the various HTF inlet temperature setpoints. Four hours was chosen as one of the 

comparison times because during each charging experiment at least one of the heat 

exchangers reached steady-state by the 4-hour mark. From the two plots, it can be seen that 

the energy transferred by the straight fins does not change very much during the last four 

hours of each experiment, while the bifurcated fins continue to transfer energy. The error 

bars for these plots are relatively large, as the uncertainty is accumulated by the integration 

of the rate of heat transfer data. The greatest source of uncertainty is the temperature 

readings from the thermocouples in the HTF stream, which depends on temperature. Thus, 

error of the thermocouples was likely similar for each experiment run at the same HTF 

inlet temperature. Therefore, the bar plots can be useful for discerning the relative 

performance between the three heat exchangers at a given HTF inlet temperature, despite 

the large range of error. 
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Figure 4.8: Cumulative energy transferred by heat exchangers over 4 hours (a) and 8 

hours (b) with different HTF inlet temperatures. 
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Figure 4.9 shows the percentage difference in energy transferred by the bifurcated fin and 

the two straight-finned exchangers after 4 hours and then 8 hours. Based on the 4-hour 

data, the long-straight fins provided the best performance during discharging, while the 

short-straight fins provide the best performance during charging. The bifurcated fins do 

perform 15.8 % better than the short-straight fins during discharge at 12.5 °C, but this 

improvement is overshadowed by the further 23 % increase in performance provided by 

the long-straight fins compared to the bifurcated ones. After 8 hours, bifurcated fins have 

delivered more energy than the shorter-straight fins during discharging, slightly less energy 

than the shorter straight fins when charging with 72.5 °C HTF, and around 20% less when 

charging with 62.5 °C HTF. Compared to the longer-straight fins, the bifurcated fins 

transferred around 5% less energy when discharging with 22.5 °C HTF, around 5% more 

energy when discharging with 12.5 °C, the same amount of energy when charging with 

72.5 °C, and 20% less energy when charging with 62.5 °C HTF. 

These percentages may also be used to determine the costs at which each fin type becomes 

worthwhile compared to the other fins, which will be addressed in the next chapter.  
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Figure 4.9: Percentage difference in cumulative energy transferred over 4 hours (a) and 8 

hours (b) between the straight fins and the bifurcated fins 
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Chapter 5. COST BENEFIT ANALYSIS 

When evaluating the heat transfer performance provided by various fin geometries, it is 

important to also understand the costs required to achieve those shapes. Although 

bifurcated fins like the ones investigated in this study are not available commercially, it is 

possible to provide a rough estimate of their manufacturing cost. Table 5.1 shows the price 

of the copper sheet purchased to create the fins used in this study, as well as the fractional 

cost of a single strip of the sheet. The 12-inch strips of copper were used to make the 

bifurcated fins and the long-straight fins, while the 9-inch strips were used to make the 

short-straight fins. 

Table 5.1: Material costs of copper sheet for fin manufacturing 

Material Cost (CAD) 

2’ x 3’ sheet of 0.024” thick copper $ 55.26 

12” x 3” strip of copper $ 2.30 

9” x 3” strip of copper $ 1.73 

 

Table 5.2 shows the various operations required to manufacture the fins from the sheet of 

copper. The first stage is cutting the sheet into strips. It takes 1 minute to set the sheet-

cutter to the correct length, and then 5 second to cut and collect each strip. A sheet can be 

turned into 24 strips, so the total time per strip is 0.13 minutes. The strips of copper can 

then be folded into the bifurcated design, which takes around 4 minutes per strip. Next, the 

holes are drilled into the strips, it takes around 5 seconds to carefully drill one hole and 15 

seconds to secure and unsecure the fin to the drill press. Straight fins span the entire width 

of the heat exchanger before they are cut in half and thus require two holes each, while 

bifurcated fins require only 1. Once the holes are drilled, the fins can be soldered onto the 

heat exchanger pipes, which takes around 45 seconds for each hole. 
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Table 5.2: Manufacturing time estimates per fin in minutes 

Operation Straight Bifurcated 

Cutting 0.13 min 0.13 min 

Folding 0.00 min 4.00 min 

Drilling 0.58 min 0.42 min 

Soldering 1.00 min 1.00 min 

Total 2.21 min 5.29 min 

 

Assuming that the fins are produced by hand at a rate of $40 per hour for labour, then the 

total estimated cost per fin are as shown in Table 5.3. 

Table 5.3: Estimated cost per fin 

 Short-Straight Long-Straight Bifurcated 

Cost per fin (CAD) $ 3.09 $ 3.66 $ 5.77 

 

Table 5.4 shows the estimated fin costs divided by the energy transferred with each heat 

exchanger in 4 hours. For HTF at 22.5 °C, 72.5 °C and 62.5 °C, the short-straight fins 

provide the best cost-to-energy ratio. For HTF at 12.5 °C, the long-straight fins are the most 

cost-effective. The bifurcated fins are consistently more expensive than the other fin types 

in terms of the energy they can deliver in a given time period. 

 

Table 5.4: Cost of fins per kWh of energy delivered in 4 hours with various HTF inlet 

temperatures 

 Cost per fin per kWh of energy delivered in 4 hours 

(CAD/kWh) 

HTF Inlet 

Temperature 

Short-Straight Long-Straight Bifurcated 

22.5 °C $9.09 $9.63 $20.61 

12.5 °C $9.66 $7.79 $15.18 

72.5 °C $4.90 $5.90 $9.78 

62.5 °C $5.72 $7.04 $18.03 
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Table 5.5 shows the estimated fin costs divided by the energy transferred with each heat 

exchanger over 8 hours. The bifurcated fins see a notable drop in cost per kWh due to the 

increase in energy delivered over the longer time period, but the overall trends in price 

between the fin types remains the same as with the 4-hour evaluation. 

 

Table 5.5: Cost of fins per kWh of energy delivered in 8 hours with various HTF inlet 

temperatures 

 Cost per fin per kWh of energy delivered in 8 hours 

(CAD/kWh) 

HTF Inlet 

Temperature 

Short-Straight Long-Straight Bifurcated 

22.5 °C $8.83 $8.93 $14.80 

12.5 °C $9.36 $7.47 $11.10 

72.5 °C $4.83 $5.81 $9.16 

62.5 °C $5.52 $6.54 $12.28 

 

Examining the total energy transferred at the 4 and 8-hour points captures the differences 

between the three heat exchangers used in the LHESS. Most thermal storage applications, 

however, operate on time scales much shorter than 4 or 8 hours. Hot water demand in a 

domestic home, for example, often changes on a minute-to-minute basis. Therefore, even 

if a heat exchanger provides a low cost-to-energy ratio over a particular period of time, if 

that period of time is greater than what is demanded by the application then the heat 

exchanger is unsuitable.  

 

The majority of the price difference between the bifurcated and the straight fins is due to 

the time taken to fold them. This folding time could potentially be reduced through practice, 

or by using a customized manufacturing process. Figure 5.1 shows how the estimated price 

of the bifurcated fin compared to the estimated costs of the two straight fin types for 

different folding times. If the folding time can be brought down to 0.8 minutes, then the 

cost of the bifurcated fin becomes comparable to that of the long-straight fin. As the folding 
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time approaches 0 minutes, the cost of the bifurcated fin approaches the cost of the short 

fins. 

 

 

Figure 5.1: Estimated manufacturing costs of fin geometries for different folding times 

 

Table 5.6 shows the cost-to-energy ratios for the fins after 4 hours of heat transfer, 

completely discounting the folding cost of the bifurcating fins. Even with the cheapest 

bifurcating fins, one of the straight fin types remains the most cost-effective option for each 

HTF inlet temperature after 4 hours of use. 
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Table 5.6: Cost of fins per kWh of energy delivered in 4 hours, discounting the cost of 

folding  

 Cost per fin per kWh of energy delivered in 4 hours 

(CAD/kWh) 

HTF Inlet 

Temperature 

Short-Straight Long-Straight Bifurcated 

22.5 °C $9.09 $9.63 $11.10 

12.5 °C $9.66 $7.79 $8.18 

72.5 °C $4.90 $5.90 $5.27 

62.5 °C $5.72 $7.04 $9.71 

 

Table 5.7 shows the cost-to-energy ratios for the fins after 8 hours of heat transfer and 

discounting the folding cost of the bifurcating fins. Over this longer time scale, the 

bifurcated fins are the cheapest of all three types for discharging, the second cheapest when 

charging with 72.5 °C HTF, and the most expensive when charging with 62.5 °C HTF. 

 

Table 5.7: Cost of fins per kWh of energy delivered in 8 hours discounting the cost of 

folding  

 Cost per fin per kWh of energy delivered in 8 hours 

(CAD/kWh) 

HTF Inlet 

Temperature 

Short-Straight Long-Straight Bifurcated 

22.5 °C $8.83 $8.93 $7.92 

12.5 °C $9.36 $7.47 $5.94 

72.5 °C $4.83 $5.81 $4.94 

62.5 °C $5.52 $6.54 $6.57 

 

In terms of cost, the bifurcated fins presented in this study are more expensive per unit of 

energy delivered than the straight fins of equivalent surface area or the straight fins of equal 

mass. If the cost of the bifurcated fins is reduced, however, then they could potentially be 

more cost-effective than straight fins during discharge.  
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Chapter 6. CONCLUSION AND RECOMMENDATIONS 

The use of phase change materials is a promising avenue for improving the energy density 

of thermal storage systems. Most PCMs suitable for domestic use, however, have low 

thermal conductivities and thus slow rates of heat transfer. In order to overcome this rate 

problem, it is necessary to improve our understanding of heat transfer processes within 

multi-phase solid-liquid systems. In particular, the impact of many non-traditional fin 

geometries for PCM heat exchangers is still poorly understood. Fins that bifurcate into tree-

like forms are commonly discussed in works on bio-inspired design, but so far no 

experimental work on bifurcating fins within PCM has been performed. The objective of 

this research was to compare the heat transfer rate provided by a heat exchanger outfitted 

with bifurcated fins for various HTF inlet temperatures to straight fins of equivalent surface 

area and straight fins of equivalent mass. In pursuit of this objective, a new LHESS test 

platform was designed an constructed for the LAMTE, and three heat exchangers were 

manufactured for testing on this platform. The construction of the test platform was 

successful, and will serve as a fixture for future work in the LAMTE on LHESSs, such as 

for parametric studies on heat exchanger geometries. These studies can contribute data that 

may be used to develop correlations for LHESS heat exchanger design. These correlations 

could dramatically reduce the time and cost of designing LHESSs for new applications by 

providing guidelines to LHESS designers. 

 

The rates of heat transfer provided by the different exchangers varied relative to each other 

according to whether the LHESS was being charged or discharged. During discharge 

experiments, the rates of heat transfer provided by the two straight fin types were initially 

greater than that provided by the bifurcated fins. Over the course of the experiments, 

however, the heat transfer rate of the straight fins declined more quickly than that of the 

bifurcated fins. Thus, for the latter half of the test the bifurcated fins transferred heat more 

quickly than the other types. Over the total 8-hour run, the bifurcated and long-straight fins 

transferred similar amounts of energy, but none were able to completely discharge the 

system in that timeframe. The shorter straight fins in particular transferred much less 

energy than the other two fin types when the HTF was maintained at 12.5 °C. The 
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performance difference between the short-straight fins and the other two types could be 

attributed to the reduced reach of those fins into the PCM body. The dominant mode of 

heat transfer during discharge is conduction, which decreases significantly once the heat 

exchanger is completely encased in solid PCM. The shorter fins should become entirely 

enveloped by the solidification front sooner than the bifurcated or long-straight fins, and 

thus would be experience greatly reduced rates of heat transfer relative to the furthest edges 

of the PCM container. 

 

During charging experiments, the bifurcated fins showed a lower rate of heat transfer than 

the other two fin types during the beginning of each test, and then a higher rate by the end 

of the experiment. When the HTF inlet temperature was set to 72.5 °C, all three fin types 

delivered similar quantities of energy during the 8-hour run. This convergence most likely 

occurs due to the presence of natural convection in the molten PCM. Once the melting front 

has progressed far enough to allow for free convection to develop, the overall rate of heat 

transfer becomes less dominated by the specific geometry of the fins. The bifurcated fins 

delivered much less energy than the straight fin types when the HTF was set to 62.5 °C. It 

is likely that the smaller distance between adjacent straight fins leads to the more rapid 

development of convection cells, whereas the bifurcated-fins require more time to melt 

enough PCM for convection to be possible. 

 

In terms of cost-effectiveness, the bifurcated fins were shown to be more expensive per 

kWh of energy delivered over 4 or 8 hours if they are manufactured with the process used 

for this study. If the cost of producing the bifurcated fins can be reduced, then they could 

potentially be more cost-effective than straight fins of equivalent surface area when used 

to discharge a LHESS with 7 kg of dodecanoic acid and with HTF of 22.5 °C or 12.5 °C. 

It should be noted, however, that the LHESS used in this study is not representative of a 

system that would be used in a commercial application. Thus, the reported rates of heat 

transfer are useful only in terms of comparison between the three heat exchangers. 

 

The numerical studies on bifurcated fins available in the literature suggest that bifurcated 

fins should provide greater rates of heat transfer than straight fins of equivalent mass. This 
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trend was not seen in the experimental results. There are a few factors that could have 

reduced the performance of the bifurcated fins used in the experiments compared to those 

studied in the literature. In this study, the bifurcated fins were spread much further apart 

from each other than the straight fins, while in the literature the spacing is usually held 

constant between the fin types. In addition, the folding method used to manufacture the 

bifurcated fins results in a Y-shape with one thick branch being thicker than the stem and 

the other branch. The ideal bifurcating fins studied in the literature generally have thinner 

branches than the stem, which is a more optimal use of material. 

 

Recommendations 

 

Overall, the bifurcating-finned heat exchanger transferred heat over a longer period of time 

to the PCM than the two straight-finned exchangers at the operating conditions tested in 

this study. Therefore, this particular design of branching fins is not recommended for 

situations where rapid transfer of energy is desired, such as residential water heating. 

Applications where a slow and steady transfer of energy is required, such as storing 

nighttime temperatures for daytime air cooling, may be a promising application for 

bifurcating fins. 

 

The work done so far along this line of inquiry has highlighted some recommendations for 

future work. With regard to the experimental setup, it would be beneficial to place 

additional thermocouples into the corners of the PCM container. These thermocouples 

would provide a better idea of when the entire PCM mass had changed phase, allowing for 

a more accurate estimate of the energy change within the system. Likewise, increasing the 

run time of the experiments from 8 hours to 12-16 hours would also ensure that the PCM 

temperature reaches steady state. For the charging experiments significant heat losses were 

observed, which could be managed through the addition of insulation to any exposed HTF 

piping, as well as further insulation of the LHESS container.  

 

The bifurcated fin design could potentially be improved through the use of a different 

folding procedure or a different manufacturing process. In the current design, one branch 



91 
 

of the Y is thicker than the other due to the sequence of folding. This is technically an 

inefficient use of material, as the conduction through the fin is limited by the thickness at 

the base of the fin. An improved bifurcating design would have greater thickness in the 

“trunk” and less thickness in the “branches”. Moreover, including some conductive 

material such as solder to gap where the branches join the trunk of the fin would improve 

the flow of heat from the base to the tips. An alternative construction method could involve 

two sheets of copper that are pressed together, providing a simple method branching the 

fins at any point along the stem.  

 

It was noted that the net energy transfer of the short-straight fins during discharge decreased 

when the HTF temperature was reduced to 12.5 °C compared to the test run with 22.5 °C 

HTF. It would be of interest to see how this effect varies with the temperature of the HTF 

and the length of the fins. The results could provide a minimum length cut-off point to 

PCM-heat exchanger designers. 

 

In addition, it was noted that during charging the energy delivered by the bifurcated fins 

decreased by over 30 % between the charging experiments run with 72.5°C HTF and those 

run with 62.5°C HTF. This difference is likely related to the time taken for natural 

convection to begin in the PCM, and it would be of interest to observe how the rate of heat 

transfer varies over HTF temperatures between 62.5 °C and 72.5 °C. 

 

Finally, further parametric studies of PCM-based heat exchanger geometries are required 

as part of the effort to develop new design equations for analyzing LHESSs. For example, 

examining the effects of HTF flow rate and temperature for different numbers of fins of a 

particular shape would help provide an empirical basis for the selection of those variables 

during design. 
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