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Abstract

In this investigation aelectric field was applied to a phase change thermal storage system while it
was dischargingnergy The phase change material used was octadeCatadecane is a high purity
dielectric material that has a melting temperature close to room tempefdtarmaterial was forced to
solidify using a heat exchanger mount below the phase change material, coltowaigthrough the heat
exchanger to esure it maintained a constant temperature below the melting temperature of the phase change
material.By applying-8kV to 9 electrode$ positionedin the phase change matefiahnd by using the
heatexchanger asnaelectricalgroundi an electric field s generated in the phase change matdiia
electric field causednbalanced body forces in the fluid which generated elecioectionin the fluid
The system was designed such thattroconvectionis the only source of convection in the system to
isolate the effects of electapnvection, allowing for the underlying physics of eleetomvection to be

studied easier.

To understand the effects of applying electomvection, a case where there is no applied voltage
on the electrodes was comparedatcase where there waskV applied to the electrodeBxperiments
showed thathe effect of applying electroonvection depends on the initial temperature; however, it was
found that the improvement after two hours was less than 10%a Wwall temper&ure of 8.3 and an
initial temperature of 50 - the melting temperate of octadecane is 2&en the maximum enhancement
of the energy extracted is 50%, but two hours after tire¢ at the test the enhancement approacesd.

For awall temperature of .83 and an initial temperature 803 , the maximum enhancement is 10% and

similarly fall to zero after a few hours of application

A simple analytical model was develop@&the experimental and numerical results showed that at
the early stages of energyscharge the electrtonvection case had a large improvement compared to a

pure conduction caséowever as time progresses this improvement decreases. The explanation for the
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trend is that adding convection only increases the rate that energy is tdkeitloel liquid, thus the
maximum improvement is bounded by the amount of sensible energy in the liquid phase change material,

once this sensible energy ismaved applying electrohydrodgmics is no longdveneficial
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1 Introduction

Thermal energy storage system®vide a means fostoring thermal energgo that it can be
discharged at a later time. Thal energy storage systems wéok thermal energy in a similar maar to
how anelectrical batteries functidn an electrical system. Excess thermal enérfygm a process such as
solar thermal collectors or waste heat recovery systamstored in a thermal energy storage system over
time so hat the energy can be used at whethwahere it isrequired Thermal storage systems hamany
interesting applications fdhe energy sector, for examptesidential heating demd is typically satisfied
by ondemand burning of fossil fuels. Whereas electrical power plaridducea largeamountof heat that
is ejected to the environment. Fromelectricpower generation perspectjtbe heat being transferred to
the environmant is low quality because it is at a low temperature. Thus, & g Carmt efficiencyfor a
heat engine. Howey, the temperature is high enough thatatild be used for space heating. Thus, a
thermal storage system that could store the excess thermal energy from the power plant and transport it to
aresidential neighbourhood, théme amount ofossil fuelsthatwould be requird for heatingwould be

reducedandso would thegotal amount of energyonsumption

There aremany methods of storing thermal enertiyermal energy can be stored in the sensible
form, in the latent form or in thermochemical reactionden the thermal energy is stored by increasing
the temperature of a material, the thermal energy is stored in the sensible form. When the thermal energy
is stored by causing a material to undergo a change of phase, the thermal energy is stored irfohe latent
and when the thermal energy is used to caumsatarial to undergo a chemical reaction the thermal energy
is stored in a thermochemical réan. Each of these methods ltlasir ownadvantages and disadvantages.
The appeal of latent heat thermal age systems is that they have a high storage dengitgh means
they can store a large amount of energy for a given volanetherefore a system can be designed that

stores the same amount of energy as a sensible energy storage system while betagtbygsrinaller in
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size. The smaller size can be advantagefmuspplications where spacedsconstraint. Certain materials
also havevery rarrow melting temperature rangehich allows for a large amount of energy to be stored
for applications wheréhe temperature range is fairly small. Thile motivation for studying latent heat

thermal storage systems is the high storage density and the small operating temperatures that they provide.

Organic phase change materials are orthod of storing thernhanergyin latent heat thermal
storage systemd he energy is stored in the phase change material in two forms, there is a sensible energy
component and a latent energy component. The latent heat of fusion of organic phase change materials is
large, so thse materials can store a large amount of enelgyive to other methods of storing thermal
energy The problem with these materiatsthe rate that energy can be added and removed from these
systems is very small due to the low thermal conductivitihedge materiald.o mitigate this problem many
researchers have looked at methods of enhantiegrate of charging and discharging energy.
Electrohydrodynamics isne method of enhancing the charging rate of thermal storage systems that use
organic phasehange materials. Electrohydro@mics is a phenomenon where fluid motion is induced
using an electric field and can be used to enhance the heat transfer rates when a dielectric fluid is used as a
working fluid. The other effect of Electrohydrodmics issolid extraction which is a process where solid

particles are pulled in to the liquid material (Nakétal, 2015)

The focus of this investigation is to study the use of electrohydrodynamics as a method of enhancing
the discharge rate of thermal enefigym a thermal storage system that uses organic phase change materials.
Specifically, this study focuses on trying to understand the mechanisms behind how applying
electrohydrodynamicsffects the rate thagénergyis dischargedrom these systems. This iestigation
approabed this problem experimentalignd supported this experimental approachmerically and
analytically. If electrohydrodynamics increases the rate of thermal energy discharged from a latent heat
thermal storage system, these systems coetdme more competitive relative to the current method of
thermal storage which is storing the energy in the sensible form. This could allow for more efficient energy

usage because thermal storage can be used to capture thermal energy that would bthegjeisted to
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the environment. As a result, any process that has an excess of thermal energy could be made more cost
efficient by capturing this thermal. The purpose of studying the electrohydrodynamic phenomenon in phase
change materials experimentaiythat there are several possible effects of applying electric fields to the
solidification of a material that are not fully understood and there are no existing models that can be
implemented analytically or numerically to compensate for these effdwseTwill be explained in the
literature review section of this thesis. However, the numerical and analytical models presented in this thesis
are used to attempt to capture the major contributors to the change in energy discharge rate when

electrohydrodyninics are applied.

In this thesis, the first chapter will discuss the motivation for thermal storage, as well as the types
of thermal storage and methods for enhancing the rates of heat transfer in thermal storageTdystems.
experimentabpparatus will belescrbed in the second chapter. The experimental apparatus is explained in
chapter three. The fourtthapter shows the analytical and numerical approach that | have taken to predict
the effects of electrohydrodynamids.the numerical sectigithe eledtic field distribution was analysed
using Comsol softwarehe effect of convection is then explored analytically using a Neumann Solution
and numerically, using an explicit finite difference discretization metiibd experimental results are
outlined inthe ffth chapter. A comparison of the experimental and numerical resultsase jsresented

in chapteffive. Chaptessix highlights the major conclusions of the investigation.

1.1 Objectives

The primary focus of this investigation te investigatethe solidification of organic phase change
materials used in latent heat thermal storage systmsstudy is primarily focused on understanding how
applying electrohydrodynamics affects the rate of thermal energy disciNakgela et al. (2015) have
already investigated how applying electrohydrodynamics affects the energy charging rate, so this will not

be investigated herd@he goal is not to design a system that uses electrohydrodynamics to enhance the
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performance of the systelnut is rather to understd how applying electrohydrodynamics affects the rate
of heat transfer and the rate of energy discharge fronysihers. The research objectivesthis project are

twofold:

1 Generate a theoretical prediction for the effect of applying electrohydrodynamics

1 Generate experimental results to show the actual effect of applying electrohydrodynamics
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2 Literature Review

2.1 Motivation for using thermal storage systems

Thermal energy storage systeafiow excess thermal enerdyom processes such as solar thermal
collectors and waste heat recovery systeimde stored over time. Thinceptis similar to how an
electrical battery allows electrical energy to be stored over filmermal Stoage provides a solutidior

applicatons: (Zalba et al. 2003)

1 when there is a time delay between the production of thermal energy and the demand for that
thermal energy
1 when the supply of thermal energy needs to be reliable

1 when thermal inertia or thermal protection is desired

One possiblapplicationis for situations when there is a delay between production and demand for
thermal energy is solar collectors. In solar collectors, thermal energy is only produced during the daylight
hours; howeverenergy is demanded throughout the entireataynight. Thus, if a thermal storage system
was implemented, then the excess energy which the solar collector produces could be stored so that it can
be used at times when the demand for thermal energy exceeds the production. This scenario is represented

in Figure2-1 as the region marked by two crdsstched regions.
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Figure2-1: Hypothetical power supply and demand curves showing a scenario where thermal storage is
beneficial forsolar collectors (Nakhlet al., 201%

Anotherexample of an application for which thermal storage can solve the issue of a time delay
between productio and demand for thermal energyigste heat recovery systems. Waste heat recovery
systems are ones thharvestthermal energy that would otherwise be rejected from a system to the
atmosphere as a result of thermodynamic inefficiencies. These inefiidendst even in ideal systems
due to the second law of thermodynamics. For exanmpk Rankine cyclghermal energy must always
be rejected from the cycle in order for it to produce work; a waste heat recovery system attempts to capture.
Once the wast heat recovery system has stored the energy it can be used at anothEigtinee2-2

illustrates the mismatch between waste heat production amdahenergy demand.
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Figure2-2: Hypothetical power supply and demand cursleswing a scenario where thermal storage is
beneficial for waste heat recovery (Nakbtal., 201%

A hospital would be an exangpof a system where the supply of thermal energy needs to be
reliable. In the event of a power outage, a hospital must keep its equipment functioning. Thus, a thermal
energy storage system allows for the thermal equipment to keep functioning in a ptager by storing
thermal energy when power is available and using the stored thermal energy during the power outage. An
example of a system where thermal inertia is required is a heat pump. Heat pumps operate at their peak
efficiency when they are operagiftbetween two steady temperatures. If the heat pump is operating in an
environment where either the hot or cold side temperatures fluctuate, then it would be beneficial to add
thermal inertia to the system. Adding thermal inertia will reduce the tempefatatuations and result in
a more uniform temperature because the larger thermal inertia requires more energy per degree of
temperature change. By storing and releasing energy a thermal storage system providegérgama

which acts to stabilestheoperating temperatures for the heat pump.
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2.1.1 Type of thermal storage

All thermal storage systems act by taking energy from a source and storing it in some material; the
material that stores the energyill be referred to as the storagaterial There aréhree methods of storing
thermal energy in thermal storage systems: sensible heat storage, latent heat storage and thermochemical

heat storage.

2.1.1.1 Sensible energy thermal storage

A common form of thermal storage is sensible energy thermal steyatgms. These systems
include water tanks used in residential buildings and geothermal thermal storage systems. In all sensible
energy thermal storage systems, energy is stored by increasing the temperature of a storage material. In
water tanks the stage material would be water; in geothermal stgriaggethe ground or rock. The amount
of energy stored depends on the mass of the storage material, the specific heat of the storage material and
the temperature increase of the storage material. Theystoagpacity can be seen in the Equafidnfor
the energy stored. In Equati@rl, O represents the total energy stored as sensible thermal etergy,
is the specific heat of the material,is the total mass of the materid, is the aerage temperature of the

storage material anitY is the ambient temperature or the lowest temperature in the thermal cycle.

0 5a Y Y [2.1]

One of the benefits of using sensible energy thermal storage is that the workdrg fiuihermal
process can be used as the storage material. This ensures that the charging and discharging rate is high
because energy does not have to be transferred between a secondary heat exchanger. The storage material
for sensible energy thermal shge systems such as water and mineral oinasgensive compared the

materials used in phase change materials such as paraffin wax. Since the change in volume of sensible
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energy storage materials is small, therermtéssues with voids or structural integrity associated with the

large volume change of phase change materials.

One of the problems with sensible thermal energy storage is that when the temperature difference
between the thermal process and the maximumageotemperature is small, very large systems are
required. The reason for this is that, since the amount of energy stored is directly related to the temperature
increase of the storage material, then the overall temperature change in the storagdsratetiialThus
only a small amount of energy can be stored if the temperature difference between the heat source and the

storage material is same.

2.1.1.2 Latent Heat Thermal Storage

In latent heat thermal storage systemsmmonly referred to as phase changsemal (PCM)
systemshe energy is stored by inducing a change of state in a storage material. Typically, this storage
material undergoes a change of state from solid to liquid to store energy and from liquid to solid to discharge
energy. However, liquidlas and soligolid phase transformations are also possible. For a material
undergoing a change of state the ggestored is given by Equation22In Equation 22, & is the mass of
the maerial that has changed stdt@is the latent heat of fusion tfe materiahndYd is the mass that has
changed phasdt is difficult to design a system where energy is only stored in latent heat, so the system
will also store energy in sensible heat as well. For these systems the &toeed is given by Equati@i3;
in this equatin, the first term on the rigitand side of the equation is the sensible energy stored in the
solid, the second term is the energy stored in the latent form and the third term is the energy stored in the

fluid in the sensible form.

0 a0 [2.2]
0 a6 Y Y YaO & 6 Y Y [2.3]
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One benefit of latent heat thermal storage systems is the high energy storage density for relatively
small temperature differences associated with thesterss. Since the latent heat of fusion is evolved from
the storage material over a harrow temperature range, the storage capacity of a latent heat thermal storage
system can be many times larger than a sensible energy thermal storage system overt¢hgpsaatere
difference.Figure 2-3, shows a comparison between the energy stored in octadecane and water per unit
mass. The figure assumes that &mebient tempexture is 26 . Initially, the water is able to store more
energy tharthe octadecane, due to tlaege specific heawf water The energy stored in the octadecane
system jumps at the melting temperature of the material, whichsis 28&er this point the octadecane
stores more eneyghan the water even up to B0Q@emperature, the analysis assumes thetific heat of
the materials areonstant. This means that the octadecane is able to store more energy per unit mass than
water over most ofhe 8@ temperature differenc&he analysis was stopped at 20®ecause under
standard conditionhe water will begin to vapoésand the energy will no longer be stored in the sensible
form. However, boiling can be avoided by increasing the pressuhe afystem. If the temperature range

was extended the water would eventually store more energy than the octadecane.

Latent heat systems also typically have higher efficiencies than sensible energy storage systems,
because the temperature difference betvikerworking fluid and the storage material can be smaller. In
addition, latent heat thermal storage systems can be used for temperature modulation. Latent energy of the
storage material is added and removed in a very narrow temperature range, the stiendgjeniti transfer
energy to the working fluid to keep its temperature close to the melting temperature of the storage material.
In sensible energy systentbe energy is added and removed in a nearly linear manner over a temperature

range.

11
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Figure2-3: Comparison of Energy stored per unit mass of octadecane and water. Assenaindpidnt
temperature is 20. Using information from Ho (1982)

One of the primary problems with thds¢ent heat thermal stagesystems is that they store and
discharge heat energy much slower than sensible energy thermal storage systems. This is because the
thermal conductivity of the phase change materials used in these systems is typically very small. Thus, heat
transfer ehancement techniques must be employed. However, these enhancement techniques typically
require replacing some of the storage material with a highly conductive matéeahighly conductive
materials have lower storage densities that the storage matatitthus the overall storage density of the

system is decreased.

Another issue with latent heat thermal storage systems is that the volume change associated with a
change of state can complicate the design of the storage container. Fegdigyitiase cinge systems,
the volume change can be significant; therefore the storage container must be designed to accommodate
large volume changes. For seliquid systems, the density change is much lower. For example, solid

paraffin wax expands by 15% when it nselt

12
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Abhat defines two classifications of saliquid latent heat phase change materaiganic and
inorganic,shownin Figure2-4. Zalba et al. (2003), explains that the advantages of organic phase change
materials are they are not corrosive, they have low or no risk of undercooling and they are chemically and
thermallystable. However, compared to inorganic phase change materials, organic phase change materials
havea low enthalpy of fusion, low thermal conductivity and are flammable. Zalba et al. (2003) further
explains that an advantage of inorganics materials igther latent heat of fusion. The disadiages of
inorganic materials artbat they tend to undercool, they are corrosive, and thareslsof phase separation
and phase segregation. (Zalba et al. 2003) These adwsmtagealisadvantages are sumneatia Table

2-1

Materials

Sensible heat Latent heat Chemical energy

gas-liqguid (4 solid-gas

solid-liquid - solid - solid
[ . 1
organics inorganics
I 1
[ 1 I 1
Eutetics Mixtures Eutetics Mixtures
Single temperature | |Temperature interval| | Single temperature | | Temperature interval
|| L 1 I
Paraffins Fatty acids Hydrated salts
(alkanes mixtures)
I_I_I
Commercial| | Analytical
grade grade

Figure2-4: Classification of energy storage materials. (Abhat, 1983)
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Table2-1: Comparison of organic and inorganic phase change materials from Zalba (2003)

Crganics Inorgamcs
Advantages Advantages
MO COrTOSIVES Crreater phase change enthalpy

Low or none undercoolng
Chermcal and thermal stabality

Dhisadvantages DiEadvantages
Lower phase change enthalpy Undercooling
Low thermal conductivity Comosion
Inflarmmabiity Phase separation

Phase segregation, lack of thermal stability

2.1.1.3 Chemical Energy Thermal Storage

Chemical energy thermal storage systems are designed to store energy by causing a chemical reaction
to occur in the dirgtion that requires heat energy; these systems extraceénergy by reversing the
chemical reaction. These systems tend to have very high storage densities, in many cases higher than that
of latent heat systems. These systems all warkthe basic principle of causing some chemical or
combination of chemicals to undergo a reaction that creates a new chemical(s) by adding heat to the
systems. The ideal reaction would be one thgtiires a large amount of heaitd one that is completely
reversble by removing heat. Equationd2shows the general form afthermochemical re@on that this
method relies on, in this eation two reactants on the lé¢fand side of the equation are combined in an
endothermic reaction to create two produatstlze righthand side. The letters used in Equation 2.4 to
denote the products and reactants are arbifféugrmal energy is stored in thakermochemical reactien
by combining heat with one or more reactants to produce one or more pridoetsthe sergy needs to
be extracted the product(s) are cooled and the will undergo a chemical reaction to transform back into the
original reactants and release the stored thermal erf@rgyproblem with these systems is that chemical

compatibility between the aeting materials and the container can be an issue for certain chemicals.

5 & MOHH S O [2.4]
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Abedin and Rosen (2011) compiled a list of potential thermochemical energy storage materials and
presented their energy storage density and reaction temperatures. This data is preSehted-ih The

materials presented show very large energy storage densities, hatveveactionemperatures are fairly

high.
Table2-2: Potential Thermochemical Engr Storage Materials (Abedin and Rosen, 2011)
Thermochemical| Solid Reactant Working Fluid Energy Storage Charging
Material Density (GJ/m"3) Reaction
Temperaturey )
0 QY 00 0 QY X0 0 2.8 122
"OQ® "0Q U 0U 2.6 180
0 O 0 WU ‘00 1.9 479
"0Q) 'O "0Q L 00 2.2 150
0 QOB 0 WL [o]¥] 3.3 837
0 YOV 0 Y ¢O0 1.4 89

2.1.2 Comparison of the types of thermal storage

A direct comparison between each of the method#fisult without knowledge of the application.
Each type of thermal storage has advantages over the other in certain appliediie2-3 shows the
general anges of the capacity power and efficiency of the types of thermal storage sysbla®-4

shows the storage densities of the three energy stortheads mentioned.

Latent heat thermal storage syssagpically have higher thermal storage densities than sensible
energy thermal storage systems for small temperature differencestt&imateange in the sensible energy
of a material depends on what tleenperature change is, for small changes in temperature only a small
amount of sensible energy can be stored. This allows for latent heat storage systems to have a higher energy
density. When large changes in temperature are allowable, then the bensfiigpfatent heat thermal
storagds reduced. One of the major problems with latent heat thermal storage systems is that low thermal
conductivity of the material will results in latent heat thermal storage systems having slower charging and
discharging rees compared to sensible energy systems. Latent heat thermal storage systems typically have

smaller thermal storage density than thermochemical storage systems. However, the thermochemical
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storage systems can be much more difficult to implement than ra laat thermal storage system.
Thermochemical systesmequire that there is a chemical reaction that is reversible, that the temperature
that the chemical reaction is reversible at is in the desired temperature range of the system and that the
kinetics ofthe chemical reaction allows for a fast charging and discharging rate. fitladls® constraints

are met, the a thermochemical system may be viable. For some thermochemical reactieest thhese
constraints pressuation is required. Beyond theseshiaconstraints, other aspects must be considered such

as chemical compatibility with the container it will be stored in, safety in terms of flammailpiditioxicity

or risks and cost compared to the other storage methods. Due to all of these constraints, there are situations
where latent heat thermal storage system are preferable to thermochemical systems, even if latent heat

thermal storage systems havéower storage density.
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Table2-3: Ranges of values for important design considerations for thermal storage system. Internal

Energy Agency and International Renewable Energy Agency. (2013)

Thermal storagg Capacity Power Efficiency Storage Cost{¥kwh)
system (kWht) (MW) (%) period(hour/day/month
Sensible (water] 10-50 0.00%210 50-90 d/m 0.1-10
Latent 50-150 0.00%1 7590 h/m 10-50
Chemical 120250 0.0:1 75100 h/d 8-100

Table2-4: Typical storage densities of the storage techniques (Cengel,2010) (Mehling and Cabeza, 2008)

(Abedin and Rosen, 2011)

Type of storage Storage material Storage density, Temperatures
kJ/kg
Sensible energy Water 84 20-40
storage Mineral oil 36 20-40
(Cengel,2010) Concrete 18 20-40
Latent heat Water- ice 330 0
storage Paraffinsi solid liquid 200 30-120
Salt hydride§ solid liquid 280 30-100
Thermochemical| 0 QY 00U 10000 120

2.2 State of the arbf phase change thermal storage heat transfer enhancement

One of the primary issues with latent heat thermal storage systems is that the low rates of charging and
discharging of thermal energy. Thus, there is a need to increase the rate of heat tramsfed fim these
systemsMethods forincreasing the rate dieat transfer in latent heat thermal storage systems can be
categorised as either passive enhancement techniques or active enhancement techniques. Passive
enhancement techniques are those wheextawnal energy is added to the system to enhance heat transfer.
Alternatively, active enhancement techniques require some energy to be added to the system to enhance

heat transfer.

It is helpful to consider the twphase Stefan problem when trying to ersand the methods of
enhancing heat transfer during phase chafigkepiction of the Stefan problem is givenFigure2-5. In

this onedimensional problem, there ia material that is initially fully solid (or liquid) at t=0 a wall
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temperature is imposed that is above (or below) the melting temperature of the material. As the material
begins to melt (or solidify), it is assumed that melting occurs at a single &tomeefTo determine the rate

at which the material grows, an energy balance can be performeth iwipresented in Equations 2.5 and

2.6. In Equation 2,50 is the rate that energy is stored in the matetias, the mass density of the

material,Ois the latent heat of fusior is the area of the interface perpendicular to the Wél, the

thickness of the solid) is the heat transferred from the interface in the direaifahe wall
and 0 is the heat transferred to the interface from the solid. dideEquation 2.6
(0] is the rate that energy is discharged from the systend and is the rate of heat

transfer to the interface from the liquid material and all other synalpelthe same as in Equation.Z5om

these equations, @an be saethat in order to increase the energy growth rate of the solid then either the
rate that heat igdnsferred from interface to the wall must be increased or the rate that heat is transferred
from the second phasettme interface must be decreased. Which is seen aigtitdhand side of Equation

2.5 and Equation 2.G.he only practical way to reducket heat transferred from the second phase to the
interface is to bring the initial temperature of the material closer to the melting temperature. EQjgétion

the heat conduction equatidrprovides insight into how to increase the rate of heat traesférom the
interface to the wall. In Equation72.k is the thermal conductivity of the material between the interface
and the wall, T is the temperature of the material and x is the distance in the direction perpendicular to the
wall. Increasing the theval conductivity of the material will result in an increased rate of heat transfer. The
heat transfer area can also be increased to enhance the rate of heat transfer. The final way to increase the

rate of heat transfer is to increase the temperature gtdmitween the wall and thaterface.
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Figure2-5: lllustration of a stefan prdém for melting, the solid material is at the melting temperature
(Martinez, 2014)
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2.2.1 Passive enhancement Techniques

The following section will review the state of the art in increasing heat transfer and the amount of

energy stored in a latent heat thermal storage system using passive techniques. Passive techniques are those

that do not equire an input of external energy to create ithproved heat transfeThese passive

enhancement techniques work by increasing either the thermal conductivity of the material, increasing the

area of heat transfer or by trying to make a larger thermdiegraat the heat transfer surfacRassive

enhancement techniques can be categorised into four sections:

1. Increasing heat transfer area using fins
2. Enhancing the bulk thermal conductivity by adding a highly conductive matrix
3. Enhancing the bulk thermabnductivity by adding nanoparticles

4. Micro-encapsulation
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2.2.1.1 Increasing heat transfer area using fins

An experimental and numerical investigation on the effect of adding fins to improve heat transfer
in latent heat thermal storage systems was performedehydHand Humphrey (1981). They developed a
theoretical model to account for the enhanced rate of heat conduction for a fin geometry thtiespan
|l ater al di stance of the phase change material 6s
in Figure2-6. Figure2-6 showsa rectangulacavity filled with phase change material, on the top surface
there is a metal fin, the thickness of this fin is varied in the analysis but the total container thickness,
including the fin and phase change material, is not chafigedlwall on the lefhandside is set aa
temperature above the melting temperature of the matkridie analysis, they varied the fini¢kness,
denoted by Lm, from 0 mrto 3.175mm The total thickness of the container is 25.4mm Thus, the
maximum volume fraction the finoccupied was roughly 13%I hey comparedhe numericalmodelto
experimental resultd he model showed that adding lateral fins increased the rate of melting significantly
for example with 3.175mm fins the melt fraction was roughly 3.5dgneater tha for the no finned case
at the end of the testheir results are shown Figure2-7, in this figure, TAU is a dimensionless time
variable, and thenelt fraction is the ratio of the volume of phase change material that has been melted to
the total volumeFigure2-7 showsthat as the fin size isicreased then the fraction of liquid at any time is
increasedFurthermore, comparing the finned cases, where Lm>0, and the no fin case, where Lm=0, it is
clear that the additioof fins greatly improves the amount efiergy stored in the systemwer the gven
period of time The finned cases had an improvement on the order of 400% compared tditisecage.
However, the authors did not consider the fact that as the fin thickness is increased, the voluntaséthe p
change material is reduced by #editional amount o¥olume that the fin now occupieghe results of
this analysis are as expected, the higher thermal conductivity of the fin, allows energy to be transferred to
the phase change material more rapidly. Henze and Humphrey (1981) alsigétedghe effect of the

temperature difference between the phase change

The results showed that an increase in the temperature difference increased the rate at which energy was
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stored. This resuis also expected because the higher wall temperature creates a larger temperature gradient

between the solid front and the wall.

bymmelry pignes
fagiabatic)

Figure2-6: Domain used in theumericalanalysis by Henze & Humphrey (198The domain consists
of an initially solid phase change material tisamneltedoy a constant temperature wall. There is one
horizontal metal fin that is used to enhance the heat trambfeh is represented by the double cross

hatched region
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Figure2-7: Results found by Henze & Humphrey (1981) foffaof 18 between the heat exchanger
and the melting temperature of the phase change material
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Sparrow et al. (1981) performed an experimental study on oditeaidification on a vertical
longitudinal finned tube for conduction and natural convection controlled heat transfer. Paraffin was used
as a phase change material, and it solidified on the outside of the tube. The energy was removed from the
system, bycooling the tube with internally flowing water. It was found that the enhancement is less than
the area ratidor condiction controlled heat transféfhe area ratio is the ratio of the outer susfatthe
finned and unfinned tub&or natural convectiocontrolled heat transfer, it was found that the enhancement
factor isnearly equal to the area ratkeor the conduction controlled cadiee finding that the enhancement
is less than the area ratio is expected because the solid layer that forms @rettts fis a layer of insulation
reducing their effectiveness. For convection controlled heat transfer, this insulating effect is still present;
however, with finsthe metal is exposed to convection for longer than it would be without fins, so the
enhancement is larger than the conduction controlled kags also found that the thickness of thazém
phase change material wasreased as seenhiigure2-8 andFigure2-9. In Figure 7, Sparrow et.gl1981)
compared the finned and unfinned design against each other at 15, 30 and 180 minutes after the start of the
experiment. fie hickness of the frozen layer is larger for the finned case than it is for the unfinned case.
In Figure2-9, the average frozen layer thickness, for the finned andnatficases, is plotted as a function
of time. The curves irFigure2-9 appear to level off, but in realitthe growth rate of the solid decreases as
the solid gets thicker. So the solid is still growing, it is just growing at a slowelTtaestudy done by
Sparrow et al. (1®1) differs from that of Henze & Humphrey (1981) in the geometry used in the analysis,
aside from that fadhat Sparrow et al. (1981) usaaylindrical test section and Henze & Humphrey (1981)
used a rectangular geometry. The fins used by Sparrow¥&il)(were much smaller than those used by
Henze & Humphrey (1981); the volume fraction occupied by the fins in Henze & Humphrey (1981) was
13% whereas Sparrow et al. (1981) had a volume fraction of less than 1%. Despii&d@rence both
authors save large improvement, which indicates that the design of the fin layout can be used to get large
heat transfer improvements without sacrificing volume fraction. Specifically, a comparison of these studies

indicates that a large amount of thin fins could offésrger improvement than on thick fin.
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Figure2-8: Comparison of the experimentally determined frozen layer thickr@ssSparrow et al.
(1981) The experiment consisted of a vertical, longitudiimaded tube, where the phase change material
was solidified on the tube.
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Figure2-9: Comparison of finned and unfinned tuibem Sparrow (1981) showing the solid massa
function of timefor the finned ad unfinned tubes The experiment consisted of a vertical, longitudinal
finned tube, where the phase change material was solidified on the tube.

Velraj and Seeniraj (1999) numerically studied solidification of a phase change material on an
internally fimned tube. The domain consisted of a tube submerged in a water bath, the tube was filled with
the phase change material and had two internal fins cutting the tube into four sections. The domain used in
the analysis is shown figure2-10. The results showed that adding fins to this configuration reduced the
time for solidification between 75 to 175% depending on the Biot numitdich is a dimensionless
guantity that represents the rate of heat transfer due to convection to the rate of heat transfer due to
conductionassociated with the fin§he geometry proposed by Velraj & Seeniraj (199%he opposite of
that used by Sparrow et al. (1981). Wherarg&mw et al. (1981) used an externally finned tube, Velraj &
Seeniraj (1999) used an internally finned tudewever, both of these designed showed an increase in the
rate of heat transfer. However, it is difficult to compare the two devices because®/8kajiraj (1999)

did not report the volume fraction of their fins.
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Figure2-10: Image of the numerical domain used by Velraj and Seeniraj (1888)apparatus consisted

of a tube filled with phasehange material that is surrounded by a water bath. The phase change material

was initially melted and the water bath was at a temperature below the melting temperature of the phase
change material.

Sciacovelli et al. (2016) performed a second law aimatgsdesign a branchdidc for alaternt heat
thermal storage systerfhe analysis was performed on a tube and shell heat exchtrgphase change
material was containeid the outer tube and was initially liquid. The heat exchanger is shoWwigume
2-11. The phase change material used was a paraffin wax withltang temperature of 5823 . Then
cold fluid is forced through the inner tupsuch tlat solid begins to form on the heat exchanger surface
The solid front was then measured using digital imaggdaking pictures through transparent walls
numerical model was used ¢stimate the entropy generati@ciacovelli et al. (2016Equation 28 was
used to calculate the entropy generatiimmee designs were tested in the analysithe analysisDesign
| consists of four straight fins spaced 90 degrees .aphe geometry of Design | and the local entropy
generation are illustrated kigure2-12. Design Il consists of four main fins each with two secondary fins

with an angle of 30 degrees between the two secondaryifengeometry of Design Il and the local entropy
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generation are shown Figure2-13. Design Il is similar to Design Il but, the secondary fins &edtin

the axial direction by 8 degredsigure 2-14 shows the geometry and local entropy generation if Design

Ill. The purpose of the tilt is to ka the heat transfer monaiform in the axial directiorDesign Il reduces

the space between the fins at the bottwinthe test sectignwhere the heat transfer will be lowest and
increases the space at the top of the test section, wieeheah transfewill be highest. The heat transfer

highest at the top of the test sectiue to buoyancy effects carrying the hot liquid to the top of the test
sectionand cold fluid to the bottonThe volume of the fins was kept the same in all the simulatidres.

results of the analysis showed that a design with uniform entropy generation also shows the fastest
solidification rate as seen kigure2-15and highest thermodynama€ficiency as seen iRigure2-16. The

analysis was conducted using a -@idh axially symmetric modeThe thermodynamic effiency was

defined by Equation 2,9vherei is the global entropy generation a@adb is the rate of exergy

released by the phase change matefidle r esults of the analysis found
best performance. The results of this analysis show what was expected because by minimising entropy
generation, the amount of superheating is essentially being minimised and thus emneingy aslded more

uniformly. Henze & Humphrey (1981), Sparrow et al. (1981) and Velraj & Seeniraj (1999) all did not
consider entropy generation when designing their t
devices, in this caséevicerefers to the phase change material and the heat transfer surface, would result

in a smaller entropy generation than the unfinned counterparts. This is because in designing the fins the
authors were attempting to distribute the heat flow from the heetférasurface throughout a larger area

of the device. Since the same amount of heat transfer is taking place through a larger area for the finned

devices the temperature gradient would be smaller and there from there should be less entropy generation.

[2.8

- p —— [2.9]
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Figure2-11: Branching heat exchanger used by Sciacovelli et al. (20b&)container consisted of a tube
in tube heat exchanger that was used for thermal storage. Cold water was passed through the inner tube
and the outer tube is filled with initialljquid phase change materiahd analysis compared three
different fin designs all of which were in the phabange material.
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Figure2-12: Local entropy generation for design | fr@uiacovelli et al (2016)
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Figure2-13: Local entropy generation for design Il frddaiacovelli et al (2016)
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Figure2-15: Liquid fraction from Sciacovelli et al (2016)he container consisted of a tube in tube heat
exchanger that was used for thermal storage. Cold water was passed through the inner tube and the outer
tube is filled with initally liquid phase change material. The analysis compared three different fin designs
all of which were in the phase change material.
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Figure2-16: Second law efficiency from the analysis doneSajacovelli et al (2016)The container
consisted of a tube in tube heat exchanger that was used for thermal storage. Cold water was passed
through the inner tube and the outer tube is filled with initially liquid phase change material. The analysis
compaed three different fin designs all of which were in the phase change material.

2.2.1.2 Enhancing the bulk thermal conductivity using a highly conductive matrix

Another method of increasing the rate of heat transfer in latent heat thermal storage systems is to
add a matrix of highly conductive material to increase the bulk thermal conductivity of the system. Adding
a conductive matrix increases the rate of heat transfer by increasing the thermal conductivity of the system.
The tradeoff is that the high conductityi matrix displaces phase change material inside the storage device.

The result is a lower storage density.

Mesalhy et al. (2005) numerically studign use of a high thermal conductivity porous matrix for
increasing the rate of heat transfer while meglta phase change material. A tube in tube heat exchanger
geometry was analysed with the inner tube set at a temperature above the melting point of the material and
the outer tube wall being set as an adiabatic surface. The phase change material amdridgitive
matrix filled the space between the two tubldesalhy et al. (2005) found that for a porosity of 0.95,
meaning that 95% of the volume is phase change material and the other 5% is the highly conductive matrix,
the amount of heat absorbed inbe {phase change material is approximately 1.3stgreater than a case

with no highly conductive matrix. The most extreme case tested was a porosity of 0.85 which absorbed 1.8
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timesthe energy of the case with no highly conductive matiive design usebly Mesalhy et al. (20053

similar to the design used by Sparrow et al. (1981) where the heat is applied to the phase change material
by an internal tube encapsulated in the phase change material. The high conductivity matrix allows for more
high conductrity material for heat to transfer than the fins used in Sparrow et al. (1981). However, the

tradeoff is a larger volume fraction occupied.

Mills et al. (2006)used an expanded graphite matrix to increase the rate of heat transfer in latent
heat thermastorage systems. It was shown that the effective thermal conductivity, or average the thermal
conductivity of the graphitphase change material mixture was increased significantly, between 20 to 130
times the thermal conductivity of the phase change mht&he higher thermal conductivity will increase
the rate of heat transfer from the latent heat thermal storage system. The authors also investigated if this
phase change thermal storage system could be asaddulate the temperature of thkectricalbattery
packs and found that the time for a battery pack to rea&hvss increased by 2.5 times when the phase
change material was used. To implement the phase change for temperature modulation the phase change

material was encapsulated in the composite matrixptae on the side of a battery

2.2.1.3 Adding high conductivitygpticles

Another method of enhancing the rate of heat transfer in these systems is to add a high conductivity
particles to the phase change material. The high thermal conductivity particles allow for another route for
heat to conduct througkhus the thenal conductivity of the mixture has a high thermal conductivity than
the phase change material. The thermal conductivity of the mixture is called the effective thermal
conductivity The highly conductive path enhances the effective thermal conductithg phase change

material but reduces the storage density of the material.

Siegel (1977) studied the improvement in solidification rate in molten salt dispersed with high
conductivity particles. He concluded that there was an improvement in the raatdfansfer when the

conductive particles are added. The study was analytical and considered three geometries. One geometry
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was a planar container where energy is added through one of the walls, another geometry is a tube where
the phase change mateiigmbtored inside of a tube, where energy is added from the outside wall of the tube
and a third geometry where the phase change material surrounds a tube where the energy is provided from
inside the tube. It was found that for a concentration of 20% [easrtio 80% phase change material,
assuming the particles have a thermal conductivity of 100 times that of the phase change material, the rate
of heat removal can be increased by BD%. The results of this analysis illustrate that as the bulk thermal
corductivity of the phase change material is increased so too does the rate that energy is discharged from
the material.The heat transfer improvement of adding these particles is small relative tolteevo
occupied by the particles when compared to adfimgy For exampleVelraj et al. (1999 implemented

fins that occupied a volume fraction of 20%, which is the same volume fraction as Siegel (1977) used, and

found a 500% increase in the rate of heat transfer.

Sanusi et al. (2011) experimentally studieihg high thermal conductivity particles which were
graphite nanofibers and usingnicosane as the storage material. The geometry used in the analysis was a
cubic container that was heated from the bottom using an electric heater. Adding graphitesrganofib
significantly reduced solidification time of systems with aspect ratios equal to %2 and 2 compared to the
nonenhanced cas&ansui et al (2011), found that the rate of heat transfer was increased byhé0%.
improvement was greatest for small masseas lass significant for larger mass@sie volume fraction
occupied by the particles was approximately. Zompared to Siegel (1977), Sanusi et al (2011) had a

much larger enhancement for a much smaller volume fraction.

2.2.1.4 Microencapsulation

Another way torcrease the rate of heat transfer for a latent heat thermal storage system is to use
microencapsulation. Microencapsulation of phase change materials is when the phase change material is
enclosed in a micrsize shell. Lots of these small containers aedus a fullscale system. The rate of
heat transfer is increased because volume to area ratio of the phase change material is now very large
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compared to using a single block of phase change material. A drawback of microencapsulation is that the
phase chage material hasa greater risk of supercoolin§upercooling is when a liquid material is in a
metastable state below its melting temperatufehe reason why supercooling is increased in
microencapsulated is that microencapsulation is typically done gpimgrical containersith a small

radius of curvaturelThese containers cause a solidifying material to undercool because when a material is
solidifying a material will have a preferred growth direction. When a material solidifies on a flat surface,
the peferred growth direction within a crystal will be paralleletach otherso the growth of one part of

t he c¢r yst althegrowth sfary bthehpiarh idoevevenolecules begin crystallizing on a curved
surface their preferred growth directiondlvsiegin to overlap with that of their neighbouring molecules,
which causes an additional energy barrier for crystal growtbrder to accommodate for the additional
energy barrier, the equilibrium melting temperature decredgbich causes the tempeaueg difference
between thenelting temperature of thghase change materihd the heat exchanger wall temperatare

be lower The lower melting temperature results in a smaller temperature gradient in the phase change

material,thereby reducing the rate of heat transfer during discharge.

Regin et al. (2009) studied spherical PCM capsules numeriddlly.apparatus consisted of a
cylindrical heat exchanger. The phase change material capsules filled the cylindrical heat exsithnger
hot fluid flowed over the capsules. The apparatus is shoWigime2-17. They found that having a larger
phase change temperature range increases the ratetioigneélthe phase change materialwas also
shown that the charging rate was faster than the discharging rate due to the convection in thduciggsule
charging, the time to melt theapsule with a radius of 40mm was nearly decreased by 2 tilhasas
concluded that capsules of a smaller radius resulted in higher chargingemarging rates than capsules
with alarger radius; this was due to the higher surface area to volumeTiaédraction of space not
occupied by the microcapsules was 40%aning that the volume fraction of this method of enhancement

was more than 40%.
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Figure2-17: Layout and details of the storage system used for microencapsulation research by Regin et
al. (2009)

An issue wih microencapsulation is that some shell materidde material used to encapsulate the
phase change materiatan react with phase change material. Werner (1987) observed that a phase change
material of 90% myristic acid and 10% lauric acid, showeftiglifn with polypropylene and polyethylene

containers.

2.2.1.5 Comparisomf Passive enhancement techniques

The four methods of passively increasing the rate of heat transfer in latent heat thermal storage
systems These methods are fins, a highly conductive matrix, adding -pamicles and
microencapsulatianFins, highly conductive matrix and adding ngasticles increase the rate of heat
transfer by providing a material will a high thermal conductivity thatal heat to be transferred through
the phase change material faster. Microencapsulation increases heat transfer by reducing the maximum
solid front location, which limits the thermal resistance of the phase chiaige2-5 provides a summary
of authors that have used passive enhancement techniques to increase the rate of heat transfer from latent
heat thermal storage systeriis.Table 2-5, the enhancement found fang are typically higher than the
enhancement for the other methods. Highly conductive matrices and particles also show large

improvements. Highly conductive paifis have the benefit over fins and highly conductive matrices of
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having a higher volume fraction of phase change material; which allows them to have a higher storage
dens t y. One as pe crhuchatieation igla compdrison of manefacturests between the
methods. Each of these methods requires more complex manufacturing techniques than a latent heat thermal

storage system without any enhancement.

Adding fins showed thkargest increase in the rates of heat trargderpared to the otherathods
considered. However, fins also take up a comparatively small amount of volume than the other methods
considered. For example, Saha et al. (2006) found that pin fins that take up 8% volume fraction provide the
best heat transfer enhancement for thewant of volume displaced. Adding high conductivity particles also
showed a high increase in the heat transfer rate, Siegel (1977) found the increased heat transfer by 70% and
Mettawee and Assassa (2007) were able to increase the rate of heat tran3®86 o2 the particles used
by Mettawee and Assassa (2007) occupied more than
occupied a volume fraction of 20%. Based on these analyses, fins are the better choice than adding high
conductivity particlesFins also showed a higher heat transfer enhancetimantthehigh conductivity
matrix considered by Mesalhy et al. (2005) showed an 80% increase in the rate of heat transfer while
occupying a volume fraction of 15%licroencapsulation does show a verythigeat transfer enhancement
however, the storage density is greatly reduced because the spacing between each of the microcapsules
doesnoét st or e the cogclusion ef thig yanalysis s that,fins provide the best means of
enhancing a latent hedtermal storage systems while also providing the best storage density of all the

passive methods considered.
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Table2-5: Summary of the heat transfer enhancement achieved by various authors using Passive
enhancement techniques for latent heat thermal storage systems

Author Technique Numerical / Enhancement Volume
Experimental fraction of
enhancement
technique
Henze and Fins Experimental and| 400% higher heat 13%
Humphrey (1981) Numerical transfer rate
Sparrow (1981) Fins Experimental 350% higher heat <1%
transfer rate
Velraj et al. Fins Experimental 500% higher heat 20%
(1999 transfer rate
Velraj and Fins Experimental 75% shorter N/A
Seeniraj (1999) solidification time
Siegel (1977) High Conductivity Numerical 20% higher heat 20%
Particles transfer rate
Sanusi et al. High Conductivity Experimental 70% higher heat 3%
(2011) Particles transfer rate
Mettawee and | High Conductivity | Experimental and| 300% higler heat 14%
Assassa (2007) Particles Numerical transfer rate
Mesalhy et al. High Conductivity Numerical 80% higher heat 15%
(2005) Matrix transfer rate
Regin et al. (2009] Microencapsulation Numerical 50% shorter 40%
solidification time

2.2.2 Active enhancement Techniques

Active enhancement techniques are those that use energy to create a heat transfer enhancement. In
thermal storage systems, where the energy efficiency is important, it is only practical to use active
techniques if the energy required for enhancementyssvaall compared to the energy stored in the system.

Only a few studies on active techniques have been completed. The two methods that have been studied are
ultrasonic vibration and electrohydrodynamic. The electrohydrodynamic method will be discusstead in d
in Section2.2.2.1 The ultrasonic vibration method is used to agitate the fluid to induce convection in the

liquid phase.
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The mechanism foultrasonic heat transfer enhancement are acoustic cavitation and acoustic
streamingM. Legay et al. 2011 Acoustic streaming is a phenomenon where fluid convection is created
by causing a gradient in momentum in the fluid. These gradients in momentcaised by the dissipation
of the acoustic energy in the fluid. Acoustic cavitation is a phenomenon where fluid convection is created
by causing a nonniform pressure field in the fluid. When the pressure at a point in the fluid drops below
the vapour presure of the fluid, an air bubble will form. This air bubble will grow and collapse rapidly, the
growth and collapse of bubbles throughout the fluid causes convectienpower consumption of
ultrasonic heat transfer enhancement can be on the ordeidt1OM. Legay et al. 2011 For latent heat
thermal storage systemihis power consumption is largéor example, the apparatus for investigating
electrohydrodynamics used in the current sfisdigres approximately 3 andtakes approximately-2
hours to discharge, depending on the experimental conditions. Using 10 Watts for 2 hours requires 72 kJ,
which is more than double the amount of thermal energy stored. Thus, the large power requirements of this
method limit its applicability in latent heat tineal storage system$ypically, when used on a latent heat

thermal storage system, a very low power ultrasonic device will be used.

Oh et al (2002) investigated applying ultrasonic vibrations to the melting of Octadecane, both
experimentally and numeridgl In the experiments, the energy was supplied by an electric heater. In the
numerical analysis, this was modelled as a constant heat flux. The energy was only supplied at one vertical
boundary, and all the other surfaces were adiabatic. The top suffdwe apntainer was a free surface
exposed to air and the other boundary surfaces were walls. The apparatus used in the analysis is shown in
Figure2-18. It was found that applying ultrasonic vibrations improved the melting rate by 2.5 times in their
best case. The results of the analysis are showlralihe 2-6. The numerical results showed that the

ultrasonic vibrations induced fluid cells in the melted Octadecane.
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Figure2-18: image of the domainsed in the numerical analysig Oh et al (2002Heat was passed
through one surface and the phase change material was initially solid.

Table2-6: Comparison of the total consumed electricity for a melting processGioet al (2002)

Heat Flux Melting time Heater Ultrasonic Total consumed
(kcal/(hrDh ) (min) (Wh) vibration (yes or | electricity (Wh)
no)
9905.1 161 448.1 No 448.1
76 211.5 Yes 445.9
5535.2 275 444.6 No 444.6
94 152.0 Yes 441.8

2.2.2.1 Electrohydrodynamic enhancement of heat transfer:

Electrohydrodynamics is the study of fluid motion induced by an applied electric field.
Electrohydrdyanmiccs can be used to enhance heat transfer by creating more vigorous convection in a fluid.
This more vigorous convection increases mixing and incrésesermal gradient near a heat exchanging
surfaceln this chapter, the governing equations for electrohydrodynamics will be discussed, as well as a
summary of the enhancement effects that electrohydrodynamics has orphisggefluid heat transfer,
two-phase fluid heat transfer and tpbase solidiquid heat transferAs all three mechanisms of

enhancement have been shown to increase phase change thermal storage rates.
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The general equations of electrohydrodynamics arise from the mass, moment and energy
conservation equations of fl uid mecfiheduaonfoand Ma:
conservatiorof mass is giveby Equation 2.12. In Equation 2,12is the densityo is the vector field that
describes the velocity of the fluid ahdepresent timeThe NaiverStokes momentum equation for two
dimensional incompresdiflow is given in Equation 23. In Equation 213, the force due to the electric
charges and dipoles shows up as a source term, denc@dliy eéctricbody force. In Equation 23, 6
is the velocity in theodirection,b represents the velocity in thedirection,0 describes the pressure field
and’ is the kinematic \dcosity. The term on the Idfiand side of the equation describes the accalarat
of the fluid in an Eulerian coordinate system, the first term on thehigyid side of the equation describes
the force due to pressure acting on the fluid and the second term represents the viscous forces acting on the
fluid. To determine the magndue of t he el ectric body force, Maxwel
equations are given bgquations 2.4, 2.15, 2.16 and 2.17n Equation 214, Ais the electric field strength
and’Ais themagnetic field flux. Equation 241shows that the cudf the electric field strength is equal to
the negative of the change in mac field flux. In Equation 2.15% is the magnetic field strengtf is

the electric displacement field strength &mgitheelectric current. In Equation 2.1fie valug’ represents

the electric charge density of theaterial Maxwel | 6s equations allow the e
determined.
— 12" % [2.12]
— 60— U— -— - — — [2.13
nA [2.14
nog Do [2.15]
nJA T [2.19
nJA 7 [2.17]
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The governing equations for electrohydrodynamics were derived by Chu (1959), who showed that
for fluids moving at speeds mhidessthan the speed of lightggation 2.18an be used to explain the
electric force actingn a fluid cell. InEquation 2.18 and Equation 2,19 is the electric charge densii#,
is the electric field strength vector fieklis the electric curreriAis the magnetic field strengthis the
magnitude of the electric field strengthis the electric permittivity)Ois the magnitude of the magnetic
field strength, is the magnetic permeability,is the density of the materialhe firstterm onthe right
hand side of Ruation 2.8 describes the forces acting on free charge carriers, the second term is the
magnetic force acting on moving charges in the fluid. hilrd term in Ejuation 2.18s a force that arises
due to imbalances to in the eléctforce due to changes in the electric permittivity; the fourth term is a
force that arises due to imbalances in the magnetic peribeabspace. The final term represents the force
that arises due to changes in density in the fluid, the change iityd=nsses a change in permittivity and
permeability.For dielectric fluids, the conductivity is very low. For the case where the condyctithe
medium is very low thethe current and magnetic field strength becomes small thus, the dledyrifore

can be rewritten asdoation 2.19

"0 " A £ A -On- -On n-"0— -"0— [2.18]

MM "A -On- -n "0 — [2.19]

The first term of Equation 29lis the electrophoretic force and represents the force that arises due
to electric charges distributed throughout thedium. The last two terms irgRation 2.9 are referred to
as the polarisation forces. The second term is the dielectrophoretic foick anbkes either due to special
change in permittivity or due to namiform electric fields. The third term is the electrostrictive force. This
term is primarily driven by the nemniform electric field. However, this term tends not to be significant in
causing fluid motion and rather results in a change in the pressure field (Antonio, 2011). The polarisation
forces that are usually significant in multiphase systems are often not significant in single phase systems
except when there are large temperagmaglient§Antonio, 2011). The dielectrophoretic force becomes an

interfacial force in two phase systems. This interfacial force arises from the large gradient in the dielectric
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constant at the interface between two materfgiglying an electric field ab adds a heat generation term
in the energy equation, wdfi is represented yquation 2.20In Equation 2.20” is the mass density of
the fluid,6 is the specific heaftYis temperature) is the velocity;Qis the thermal conductivity anl is

the heat generation per unit volume for the fluid. The two termheleft-hand side of Equation 2.20
represent the increase in temperature of the fluid in an Eulerian coordinat®.syke first term on the
right-hand side represents the heat ¢fandue to conduction and the final term represents how much
thermal energy is being generated per unit volume in the fluid. Chang et al. (1994ddéfnheat
generation term asgfaation 2.21In Equation 2.21the symbols used are thergaas those &sl in Equation

2.18

"6 — "6 O0;Y QY N [2.20
R & "TA 6 A D0 6 6 006 0 AL g—2 |20
The first term on theight-hand side of Equation 2.24 due to the flow of charged particles. The
second term is the energy generation due to fluid polarisation. The final term is due to time varying electric
and magnetic field; this is similar to the energy stored in inductors and capacitors. If theiginddthe

medium is very small and there are no charges in the medium than this equation can be simplified to the

simple Joule heating relation, showrEquation2.22

n . O [2.22

The body force term in Equation 1A is the source othe heat transfer enhancement effect of
electrohydrodynarnss. The first term on the rigitand side oEquation 2.9 is the electrophoretic force.
The electrophoretic force acts on free charges and ions in a fluid, it acts to move the charges along the
electric field lines. There are three sources of charges in a dielectric fluid which are dissociation of
impurities, dssociation of the dielectric fluid and changes in the electric conductivity of the fluid
(Castellanos, 1998). As thaumber of impurities in a system increases, the strength of the

electrohydrodynamic forces also increases (Sheshakamal and Cross, d@8ajr(dand Cross, 1994). The
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impurities in the fluidaffect the electrohydrodynamics force because the impudtesgain electric

chargeghat build up on the electrodes

Charge injection causes charges to be injected into the fluid by transferritegtic eharge from an
electrode to the dielectric fluid, which creates electric charges that are free to move within the fluid. Free
charges can also builgp due to local changes in the electric conductivity and permittivity (Turnbull, 1968).

In single ase fluids, changes in the electrical conductivity could be due to inhomogeneous impurity
concentration or temperature gradients (Turnbull, 1968). In-Bglil two-phase mixtures, there is an
inherent difference in the electrical conductivity of thédsand the electrical conductivity of the liquid.

This difference in the conductivities cause ion rejection from the solid into the liquid which generates
charges in the liquid. This phenomenon is referred to as the thermodielectri¢@ffesgt, 1954)TTomas

and Novotny 2015).

The second and third terms on tight-hand side of Equation 2lare primarily responsible fohe
heat transfer enhancement when there are large temperature gradients orhaseviiuid The second
term in the equation axcts a result of differences in the permittivity in space; in single phase thigls
difference could be due to a naniform electric field. For twgphase fluids, this difference in permittivity
can be due to inherent differences in the permittivityvben the two phases. The permittivity can vary

with density due to impurity concentration differences and temperature gradients in the fluid.

2.2.2.1.1 Electrohydrodynamic heat transfer enhancement in Single ghads

In single phase fluids, both the elexgghoretic force and the polaaiton forces, in Equation 21
can be used to create convection in the flbidwever, the electrophoretic force is tygiganuch larger
than the polartion forces because the patation force depersdon the gradient fothe electric

permittivity. In single phase fluids the gradient of the electric permittivity is small unless there are large
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temperature gradients, thus for most applicatiding electrophoretic forces dominata. this section,
electrophoresis and gmna wind will be discussed in regards to how electrohydrodynamics using the
electrophoretic force can be used to enhance heat transfer. Enhancing heat transfer using the

dielectrophorat force will also be discussed.

Corona wind is created when chargesiajected into the air from an electrode high electric
potential. The flow ireated bythe repulsive force acting on the ions in the air and the electrodes
unionized fluid gets gains momentum from the ionized fluid due to viscous fdittese vicous forces
cause the fluid to flow which can be used to enhance heat transfer. Although this method does increase heat
transfer, the electric power consumption is higher than other electrohydrodynamic enhancement
phenonena(Allen & Karayiannis, 1995)In latent heat thermal storage systems, power consumption is
important. If the electric energy consumption is on the same order as the thermal energy stored in the

system, then the cost of electricity could make the latent heatdhstorage system finamdly unviable.

Kalman and Sher (2001) experimentally studied using corona wind to provide air cooling. They
found that when a negative electric potential was used, the velocity of the air was about 20% less than for
a positive electrode; even though, thegative electrode drew a larger electric current. Thus, a positive
corona is more effective than a negative one. However, other studies have found that this is not universally
true, and depends on the dielectric material (NaBSghih, et al 2013). The eggmental apparatus used
by Kalman and Sher (2001) is shownFigure2-19. The corona wind was generated by a wire and two
wings. lons are injected into the air near the wire, an electric potential is applied to the wire, and the ions
flow towards the grounded wings dragging the air with them. The air then flowed into aic&lgdieated
plate. The heat transfer coefficient was measured by measuring the surface temperature of the plate, the
temperature of the air and the electric heat flux. Kalman and Sher (2001) further found that the at the centre
of the plate the heat trafer coefficient was increased by 2.5 times forapplied heat flux of 26 T&

and 1.7 timesdr an applied heat flux of 580 ¥& . The areas of the plate further away from the centre
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showed smaller enhancemeritigiure2-20 shows the enhancement; in this graplpha signifies the angle

between the plate and the wing.
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Figure2-19: Experimental appatus used by Kalman and Sher (200dage on left shows side view of
image on the right. The device generates corona wind by applying an electric potential to the wire and
grounding the wings. The corona wind theruses convection heat transfer on that Iplate.
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Figure2-20: Heat transfer coefficient at differedistanceslong the plate found ikalman and Sher
(2001)

Kasayapanand (2008) studied the enhancement of vertical fin arraysapplying
electohydrodynamicsising computational fluid dynamics. The geometry used was a rectangular enclosure
heated from the bottom and cooled from the top with vertical fins protruding from the bottom wall. The
geometry and boundary conditions are showRigure2-21. In the study, Kasayapanand (2008) found
that the fluid flow and heat transfer are dependent on the number and location of the electrodes around the
fins. It was also shown that the heahsfer coefficient is enhanced by applying electrohydrodynamics, as
seen inFigure2-22. Figure2-22 shows that the Nusselt number can be increased by approximately 4 to 7

times.The source of the enhancement in heat transfer is greater fluid flow, as Bagur@2-23.
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Figure2-21: Doman and boundary conditions usedlgsayapanand (2008) a numerical analysis.
Bottom wall has a constant tenngure boundary condition, top wall has a constant cold temperature
boundary condition. Fluid is initially at rest and at the bottom wall temperature.
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Figure2-23: Dimensionless flow velocity as a function of electric Reynolds number from Kasayapanand
(2008)

Yoshikawa (2013) studied fluid convection due to the dielectrophoretic force in an annular
geometry under microgravity with a radial temperature gradient. Yoshikawa (2013) analysed the stability
problem that arises due to the dielectrophoretic force, wieh showm to be similar to the Rayleigh
Bénard instability seen in natural convection heat transfer. Yoshikawa found that the critical Rayleigh
number depends ae ratio of the radii, the temperatures of the tube walls and the appliedTie&.
stabiity problem was also studied by Turnbull (196%urnbull (1969) analytically studied aéBard
stability problemassociated with electrohydrodynamidhe problem Turnbull (1969) analysed was a
single phase fluid contained between two infinite plates, gritlvity actingin the directiorfrom thecold
plate towards théot plate.Only the dielectrophoretic force was studied in the analysis, to eliminate the
effects of the electrophoretic force an alternating current was applied with a frequency abdegdtienre
time of the material. The study found that when an electric field is applied the critical Rayleigh number for

the onset of convection was smaller when an electric field was applied. The critical Rayleigh number was
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decreased by 10 times betweea tase with no electric field and the case with the largest electric field.

Turnbull (1969) did not investigate the effect that this convection had on heat transfer.

2.2.2.1.2 Electrohydrodynamic heat transfenteancemenin two-phase fluids

Studieshave investjatedthe use oflectrohydrodynamics to enhanbeat transfer in twphase
fluids. Many investigations have studied the effect of electrohydrodynamics to@hage annular heat
exchangerThese studies have found that when the electric potentiarisased the amount of mixing in
also increased; which results in a higher rate of heat transfer and a higher pressure drop as well. The flow
pattern of the fluid is altered when the electric potential, which is heavily influenced by the interfacial force
acting on the gakquid interface. Depending on the vapour qualitgr the volume fraction of vapolir
generating an electric field can decrease the rate of heat transfer. This decrease occurs when the liquid phase
is drawn away from the heat transferface, which forces the heat to be transferred through the vapour
phase, which typically has a lower thermal conductivity and derhbiig reducing the rate heat transfer

(Norris et al. 1999).

Singh (19%) and Cotton (2000) conducted research on thectetfe electrohydrodynamic heat
transfer improvement of internal convective boiling for different refrigerants. It was found that increasing
the voltage will increase the level of heat transfer enhancement and flow mixing. However, there is also an
increasing pressure drop penalty. Norris et al. (1999) found that applying a voltage can hinder heat transfer

during boiling due to dry out on the heating surface.

Ng et al (2010) performed an experimental investigation into transient phase redistributions of a
two-phase flow in an annular channel with an electrode in the centre of the tube and with the outer wall as
an electrode and heat transfer surface. It was found that as the duty cycle of the applied voltage was
increased the heat transfer coefficient anespure drop both increased. These increases were observed

because as the duty cycle was increased different flow patterns were obSbkesethximum increase in
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pressure drop was approximately 6 timtbe noelectrohydrodynamics case. The increase inhibat

transfer rate was between 1.2 and 2.7 times thelewirohydrodynamics case.

NangleSmith et al. (2013) investigated the effect of high voltage DC waveforms cphase
flow redistribution. The study was conducted on an annular flow channel waflectrode at the centre of
the channel, and an electrode at the outer surface; the inner and outer surfaces are EigovaRi@4.
The investigatia addressed the fact that reversing the polarity of the electrodes results in different flow
structures and heat transfer characteristics. It was found that for negative voltages the electrophoretic force
aids in repelling the liquid to the outer surfastereas for positive vtages it hinders the repulsion. The
reason for this is that the mobility of the negative charges on the electrode is greater than that of the positive
charges, which allows for more negative charges to be injected into the flugl. When the electrode is
negative these injected electric charges will be repealed from the negative electrode, whereas they would
be attracted to a positive electrod®is repulsion increases wetting of the outer heat transfer surface and
thus improvedeat transferThe maximum increase in the heat transfer coefficient observed by Nangle
Smith et al (2013)was 3.3 times the relectrohydrodynamics case. However, the pressureinicopased
by more than 5 times. The geometry used by Ng et al (2010Namgle Smith et al. (2013) were identical;
thus, the improvement for condensation was between 1.2 and 2.7 times which on the same order as the 3.3
times seen by Nangigémith et al. (2013). The pressure drop increase was also siftitageometry used
by Fernandez and Poulter (1987) was the same as Nangth et al. (2013)the improvemenseen by
Fernandez and Poulter (1987) was 2000% whereas the improvement seen bySXatigkt al. (2013)

was 330%.
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Figure2-24: Experimental apparatus used by Nargieith, (2013)
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2.2.2.1.3 Electrohydrodynamic enhancement of heat transfer in two phaselsplids

The same mechanisms that caused enhancement in single phase-phdssvfluids will cause
enhancement in tHeuid phase of a twqphase solidiquid system. However, in the solid phagere will
not be any electrohydrodyanmic enhancement because in the solid phase the material is strong enough to
remain rigid when the electric forces are generated. Sincewfilebe no convection in the material, there
will be no change in the heat transfer rate in the solid phase. Thus, the amount of heat transfer enhancement
is heavily dependent on whether the solid phase is interacting with the heat transfer surfadtiior the
phase is interacting with the heat transfer surface. If the liquid phase is in contact with the heat transfer
surface then there will be a heat transfer enhancement (Neklala2015). The focus of the current
investigation is to answer the questiof what happens when the solid side is in contact with the heat

transfer surface.

Two similar studies to the current investigation have been conducted in the past. One study was
conducted by Dellorusso (1997) which experimentally investigated the efféctapplying
electrohydrodynamics to the solidification and melting of a phase change material. @hstotdy was
performed by Nakhla et §2015) which experimentally investigated the enhancing melting of a phase
change material using electrohydrodynesnivhen it is exposed to a constant heat flux. In addition to these
studies, Dulikravich (1994) and Colaco et al (2004) studied solidification in the presence of

electrohydrodynamics numerically.

Dellorussq1997) conducted an investigation on enhancing the heat transfer performance of a latent
heat thermal storage system using electrohydrodynamics. Dellorusso (1997) used paraffin waxawith a 55
melting temperature as a phase change material and usedravasrking fluid. The heat exchanger for
the system was made out of aluminum with fins protruding into the wax. A schematic of the test section is
shown inFigure 2-25. Air flows along the outer two walls iRigure 2-25, such that solidification and

melting proceed on both of the aluminum wallseTélectric field was induced by applying a 15 kV
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potential difference between the two opposing aluminum plates. Dellorusso (1997) performed experiments
on both solidification and melting. For solidification, it was found that applying an electric fielgdlo

down the rate of heat transfers seen ifrigure 2-26. Dellorusso suggested that this was because during
solidification conduction is the primary mode of heansfer however this claim was not supported in

any way It was also suggested that the electrohydrodynamic forces slow down the nucleation and crystal
growth rate during freezing. However, for the melting cycle, Dellorusso found that applying

electrohydodynamics had little effect on the melting rate of the paraffin, Weapure2-27.
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Figure2-25, Experimental apparatus used by Delorusso (1984xperiments investigating the effect of
electrohydrodynamics on the chargiand discharging rates of latent heat thermal storage systems. Phase
change material fills the cavity between two aluminum finned plates.
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Nakhlaet al(2015) conducted an experimenttudy on enhancing the heat transfer performance
of a latent heat thermal storage system. The storage material used was paraffin wax and energy was added
to the system using an electric heater. Circular steel electrodes were used as the electricaf,cmdiact
copper sheet attached to the electric heater was groundededuate the electric field. #chematic oftte
test section used by Nakhdaal.(2015) is shown irFigure2-28.In cont r ast t o)rdB@td, | or us s
Nakhlaet al.(2015) found that applying an electric field increases the rate at which the paraffin wax was
melted, which was quantified by measuring the melt thickness whishein irfFigure2-29. Nakhlaet al.
(2015) reported an enhancement of approximately 40% in the melting time. The enhancement was
attributed to two fators; one factor was electmmnvection and the other factor was a phenomenon called
solid extractior{(Nakhlaet al, 2015) Solid extraction is a process where solid particles from the solid phase
change material are pulled into the ligusthlid extractn is analogous to liquid extraction seen imii
gas systems mentioned in Secti®2.2.1.2 Nakhlaet al. (2015) did not delineate the fractioof the

enhancement due to electtonvection and the fraction of the enhancement due to solid extraction.
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Figure2-29: Melt front location with time for Q=10.%V, with and without apeed voltage {8kV) Nakhla
et al.(2015

Dulikravich (1994) created a numerical code to model solidification and melting in the presence of
electreconvection. The code was then used to analyse steady state cases where a rectangular geometry is
cooled from the top and heated from the bottom. @beling wall temperature is below the solidus
temperature, and the heating wall is above the liquidus temperature of the fluid such that there is a solid,
liquid and mushy zone in the enclosure. The results of the analysis showed that thecetection
changes the temperature field and amount of solid on the cooling wall of the emclW#h no electric
field, 30% of the volume was solid, and with a 15 kV electric field generated between the heating and
cooling wall, 27% of the volume was solid. Thésult indicates that the elecitonvection increased the
heat transfer between the hot wall and the dajigid interface. Colaco et al (2004) used a numerical hybrid
optimising code to attempd minimize natural convection in the rectangular geomsitly a hot boundary
condition on the bottom surface and a cold boundary condition on the top surface, and using the model

made by Dulikravich (1994), which was done by changing the applied elpoteatial using several
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optimisation techniquesThe reslis of the analysis showed that the hybrid optimisation could be used to

optimise the electrode geometry to suppress natural convection.

2.2.2.1.4 Overview of Electrohydrodynamics Heat Transfer Enhancement

Electrohydrodynamics increases the rates of heat tramgfaeating more vigorous convection in
a fluid. This vigorous convection is created by one of the three force terms inidfq2al8 the
electrophoretic, dielectrophoretic and electrostrictive forces. The electrophoretic force is caused by free
charge caiers in the fluid, the dielectrophoretic and electrostrictive forces are caused by changes in the

electric permittivity in the fluid. An overview of the different enhancemanheat transfer when

electrohydrodynamics is applied to various applicatismsesented ifable2-7.

Table2-7: Summary of Electrohydrodynamic Heat Transfer Enhancement

electrophoretic

Author Technique Numerical / Enhancement

Experimental
Kalman and Sher Single phase, Experimental 160% increase in the rate of
(2001) electrophoretic heat transfer
Fernandez and Poulter Single phase, Experimental 2000% increase in the raté
(1987) electrophoretic heat transfer
Kasayapanand (2008) | Single phase, Experimental 400%700% increase iheat

transfer coefficient

Ng et al (2010)

Two phasdluid

Experimental

120-270% increase in heat
transfer rate

NangleSmith et al.
(2013)

Two phasdluid

Experimental

330% increase in heat transfe
coefficient

Dellorusso (1997)

Two phase solidiquid

Experimental

No effect in melting
detrimental effect in
solidification

Nakhlaet al.(2015)

Two phase solidiquid

Experimental

40% faster melting time

57



Master of Applied Science Thesis McMaster University
Eric Thompson Department of Mechacal Engineering

2.2.2.2 Compariorof Active Enhancement Techniques

Active enhancement techniques are techniquesehatreinput energy to create an enhancement
in heat transferThe active heat transfer enhancement techniques that have been applied to latent heat
thermal storage systems are ultrasonic vibrations and electrohydodynaf@es. studies in
electrohydradynamics havéocused specifically on solidification; however, thbeae been many studies
that have focused on single phase fluids and two phase fluids and two phassdiguitelting that

provide some insight into the mechanisms that will affect solidificatitm electrohydrodynamics
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Table2-8: Summary of active enhancement techniques

Author Technique Numerical / Enhancement
Experimental
Oh et al (2002) Two phase solidiquid, Experimental 2.5 times faster melting
ultrasonic time
Kalman and Sher (2001 Single phase, Experimental 160% increase in the
electrohydrodynamic rate of heat transfer
Fernandez and Poulter | Single phase, Experimental 2000% increase in the
(1987) electrohydrodynamic rate of heat transfer
Kasayapanand (2008) | Single phase, Experimental 400% 700% increase in
electrohydrodynamic heat transfer coefficient
Ng et al (2010) Two phase fluid Experimental 120-270% increase in
electrohydrodynamic heat transfer rate
NangleSmith et al. Two phase fluid Experimental 330% increase in heat
(2013) electrohydrodynamic transfer coefficient
Dellorusso (1997) Two phase solidiquid Experimental No effect in melting
detrimental effect in
solidification
Nakhlaet al.(2015) Two phase solidiquid Experimental 40% faster melting time

2.2.3 Comparisorof the methods of increase the rate of heat transfephrase change thermal
storage systems

There are two categories of heat transfer enhancement techniques: passive and active. Passive
techniques are methods that do not require an input erfgerto create the enhancement; fins, high
conductivity matrices, high conductivity particles and microencapsulation are all examples of passive heat
transfer enhancement techniquéstive techniques, alternatively, are methods of that do require an
extenal energy input to generate the increased heat transfer. Ultrasonic vibrations and
Electrohydrodynamics are examples of active enhancement techniques. For latent heat thermal storage

systems, the passive techniques have shown to generate larger hitdrdracements than their active
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counterpartsFor example, the heat transfer enhancementalite 2-5, range from 20% 500%, Nakhla

et ald ¢2015) heat transfelenhancement was 40%. However, the benefit of active techniques is the
opportunity for increasing heat transfer while not occupying a large volume fraction of the cofainer.
example Saha et al. (2006) found the optimum volume fraction of pin fins Wasahereas the volume
fraction occupied by Nakhlat al6 §€2015)electrodes was less thabblSince the benefit of latent heat
thermal storage systems over sensible thermal storage systems is storage deraiiltytlod active
enhancement techniques aintain a high storage density makes them attradtiveiever, the large
increases in the rates of heat transfer that have been athiug fins hae not yet been achieved using

electrohydrodynamics in these systems.

2.3 Literature Review dolidification

This project focuses specifically on the solidification of phase change materials in latent heat thermal
storage systems; thus, a detailed understanding of solidification will provide insight into the solidification
process seen in the eeqgmentsThis section will describ#he driving force of solidificationyhich isGibbs

free energy. Then, a detailed discussion reganttigignods to control solidification.

2.3.1 Thermodynamics of Solidification

In order for apurefluid to solidify, the Gibbdreeenergy of the solid must be lower than that of
the liquid.The change in Gibbs free enerfjyQ of a transformation of an initially liquid material to a solid
at the melting temperaturey, , is given by Equigon 2.23 If this transformation takes place at a temperature,
T, that is not thenelting temperature Equation 2.B4used. In these equationQis the latent heat of
fusion andY"Vis thechange in entropy of the phase charfjthe temperature dependence ¥DandY'Y
and subtracting Equatio2s23 and 2.24, then equation 2@ be used to estimate the Gibbs free energy
change as a function of the undercooling temperati¥e Y “Y (Flemings, 1974)This Gibbs free

energy and by extension undercooliaghie mechanism that drivesolidification
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The Gibbs free energy analysis can be used to provide perspective on micro encapsulation. Recall
from Sectior2.2.1.4 that one of the issues with microencapsulation is that materials tend to undercool more
than they otherwise would. This means thadth&alue in Equation 2.28eeds to be larger when a material
is microencapsulated. Flemings presented a solutithretsolidification of a material on a curved surface
where the Gibbs free energy of solidétion is given by Equation 2.261d the Gibbs feenergy change
of melting is given by Equation 2.2lh these equationSy is the entropy of the material in the solid state,

"Y is the entropy of the material in the liquid stabeis the volume of the solig, is the surface tension
between tk solid and the liquid phase ahés the curvature of the surfadethe material is at equilibrium,
then the undercooling due to gature is given by Equation 2.28. In the Equation 2if2®e curvature is

increased then the undercooling will becamare negative.

YO YY'Y [2.26]
YO YYY co, | [2.27]
Y —— [2.28

In nonpure materialsthe concentration of each molecule present in the material will alter the
melting temperature and the resulting solid that forms. The simplest impure material is a binary mixture,
which is a mixture of only two elements or molecules. To analyse impueiats, a chemical potential
of each element, , is used which is equal to the derivative of the free en&dyyith respect to the amount
of that elemenin the material. Equation 2.2hows the definition of the chemical potential of an element
ormoleculeg , which will be given the arbitrary name Bsing the Gibb®uhemequation with Eqations

2.29, yields Equation 2.3®lemings, 1974)Following the same process foetilement B yields Equation
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2.31 In these equation€ is themole fracton of B. Equation 2.30 and Equation 2.84n ke combined to
yield Equation 2.32which is an expression for the molar free energy based on the chemical potentials
Flemings (1974) provides the chemical potential for ideal solutions, which are gikeundon 2.33 and
Equation 2.34In these equationgerm* is the chemical potential at some reference temperatur¥, Yhe
term is the temperature difference between the reference temperaturenfimus the actual temperature

of the material\Y is the gas constant aitdis the temperature of the material. This solution is only flor a
ideal solution where there is no enthalpy associated with mixing the two elements td€milagon 2.33

and Equation 2.3dan be substituted into Equatior32.and the difference in Gibbs free energy between
the solid and liquid phases can be calculdt®d.many materialghere is an enthalpy associated with this
mixing which can be compensated fordnding an enthalpy of mixing terffi0 to Equation 2.32, wibh

is seen in Equation 35 (Swalin, 1962)In Equation 235 the subscript S refers to the solid phase and the
subscript B refers to the liquid phagethe phase diagram for a material that has a positive enthalpy of
mixing is given inFigure2-30. The next section will show that Paraffins have phase diagrams similar to

that of Figure2-30.

‘ — [2.29
hh

0 6 — [2.30]

0 p 6 — [2.31]

O p O° o [2.32

‘ CYYY YUYape 6 [2.33

‘ CYYY YUYopE 6 [2.34

YO p 6 8" p 6 6 YO [2.35]
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Figure2-30: Phase diagram fonadeal solution with a positive enthalpy of mixing (Swalin, 1962)

2.3.2 Solidification oparaffins

The focus of the current investigation is to understand the effects of electrohydrodyannties on
solidification of organic phase change materials. The specific type of organic phase change material that is
being focused on is a paraffispecifically Ocadecane. Investigations into the phase diagramaurafffin
waxeswill provide insight into the effect of impurities on melting temperature of the Octadecane being
used in the experiments. He et &0Q3 analysed the phase diagrdom a mixture, the resulting phase
diagram is presented Figure 2-31. The phase diagram fRigure 2-31 shows similarities to the phase
diagram presented fRigure 2-30, implying that the enthalpy of mixing between tkiods of paraffinis
positive. The phase diagram igure2-31, shows that there is only one phase for the s@lds, if there
are paraffin impurities in th®ctadecane used in the cunrénvestigations, they will likely not form a
different phase and should be soluble in the octadecane. In the current investigation the purity of the

Octadecane in 99%, meaning these impurities should be of little importance aiMateyhat the phase
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diagram inFigure2-31is not made specifically for Octadecane, however no studies looking at the phase

diagram for octadecane are available.

20

18 %4 Liquid

16

14 A
‘: 12 - ——
S —ah—t-xs(UN.)
= 10 A Solid soln + liquid O txs(W)
2 B txs(P)
£ o8-

0 10 20 30 40 50 60 70
Xi (tetradecane mole fraction)

Figure2-31: The liquidsolid phase diagram of binary mixture of tetradecnae and hexadecane from
theoretical models used by He et al. (2003). In the legend tireefresents the liquidusxs(UN.)
represents theolidus calculated using a UNIFAC modeks{W) represents the solid calculated using a
model described by Won (1989) anxis(P) represents the solidus calculated using a model described by
Pedersen and skovborg (1991)

A phenomenon known as the Thernedectric Effect has been observed when paraffin wax
solidifies (Tomas and Novotny, 2016yoss (1954)The Thermodielectric Effect is when electric charges

are released when a dielectric material changes state. Gross (1954) first observed this phemoemenon
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by measuring the electric potential that develops when liquid paraffin wax solidifies in a two phase
capacitor. Gross (1954) defined two laws of the Thermodielectric Effect from these experiments. The first

law, referred to as the law of intensitietates the electric currei@to the rate that mass transforms from
liquid to solid—, through a constant of proportionalify. The first law is given in Equation 2.3&he

second law is the integral of the first, which states that the totedelierated from the liquid material

0, is proportional to the amount of mass that has changed from liquid taistticbugh the constant of
proportionality'Q. The second law is given in Equation 2.3Te source of these charges is a reduetion
oxidation reaction thaiccurs when the paraffin wakanges state. When the liquid transforms into a solid
an electron is liberated from the paraffin molec(lfiemas and Novotny, 2015The Thermodielectric
Effect is a potential source of free charge cagrieithe liquid phase change material. These charge carriers
will be acted on by the eleciphoretic force in Equation 2.1Fhus, even if the octadecane is initially

electrically neutral, charges can build in the liquid over the course of the experimen

00— [2.36]

0 Qa [2.37]

2.3.3 Sumney of solidification

Theimportance of Gibbs free energy in solidification and the relation between Gibbs free energy and
melting temperature was discussed. The effect of curvature on the melting temperature, which was
discussed in Sectiach2.1.4 was illustrated using Gibbs free energy. The effect of impurity concentration
on solidification was also discussed. The solidification géirbcarbons was also discussed. The
thernodielectric effect and how it could result in free ions in the liquid phase change materials was

discussed in detailed.
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3 Experimental Apparatus

An experimental apparatus was constructed to study the effect of applying an electric field to the
solidificaion processes of an organic, latent heat thermal storage system. This apparatus is designed to
allow for optical tracking and higbpeed imaging of the solid front. In this chapter, the experimental
apparatus and the experimental procedure will be explaiRarthermorethe qualification of the

measurements will be discussed.

3.1 Description of the device

A schematic of the experimental apparatus is showFRigure 3-1 through Figure 3-4. The
apparatus consists of the test section, the heat excharegéretimal bath, the high voltage power supply
and the camera. The test section was designed such that the cavity for the phase change material was
rectangular. Five dhe cavitywalls consists of 12 mm polycarbonate sheets. The bottom wall of the cavity
is the heat exchanger which provides the cooling required for solidification. On the top wall of the cavity,
there is a 12 mm polycarbonate sheet with a riser incorporated into the wall on the side of the cavity. The
purpose of the riser is to compensatetfe volume reduction that occurs due to the density difference
between the solid and the liquid phase change materials. The phase change material that was used in these

experiments was octadecane.

The dimensions of the test sections cavity are showdigimre 3-2 andFigure3-3. The electrodes
are split into two rows. The cento# the first row of electrodes is 7 mm from the heat exchanger surface
and the second row is 12 mm from the heat exchanger surface. Each of the electrodes witkispaoad
20 mm apart and the first and second rows are staggered, such that adesiedtre second row is 10mm
apart from an electrode in the first row. The electrodes are held in position by two acrylic plates, and a
copper wire connects all the electrodes and runs throughautirt one of the plates. The electrodes are

made out obrass. The electrode geometry was chosen as such to match the electrode geometry used by
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Nakhlaet al.(2015). Matching previous studies is important because it allows the results of this analysis to
be used in conjunction with the results to provide axprate the performance of a system that uses electric

fields to enhance both melting and solidification.

The heat exchanger removes heat from the phase change matedatésolidification. The heat
exchanger is made from 6061 aluminum. Aluminum wassen because of its high thermal diffusivity.
Cooling water flows through the middle of the heat exchanger; this water is diverted around two baffles.
The baffles are shown iRigure 3-4. The cooling surface of the heat exchanger is the surface which the
phase change material first solidifies on. This cooling surface has cooling channels running 6mm below its
surface. The heat exchanger is bolted onto the bottom of the container aimgeaoh the bottom of the
heat exchanger. The bolts used to provide the clamping force w8r8on screws. The location of the
heat exchanger surface was chosen to be on the bottom of the test section. This was done to ensure natural
convection did ot take place. The density of the fluid increases as the temperature is decreased. Since the
cooling occurs on the bottom of the test section, the buoyancy force will act to suppress natural convection.
The heat exchanger was designed to be on the boftdhe dest section so that natural convection is
suppressedihe purpose of this study is to understand how electrohydrodynamics affects the solidification
of a phase change material. The convection effect of applying an electric field would have tinelediepe
on whether or not the electric field acted to promote convection or suppress it. Since modelling
electrohydrodynamics requires parameters that have not yet been determined for octadecane, for example,
the rate at which charges are injected into thiel fivhen the voltage is applied, it is difficult to determine
whether or not an electric field will be beneficial fatural convection or whether it will suppress natural

convection. Thus, to eliminate this uncertainty, the system was designed to Sugpuesl convection.

The power supply is a Glassman, Series EL, Power supply. The heat exchanger was grounded, and
the electrodes were set-8kV. A schematic of the electric circuit is shownFigure3-5. A thermal bath
was used for the cooling circuit, the water flowed from the thermal bath through a pump, then into the heat

exchanger. The inlet for the heat exchanger was in the bottom whicle searbinFigure3-4. The water
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then flows out of the heat exchanger and back into the thermal bath. The thermabadiiited inFigure

3-6.

The temperature of the cooling water is measured at the inlet and outlet of the heat exchanger. This
measurement is taken to check the assumptiorttibaiemperature of the heat exchanger dotvary
between the inlet and outlet. There are also thermocouples measuring the temperature of the heat exchanger
to ensure that it is uniform. The thermocouple locations are shokigune3-7. As mentioned earlier, the
solid front location was measured optically. A Nikon D5200 camera wagpsaitside the test section, and
images were taken throughout #eperiment to capture the seliduid interfaces progression with time.

Figure3-8is a schematic of the optical measurement system.

Figure3-1: Isometric view of the test section
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Figure3-2: Section view showing length of test section
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Figure3-3: Section view showing width of test section and the electrode plates

69



Master of Applied Science Thesis McMaster University

Eric Thompson Department of Mechacal Engineering
Q 0 o 0
0 0 0

- -
Y T
o o - o o
oo oo
0 o]
o o o o
oo — oo
NS
0 0 o
0 0 (o) o)

Figure3-4: Orthonormal view of heat exchanger.
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Figure3-5: Block diagram showing how thedectricalcircuit used in the experimentas designed.
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Figure3-6: Block diagram showing how theytiraulic circuit used in the experimentsrked. Arrows
showthe direction of flow
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Figure3-7: Schematic showing the measurement locations of the temperature sensors
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Figure3-8: Schematic of optical system showing the test section, camera andjbackli

3.2 Experimental procedure

The following procedure, in chronological order, was used to conduct the experiments:

1.

2.

The phase change material was meltgéldwing 58 hot water through the heat exchanger

Once all the phase change material was melted, the water temperature was set to the initial
temperature of the experiment.

The waterwas circulated until the phase change material reached the initial temperature for the
experiment and stayed at this temgtare for at least 30 minutes.

For the electrohydrodynamic, experiments the high voltage was then applied

The cooling water was turned on the exact second that the cooling water begins to flow is the time
equal to zero on all of the graphs

Images of thesolid front location were taken using the Nikon D5200 camera

The images were processed using Digimizer software

There were three variables that were being investigated in this study, whichheespplied

electric potential the initial temperatte of the phase change material atiet heat exchanger wall

temperatureThe applied electric potential difference is important because the magnitude of the electric

body forces depends on the applied electric potential. For these experiments, two potertizsdehere

was 0kV and8kV. These potentials were chosen because they match those of Nakhla et al. (2085). The
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kV potential was also chosen because this was near the maximum voltage rating of the wires used in the
experiments which wasl2kV. Only he negative potential was chosen because it has been shown that
negative electric potentials have stronger electrohydrodynamic forces than positive electric potentials

(Fernadez and Poulter, 1987).

The purpose of investigating the initial temperature hef phase change material is that the
dielectrophoretic force depends tre temperature gradient in the liquid phase change material; a high
initial temperature means there will be a higmperature gradient in the liquid. The liquid temperatures
that wee chosen are 30, 403 and 5B . A 303 initial temperature is very close to the melting
temperature, and so the sensible enenrigially stored in thediquid will be very small. In Sectiod, it will
be shown that when the initial sensible energy in the liquid is small, the effect of convection will be small.
Since the effect of convection is small, if there is any change in the solidification ratetieéelectric
potential is applied, it must be due to a change in the nucleation kinetics as Dellorusso (1997) hypothesised.
The 4B and 5@ temperatures were tested because the dielectrophoretic force depends on the temperature
gradient in the liquid pse change material, so testing these two points will provide two different
temperature gradients to analyses 5@as chosen as the maximum temperature because beyond this point

octadecane begins to vaporise.

The heat exchanger temperature was investigadeduse the heat exchanger temperature directly
impacts the growth rate tie solid phase change material. Recall EquatiorttZeGyrowth rate of the solid
depends on the energy transferred from the digjidd interface to the wall which depends othe wall
temperaturé and the energy being transferred from the liquid to the igliid interface Changing the
growth ratealso affects the solidification kinetics, the total time of the experiment and the time for the solid
layer to reach the electtes. The wall temperatures chosen are38,51553 and 22.5 . The wall
temperature was controlled by flowing water through the heat exchargjersan are8, 153 and 22 ,

respectively.
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3.3 Measurement of the latent energy discharged

The latent energgemoved from the energy storage system can be directly related to the amount of
solid in the container. The latent energy removed from the system camblddoa system using Equation
3.1. In Equation 3,0 is the energy stored in latengdt,” is the density of the materidDis the
latent heat of fusiorYis the thickness of the solid afds the area of the soklijuid interface Equation
3.1 is simply the mathematical statement that the energy stored in the latent form te ggaimount of
material that has undergone a change of state. To approximate this integral, a 5 point average was used over
the 10 mm measurement window, which was between the fifth and sixth electrodes. An example of the
measurement process is providedrigure3-9. If the solid front location is touching one of the electrodes,
then the measurements are taken immediately beside the electroda) asFgure 3-9. Otherwise, the

measurement is taken from the middle of the-fiost electrode to the middle of the secaod electrode.

(o) _TOYQ 6 [3.1]

Figure3-9: Images showing meaurement technique from Digimizer software
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3.3.1 Vaidation of the meaurements

To validate the accuracy of these measurements, some of the known dimensions of the test section
were measured. Four dimensions were measured, three of these dimensions are BiguneBiiO, the
fourth is the height of the polycarbonate waillgure3-11 shows the measurement of the four validatio
measurements in the Digimizer software. The distance between the two electrodes is 20mm, and this is used
as a reference measuremeérrdble 3-1 showsthe measurement and the error associated with each of the
experiments conducted in this study. The maximum error in the validation measurements was
approximately 3%; this was considered acceptable. This variation in the error is due to differences in the
location of the camera sap. The camera was supported on a tripod, which did not allow for fine
adjustments of the camera location. As a result, the camera could sometimes be off centre from the test
section. This issue was not identified until afteréxperiments were complete and in future studies, it is

suggested that an alternative method of supporting the camera is used.

Polycarbonate

p—

Figure3-10: Schematic of three of the validation measurements
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Figure3-11: Image of the validation measurements from Digimizer software
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Table3-1: Validation of the optical measurements

Test Measurements, mm Error, mm Error, %
| I I IV Ll [ m ]V Ll fm v
Nominal 7 5 10 43.69 N/A

No Electric Field
83,33 6.96 | 5.00 | 9.91 | 44.10 | 0.036| 0.00 | 0.09 | 0.42 | 0.51 | 0.00 | 0.89 | 0.96
83,40 7.00 | 5.05 | 10.03| 43.72| 0.00 | 0.05| 0.03 | 0.04 | 0.04| 0.94 | 0.32 | 0.08
83 ,4® 7.07 | 5.12 | 10.00| 44.31| 0.07 | 0.12 0 0.62 | 0.99 | 2.30 | 0.00 | 1.40

(2
83 ,56( 722 | 493 | 997 | 4408 | 0.22 | 0.07 | 0.03 | 0.39 | 3.13| 1.36| 0.27 | 0.90
153 , 3 6.87 | 5.01 | 10.25| 43.69| 0.13 | 0.01 | 0.25| 0.00 | 1.81 | 0.28 | 2.53 | 0.00
153 , 4( 6.95 | 5.03 | 9.94 | 43.741| 0.05| 0.03 | 0.06 | 0.05| 0.77| 0.60 | 0.60 | 0.12
153 , 538 6.97 | 4.99 | 10.03| 43.789| 0.03 | 0.01 | 0.03 | 0.10 | 0.41| 0.26 | 0.27 | 0.23
223,40 7.08 | 5.00 | 10.00 | 44.074| 0.08 | 0.00 | 0.00 | 0.386| 1.13 | 0.00 | 0.00 | 0.88
223 , 3% 6.989| 4.95 | 10.05| 43.952| 0.01 | 0.05| 0.05| 0.26 | 0.16 | 1.08 | 0.54 | 0.60
-8 kV Electric Potential
83 ,3%® 6.88 | 5.18 | 10.00| 44.00| 0.12 | 0.18| 0.00 | 0.32 | 1.74 | 3.70 | 0.00 | 0.72
83 ,4® 6.984| 5.03 | 10.00| 4356 | 0.02 | 0.03| 0.00 | 0.12 | 0.23| 0.54 | 0.00| 0.29
83 ,5M@ 7.06 | 5.06 | 10.00| 43.98 | 0.06 | 0.06 | 0.00 | 0.29 | 0.80| 1.12 | 0.00 | 0.67
153 , 3 6.98 | 5.09 | 10.12| 43.98| 0.02 | 0.09 | 0.12 | 0.30 | 0.26 | 1.78 | 1.19 | 0.68
153 , 408 6.96 | 495 | 995 | 43.84| 0.04| 0.05| 0.05| 0.15| 0.63 | 1.08 | 0.54 | 0.36
153 , 50 7.09 | 497 | 10.00| 43.92| 0.09 | 0.03 | 0.00 | 0.23 | 1.29| 0.52| 0.00| 0.52
223,30 7.18 | 5.07 | 9.97 | 4407 | 0.18 | 0.07 | 0.03 | 0.38 | 256 | 1.44 | 0.28 | 0.86
223,40 705 | 496 | 991 | 4398 | 0.04 | 0.04 | 0.09 | 0.29 | 0.64 | 0.90 | 0.90 | 0.67

3.3.2 Selection of measurement method

Several alternatives for measuring the energy discharged from the systems were considered. These

alternatives are listed below:

1 Change in cooling water temperature
9 Vernier Solid thickness measurement

1 Capacitance measurement

One method for measuring the energy discharged from the phase change material is to measure the

energy gained by the cooling water. The advantage of this method is that it captures both the latent energy
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as well as the sensible energy discharged fromytsters. This method works by considering an energy
balance on the system, which is showrFigure 3-12 and Ejuation 32. In this equation) is the

energy gained by the cooling water from the heat exchabger, is the energy transferred from the

phase change material to the heat exchangdy and  is the energy transferred from the heat exchanger

to the environmant. If the heat exchanger is well insulated then the losses will be negligible and the heat
transferred to the water will be the same as the heat transferred from the phase change material to the heat
exchanger. The disadvantage of this method is thaethperature increase in the watedesigned to be

less than 0% for the majority of the experiment. The temperature rise is designed this way because the
wall temperature must be kept as close to a uniform temperature as piossirgare the resulegainst
analytical solutions. If the water temperature did increase significantly, then this would cause a temperature
distribution between the inlet of the heat exchanger and the outlet. In order to measure this temperature
range accurately, an accuraify0.0% would be required. The instrumentation required to do this was not

readily available and would be extremely expensive.

0 0 0 [3.2]
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Figure3-12 Energy flow diagram for the test secti®@hows the paths that heat can flow through in the
test section.

The technique of optically measuring solid front was chosen because it provided redaiivegte
measurementsompared to the other methods andréheas no risk of contamination. However, the
disadvantages of this method are that it measures the solid front location on the surface of the polycarbonate.
At the walls there is energy being lost through the insulation to the environment; the reguthbethe
optical measurement will tend to owvestimate the solid front location. To compensate for this, a backlight
was used. The backlight will shine through the solid on the walls so that the measurement is more accurate

than it otherwise would be.
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3.4 Temperature measurement of the heat exchanger

3.4.1 Thermal response time

One assumption in the experiments is that the thermal respomsderms of how fast the
temperature changes from the initial fluid temperature to the desired wall tempéraitithe heat
exchanger is fastnough that the instantaneously applied wall temperature assumption isTvedid.
temperature of the heat exchanger was recdmedsure that this assumption is true. The thermal response
is defined as the time required teach 3 and 0.3 of the experiments average temperature; this is

summarised iTable3-2.
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Table3-2: Transient response of the heat exchaongeach of the test casalse cases are described in
Section3.2 The no electrode case is a test without any electindhe test section, the Electrode cases
are tests where the electrodes were in the test section, but no electric potential was applied and the electric
field cases are tests where the electric potential was applied.

Case Time to reach 4 of average | Time to reach 05 of average
tempeature, s temperature, s

No electrodes, 8, 408 74 107
No electrodes, 15, 33 144 200
No electrodes, 15, 43 76 102
No electrodes, 15, 438 , repeat 72 40
No electrodes, 22, 403 108 119
Electrodes, 8 , 3®& 97 138
Electrodes, 8 , 3 121 181
Electrodes, 8 , 40 215 270
Electrodes, 8 , 4% 217 270
Electrodes, 8 , 5(& 230 323
Electrodes, 1%, 33 54 73
Electrodes, 15 , 43 101 138
Electrodes, 22 , 33 34 44
Electrodes, 22, 3® , repeat 81 114
Electrodes, 22 , 403 92 125
Electric field, & , 3 83 116
Electric field, 8 , 40 123 178
Electric field, 8 , 50 196 266
Electric field, 13 , 303 179 238
Electric field, 13 , 43 131 165
Electric field,153 , 438 , repeat 109 148
Electric field, 13 , 503 398 484
Electric field, 13 , 53 180 232
Electric field, 23 , 33 31 36
Electric field, 22 , 33 , repeat 32 41
Electric field, 23 , 403 88 122

3.4.2 Thermal uniformity

Another important assumption is that the temperature of the heat exchanger is uniform. To ensure
that this assumption is true in the experiments, thermocouples were installed in the heat exchanger to
monitor the temperat ur e Theftempenature bfdva tiocakorscoh thenhpatr 6 s

exchanger were measured in several experiments to
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Figure3-13: Heat exchanger thermocouple locations

3.4.3 Tenperature measurement system selection

Thedata acquisition systemsed thermocouples to measure the temperature of the cooling water,
the heat exchanger and the ambient temperaliliethermocouples used in the experiments are Omega
Quick Disconnect Thermocouples that have an accurac@.@8 . In order to calibrate the device, a Neslab
rte-10 thermal bath was used to provide a constant temperature, and an RTDDW#&haccuracy was
used. According to the manufacturerds specificati
within  0.23 . Therefore, the accuracy of the thermocouples would®b8& . A detailed error analysis is

given in AppendixC.

To achieve a lower uncertay an RTD could be used; howeytdre RTD would only reduce the
uncertainty by 0.13 . The 0.13 benefit of the RTD was not deemed significanmpared to other
sources of error in the systeifirhis conclusion was made by using the Neumann solution foifsztion.

The Neumann solution is presentedSaction4.2, the details of the model used in this analysis are
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explained in depth in that sectiofo simulate the errdn the temperature measurememissume that the
measured temperature is always the desired temperature, and the actual temperatucedsethe
temperature plus thenaximum unceginty of the measurement devideor example, ifthe desired
temperature of the heat exchanger i8 8d&nd the measurement error is30,5he actual heat exchanger
temperature used in the analysis will Be.9nce that analysis was completed the results were compared

to an analysis where the actual temgpere was set to the desired temperature, such that there is no
measurement erroin these experiments, the temperatures were 88.8 and 22.5 . Table 3-3
summarises this analysis; the RTD only provides a marginal benefit over the thermocouple. Since
thermocouples were readily available for these experiments and RTD would have to be specifically ordered
thermocouples provided a cost advantage tweRTD for a negligible performance traofé. Thus, the
thermocouple was chosen over the RTBe analysis can be repeated, but instead of the actual temperature
being the desired temperature plus the measurement error, the actual temperature catesieethe
temperature minus the measurement error; but the error will always be greater when the actual temperature

is set to the desired temperature plus the measurement error.

Table3-3: Error due to tempenate measurement

Condition Error, %
Wall temperature 8%, measured + 034 1.0
Wall temperature 8%, measured + 035 1.3
Wall temperature 1535, measured + 034 1.6
Wall temperature 1535, measured + 035 2.0
Wall temperature 2235, measured + 034 3.9
Wall temperature 2235, measured + 035 5.0
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3.5 Solid front locatio)measurementsalidation

3.5.1 Repeatability of the solid front location measurement

To further examine the validity of the results of the experiments, the repeatability of the
experiments was tested. The same experimental conditions were tested in two different experiments. As
seen inFigure 3-14, Figure 3-15 and Figure 3-16, the results of all of the repeat tests fall within the

experimental uncertainty. Therefore, the results of the aestepeatable
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Figure3-14: Solid front location as a function of timepeatabiliy study with wall temperature® and
403 initial temperature, no electrodes
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Figure3-16: Solid front location as a function of time, repeat#ptitudy with wall temperature 23

and 4@ initial temperature, no electric potential
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3.5.2 Lossedrom system

To ensure that the results from the experiments agree with theory, validaperiments were
performed. Anumerical codevasused to validatéhe experiments, it consisted afl-dimensional heat
transfer Since the model was-dimensional it did not model the electrodé&fwus, to ensure that the
validation experiments were as close to the humerical solution as possible, these experiments were done

without electrodes.

To account for the losses leaving ttest section throughout the experiment, an analytical
approximate of the losses was performed. The heat flow was assumed to be steady and solely due to heat
conduction through the insulation. The insulation was Styrofoam with a thermal conductivity 8f 0.03
W/(m.K). Three inches of insulation was used. The walls of the test section are made of polycarbonate with
a thermal conductivity of 0.19 W/(m.K). The thickness of the walls is 12 mm. A heat transfer coefficient
was applied on the outer wall of the ireidnto account for convection and radiation from the outer walls
to the ambient air and surroundings. The inner wall of the polycarbonate was assumed to imdtiat the
temperature of the phase change matélidk is conservative as the heat exchaage the solid and ligdi

phase change materials vallways be at or below this temperature

To estimate the heat transfer coefficient on the vertical walls of the test sectidioE@&was
used (Churchill and Chu, 19)3n Equation 33,0 6is theNusselt numbefY dis the Rayleigh number and
0 iis the Pandtl numberFor the horizontal sections equation when the Rayleigh number was less than
p TEquation 34 was usedFujii and Imura, 1972 If the Rayleigh number was greater tipam Equation
3.5 was usedFuijii and Imura, 1972)To account for radiation, the StefBoltzmann law was used, which
is given in Equation 36. In Equatior8.6,0 is the heat transfer due to radiation assuming a view factor
of 1,, is the StefarBoltzmann consint,- is the emissivityQ is the area of the emitting surfacg,
is the temperature of the insulation and is the temperature of the surroundings. The wall

temperature was changed iteratively until the gledn the heat flow between iterations was less than 0.1%.
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The total rate of heat loss from the test section basethe assumptions above is Wb To
approximate the extra solid growth rate due to losses, the geometry of the test section and the thermal
properties of the phase change material camsbd, as & in Euation 37.In Equation 37, "Vis the solid
front location,0 represents the time after the experiment be@an, is the losses from the systeimis
the mass density of the phase change mat&ial the latent heat of fusion andig\the area of the solid
liquid interface, which should be the same as the area of the heat exclidrearea of the heat exchanger
is 0.006976a . This area will be used ifrigure 3-17 through Figure 3-21, which compares the

experimental and the numerical results.

- — [3.7]

3.5.3 Experimental error

Another important factor that must be considered is thdtdbhadary conditions in the experiments
are not exactly known. The temperature of the heat exchanger is measured and the thermal response time
of the heat exchanger was shown to be small. However, the certainty with which the temperature is known
is limited by the uncertainty of the thermocouples that were used in the tests. Furthermore, the temperature
of the t her ma krishrdytumifdrm to withio 0.238 n The wmeettainty in temperature results
in differences in the solid front location besauthe growth rate of the solid is dependent on the cooling
wall temperature. Thus, if the actual temperature of the heat exchanger is higher than the measured value,
then the solid front location in the experiment will be less than that of the numenoédtfon, and vice

versa. Another source of error is from the camera measurements. As mentioned earlier, moving the camera
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to while setting up the experiments led to some minor inconsistencies in the results. These errors are taken
into account by errordrs on the experimental pointhe error bars are determined from the error analysis

in Appendix C

3.5.4 Comparison

The experimental results and analytical results agitsn the experimental uncertainyhen the
lossesare taken into account is impotant to note that the experimental points tend to be higher than the
theoretical curve. There are several possible explanations for the systematic discrepancy. One explanation
is that due to the optical measurement system. Thelsplid interface was nmasured using a camera one
side of the test section and a light on the other. Since the solid is opaque and the liquid is transparent, the
solid-liquid interface is measured by finding the first spot in the image where light is not transmitted through
from the other side of the test section. However, since heat is lost through the wall that the measurement is
taken from, the thickness of the solid layer near the wall will be larger than the thickness in the middle of
the test section. The backlight is usedhelp reduce this issue, but it will not eliminate it completely.
Another possible reason is that uncertainty in the properties and measurements could result in this
difference. One property that would affect the results in the latent heat of fusi@npieasured value used
in the analytical results is high that the latent heat of fusion for the octadecamweathased in the
experiments, thethis would result in the experimental solid front location being larger than the analytical.
One measurementrer that could have this effect is the heat exchanger temperature, if the temperature of
the heat exchanger was consistently colder than the measured value, that the experimental solid front

location will be larger than the analytical one.

To provide ingght into the source of the losses, an analysis of the difference between the
experimental and numerical results was performed. To start the analysis recall that the latent energy

discharged from the system can be found using Equaii®is the energwtored in latent heat, is the

88



Master of Applied Science Thesis McMaster University
Eric Thompson Department of Mechacal Engineering

density of the materialQis the latent heat of fusiof¥is the thickness of the solid atds the area of the
solid-liquid interface The difference in the lateehergy discharged is given byg@aton 3.9. In Equabn

3.9, the varialds are the same as in Equatio8; 3his equation simplgtates that the difference in the
experimental and numerical energy stored is proportional to the difference in the thicknesses multiplied by
how many joules are stored per metre. Then the heat losses in the exi@dtasm can be assessed using
Equatian 3.10. If the instantaneous losses are desired, Egeation 311 can be used. The results of this

analysis are summarisedkigure3-17 throughFigure3-21.

0 ""08°Y [3.8]

0 0 "0 Y Y [3.9]
0 v [3.10]

0 " 00 — Y Y [3.11]

To understand the difference between the experimental and numerical resutiffetiemce
between these results were calculated, and the heat losses ipetimerts were estimated usinguation
3.11. The difference in the experimental and analytical, the derivative of the difference in the solid front
locations with respect tontie was approximated using a linear curve fit, showRigure 3-22 through
Figure 3-27. The results of this analysis are summarised@ahle 3-4. The highest average rate of heat
losses are 1.1Which occurs in the 835 cases; the lowest average heat losses occurred for the,22.5
which were 0.64W. The curves kigure 3-22 throughFigure 3-27 and the results ifable 3-4 provide
insight into the source of the losses. The curvédgare3-22 throughFigure3-27 show a trend where the
losses ee largest at small thicknessesid lowest at large thicknesses; an explanation for this iGi¢laht
can ke transferred through tipelycarbonatevalls of the contaier, which is not accounted fiorthe model
If the heat wadeing transferred through the polycarbonate wéltle losses would be highest when the
thickness of the wax is small, because tthexmal restance of the wall will bemallestand the losses

would be lowest when the thickness is large.
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Figure3-17: Validation case, solid front location as a function of timewall temperature 0f5.% and
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Figure3-18: Validation case, solid front location as a function of timewal temperature of 1535 and
initial temperature of 39
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Figure3-19: Validation case, solid front location as a function of timewall temperature of 8% and
initial temperature of 49
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Figure3-21: Validation case, solid front location as a function of timewall temperature of 2235 and
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Figure3-22: Difference in the experimental and numerical solid front locations and a linear cudore fit
validation casevith wall temperature 835 and initial temperature 30
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Figure3-23: Difference in the experimental and numerical solid front locations and a linear curve fit for
validation casevith wall tempeature 8.5 andinitial temperature @
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Figure3-24: Difference in the experimental and numerical solid front locations and a linear curve fit for
validation caseavith wall temperature 153 andinitial temperature 30
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Figure3-25: Difference in the experimental and numerical solid front locations and a linear curve fit for
validation caseavith wall temperature 153 andinitial temperature @
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Figure3-26: Difference in theexperimental and numerical solid front locations and a linear curve fit for
validation casevith wall temperature 283 andinitial temperature @3
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Figure3-27: Difference in the experimental and numerigalid front locations and a linear curve fit for
validation case with wall temperature 22.%nd initial temperature 40

Table3-4: Summary of the estimated heat losses from the test section durirajittadion experiments

Case Slope, mm/s Average Losses, W
8.53 , 3% 0.049 1.1
8.3 , 43 0.049 1.1
15.% , 3% 0.039 0.86
15.% , 4% 0.042 0.91
22.%8 ,3(® 0.031 0.69
22.8 , 43 0.029 0.64

3.6 Measurement of solid extraction

The effect of solid extraction could have an impact on the results of the experiments. The extent of
this impact will beaddressed in Sectich4. Thus, a measurement of the effect of solid extracidin
provide useful information. To measure solid extraction two methods of measurement were used. One
method was taking images of the area directly in of the electrodes during the experiments vethectithe
potential is applied. In Sectiof.l, it will be shown that particles will be attracted to the front of the

electrodes, so any solid patds should accumulate in this area. To compliment this method, experiments
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will be donewith almost no supéeat energy in the liquid phase change material, the initial temperature
will be 3@ . Since the liquid phase change material is nearly at thengekmperature, the effect of
convection on solidification should be negligible. Meaning any difference between the case where the
electric field is applied and the case where it is not must be due to solid extraction. If solid extraction is
having any efct on the results, then these methods will detect it. However, these methods will not be able

to detect solid extraction if it is occurring at a rate so small that it does not affect the results.

Nakhla et al. (2015) measured solid extraction using layhigagnified highspeed camera to view
the solidliquid interface; this technique allowed solid extraction to be observed directly. Although this
met hod all owed for solid extraction to be observe
of solid extraction could not be estimated. Hageed cameraneasurements were not done in this
investigation because a thin layer of solid was building up on the transparent walls of the test section. This
thin layer of solid obstructed the view of thaid-liquid interface and did not permit the video of the high
speed camera to take clear images of the dendrites on the interface. As a result, the videos would not have

been useful in identifying solid extraction, because the solid particles could cletldg identified.
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4 Analytical and Numerical Modelling

There are two effects of applying electric fields, one is the elecctrohydrodynamic effect and the other
is the solid extraction effect. To theoretically understand the effect of applying ancefieddsi the two
mechanisms will be modelled separately. One effect of applying electrohydrodynamics is the convection
effect, which is caused by fluid motion induced by the electeid fiwhereas,did extraction is when
particles of the solid are pudlento the liquid phaselo better understand the source of convection and
solid extractions the electric forces will be modelled in SeetidrThe convection eéct will be modelled
by a twophase Stefan solution in Sectidr®. In Secion 4.3the convection effect is modelled numerically,

using a finite difference method. The effect of solid exitoads discussed in Sectidh4.

The fluid flow that would occur when the electric field is applied will not be modelled. The reason for
this is that modelling the fluid flow requires material properties that are not currently available and not
readily obtainable. Specifically, to model electrohygrmamics, it is important to model the free charges
in the fluid. However, electric charges will be injected into the fluid from the electrodes, but because of the
low current that flows through the system, this could not be measured. As a result, belgtttiansfer in

the system will be modelled.
4.1 Analysis of electric field

An electrostatic analysis was done on the system to understand the electrostatic forces acting on the
fluid. The electric field can be found using a numerical simulation. The ctangity of the dielectric fluid
is assumed to be zero, and the electric current through the material is assumed to be negligible. Thus the
electric field is related to the electriotential through Equation 4.1. In Equation,ZJlis the electric field
strength andb is the electrigootential energy. This equati@mows that the electric field strength is the
divergence of the electric potential energguation 4.xanbeusediGaussod6s | aw to find

The numerical software used to calcealtte electric field was Comsol; the softwaresuEquation 4.1 and
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Equation 4.20 determine the electric figldistribution. In Equation 4,2 is the electric charge density

and- is the electric permittivity.

0 @ [4.1]

nw — T [4.2]

The electric field distribution changes as the solid layer grows. The reason is the dielectric constant
of the solid and liquid are different. The difference in the dielectric constants of the materials changes the
electric field because of theterface between the solid and liquid. The tangential component of the electric
field stays the same, and the normal component varies according to the ratio of the dielectmt, consta
Equation 4.3 and Equation 4sthow these relations (Stratton, 1941)tHase equation® is the electric
field and- is the electric permittivityThe positions of the interface that were tested are Omm, 3mm, 5mm,

7mm, 9mm and 12mm.

O 4 O A [4.3]

- ©O i - O i [4.4)

The dielectric constant of the solid and liquid phase change material is related to the density of the
material through the Claushiossotti relation, asshown in Equation 4.5In this equation; is the
dielectric constant of the materiai. is the number of molecules per unit volume, is the molecular
polarizability.- is the permittivity of free space. The relation can be manigdlto include the mass
density rather than the molecular number density, by adding the molecular mass, M. Assuming the
polarizability of the molecules is hot dependent on the phase of the material, then the equations for the solid
and liquid materials cabe combined to predict the change in dielectric constant when thexiaha
solidifies. Equation 4.6 the relation between the solid density and dielectric constant to the liquid ones.

In these equations, is the dielectric constant of the materialis the number of dipoles per unit volume,

| is the polarizability of the dipoles, is the permittivity of free space ahds the density. The subscript
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s indicates the property is for solid and | indicates the property is for liquid. Usimglatisnship, if the
density of the liquid is 770 kg/m"3, the density of the solid is 865kg/m”3 and the dielectric constant is 1.9

(Dhaidan et al. 2013) then the dielectric constant of solid is 2.05.

— [4.5]

[4.6]

In a previous study, a phenomenon was discovered where solid particles were pulled from the solid
phase into the liquid phase (Nakldhal, 2015). The phenomenon was not observed in the experiments
conducted for thishesis. The author explained these results using the interfacial force that arises at the
boundary of two materials with different dielectric constants. The interfacial force is given by Stratton
(194 in Equation 4.7. In Equation 4.7 is the permittity of free space;  is the dielectric constant of one
material and j is the dielectric constant of a different materighis equation is limited to use in fluids where
the shear stresses are zero. However, this equation gives results pihgisaraly nonsense. For example,
the expected result is that the material with a higher dielectric constant will be pulled into the material with
a smaller dielectric constant. This result has been validated experimentally (Cotton, et al. 2005) (Sadek, et
al, 2010) (Ng, et al. 2011) (Nangle Smig@12). However, when Equation 4s7used with the dielectric
constants for liquid and solid octadecane in the equation, the force acts to pull the fluid with the lower
dielectric constant into the one with thighrer dielectric constant. This is not a physical result, and thus

this force must be derived again to get the correct result.

O — — =% h T-%"h @ H-F O Gr ¢O0r -p-5 € -5p-r ¢ O [47

h
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4.1.1 Derivation of the interfacial force

At an interface between two dielectric materials, a force imbalance will arise. This force imbalance
is due to the difference in the internal stresses generated in the two materials when an electric field is
applied. The material with the high dielectric strength will have a larger internal stress than the material
with the smaller dielectric constant. This can be thought of physically as the forcing on the dipoles in the
two materials, recall that the dieldctconstant is a measure of the strength of dipoles generated in a
material per unit volume. When an electric field is generated, dipoles near the positive and negative
electrodes will be generated. The force on these dipoles will act to pull the natsdalto the electrode,
and a tensile stress will be generated in the dielectric material. At the interface, between two dielectric
materials, the strength of the force acting on the dipoles changes abruptly. Since the force acting on the
material with he higher dielectric constant is stronger than the force acting on the material with a lower
dielectric constant, the material with the higher dielectric constant is pulled into the one with the lower
dielectric constant. A general equation for the foreeymit area at the interfadeéguation 4.8is given by
Stratton (1941). In Equation 4.8 is the electric field strength andis the vector pointing orthogonal to
the interface of the two materials and  in Equation 4.&reconstants that are definedkiguation 4.9
and Equation 4.10The first two terms on thiéght-hand side of Equation 4r8present the force due to the
elastic strain that runs parallel to thermal vector and the third afolurth terms represent the éar due
to elastic strains that run parallel to the interface. These constants are functions of the electric permittivity,
and two material properties which defines the change in electric permittivity due to strain that is parallel
to the electric fieldines andd which defines the change in electric permittivity due to strain that is
perpendicular to the electric field lines. Stratton (1941) defines these material properties by considering two
fluids which follow ClausiugMossotti law,which is givenin Equation 4.11where- is the dielectric

constant.

"0 | 00% | 00% I o0& | Ot [4.8]
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The force that acts at thetémface between two dielectric materials with different dielectric
constantxan be found using Equation 4.12. In Equation 4.1% the permittivity of free spacq j and
Oy, arethe electric field strength that is normal to the stitidid interface and tangential to it, respectively
The constants used in the equation can be found &sjnation 4.13 and Equation 4.14 thesesquations,
-  is the dielectric constant of one material anglis the dielectric constant of a different materidging
the dielectricconstant for solid octadecane as material 1 and liquid octadecane as material 2,dhe tract

force is given by Equation 1b.

0O — 60y 6 0f [4.12]
6 ¢r 1 ;o [4.13
h
0 -h-hn C -h-F G [4.14
O §ppm Op &¢ p1 Of [4.15

4.1.2 Geometry

A two-dimensional model of the test section was used to model the system. The geometries height
spanned from the heat exchanger to the top of the heat exchanger. The width of the domain spanned from
the centre of an electrode in the first row to the cenftam electrode in the second row. The geometry used
in the analysis is given iRigure4-1. The geometry consists of the polycarbonate wall orojheftthe test
section, a liquid portion of the phase change material and a solid portion of the phase change material. The
high voltage and grounded boundary conditions are applied on the electrode and heat exchanger surfaces,
respectively. The dielectriconstant was assumed to be constant within the solid and liquid phases. The

only spatial variation in dielectric constant is due to the material change.
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Figure4-1: Geometry used in numerical simulatiohelectric field

4.1.3 Mesh sensitivity

To ensure that the results of the analysis are independent of the mesh size. A mesh density was

chosen that resulted in less than a 1% change when the element size was halved. The mesh sensitivity was

carried out for edtof the conditions, and the results are showfignre4-2 throughFigure4-7. In all the

cases the results are overlapping. This means that the results of the analysis are independent of the mesh

size and the mesh size is sufficiently small to yield accurate results.
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4,14 Results

The electric field distributiosfor each of the cases from the numerical analysis are shdvigire
4-8. The results show a trend that was expected, the electric force is largest near the electrodes and quickly
decreases further away from the electrodes. The electric force at locations between the electrodes is very
small compared locations between the leeahanger and the electrodes. The simulation gives a first order

approximation of the forces on electric charges in the fluid.

The results of the interfacial force are showirigure4-9. The analysis found smaller interfacial
forces than the forces seen in the analysis done by Nekhlg2015). The reasatie forcesvere higher
in Nakhlaetalb s study, i s due t o itdorstartiaNaghtaetaldcsh aamopd yisn st. h
dielectric constant in Nakhetald s wor k i s 2.1 for the |liquid and 2
constant used in this study is 1.9 for the liquid and 2.05 for the solid. The smaller interfaseciould
explain why solid extraction was not seen in these experiments. However, no threshold for the onset of
solid extraction exists, and the analysis requires an insight into the mechanisms of solid extraction which
has yet to be developed. So it cahhe stated that the difference in the interface force is responsible for
the lack of solid extraction in these experiments. The results show that the interfacial force is strongest

when it is close to the electrodes.

This analysis indicates that the des acting on particles on the solid liquid interface are smaller
for the conditions tested in the current study than they are for the conditions tested in Nakhla et al. (2015).
Therefore, it is expected that solid extraction will likely have a smallesiéngn the results of the current
study. Observations of solid extraction during the experiments will be discussed in Sedtidihe

calculation of the interfac®rces will show relevance in that discussion.
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4.2 Effect of Convectiofwo-Phase Stefan Solution

A two-phase Stefan problem model will be used to estimate the maximum possible improvement
that can be found by applyingmrvection to a latent heat thermal storage system. This is a simple one
dimensional model that assumes constant wall temperature on one side of an enclosure, and the enclosure
is infinite. The model assumes that a pure material, which melts at a singragume is undergoing plane
front solidification. The general expression file model is given in Equation. 4 (Alexiades and

Solomon, 1993).

YO c¢_ | o [4.16]
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To estimatehe maximum possible improvement due to convection, assume thattionvs so
vigorous that all of the superheat is dissipated from the fluid in a negligible amount of time. Thus, the
superheat term can be elimated from the transcendentajuetion and Euation4.17 can be used. The
dimensimless numbers used Equation 417 are described iBquations4.18.7 is the ratio of the liquid
densityto the solid density, Equation1®is used to find . In these equations, andd are the specific
heat for the solid and liquid respectively, is the meltingtemperature of the materidly is the wall
temperature of the materidl is the initial temperature of the flui@is the latent heat of fusion, is the
thermal diffusivity of the liquid and is the thermal diffusivity of the solid,and’ are two constants that
are calculated using EquationlZ and Equatior.19. YO ‘€&presents the ratio of sensible energy in the
solid relative to the latent energy of the material &farepresents the ratio of sensible energy in the liquid
relative to the latent energy of the material. These four equations desamniehproposed by Alexiades
and Solomon (1993) which estimates the solid front location as a function ofTile 4-1 shows the

properties used in the analysis. The analysis was conducted to estimate the maximum possible

improvementP Qa ni € L Q&Q&£6 p Tt 1. Phe results of this analysis are presented

in Table4-2 and show that even for large superheated liquids the total improvement is still adry=sm

a 22.3 wall temperature and a %0initial temperature, the maxumm improvement is approximately

34%. All the other results are smaller than this. The problem with this analysis is that the enclosure holding
the wax can be modelled as infinitebgn which is only true when the solid front is very thin. The result

of this assumption is that the effect of adding convection is exaggerated.

M [4.17]

YoQ—m Yo — — [4.18

_ S B [4.19
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Table4-1: Thermal properties of Octadecane (Ho, 1982)

Property Value
Density solidga /kg 778
Density liquid,& /kg 775
Specific heat solid, J/(kg.K) 2150
Specific heat liquid, J/(kg.K) 2180
Thermal conductivity solid, W/(m.K) 0.358
Thermal conductivity liquid, W/(m.K) 0.152
Melting temperatures 27.4
Latent heat, J/kg 243500

Table4-2: Maximum possible improvement in the thickness due to convection based on the two phase

Stefan solution, improvement is defined¥Qa ni € 0 Q*-Q€6 pmmh
Wall Temperature}] Initial TemperatureJo] Improvement from convection [%

8.5 30 3

8.5 40 13

8.5 50 21

15.5 30 3.5

15.5 40 15

15.5 50 25

22.5 30 5

22.5 40 21

22.5 50 34

4.3 Effect of ConvectiorNumerical interface tracking method

4.3.1 Governing Equations

One issue with the analytical model is that the solution requires the problem to be modelled as
semiinfinite. If the differential equations are solved numerically, then g8smption is no longer needed.
The set of differential equatis required for this analysissammarised by Equation2®, which predicts
the growth rateof the interface and Equation24 governs the heat conduction in the two single phas
regions. In Egation 420, ” is the mass density of the materi@lis the latent heat of fusion, is the area

of the solidliquid interface,Yis the solid front locatiorpis the time after the experiment begén, is
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the rate of heat transfer frometisolidliquid interface to the solid anal is the rate of heat transfer

from the liquid to the solidiquid interface Equation 40, is an energy balance on the séiglid interface

that states the difference in energy leaving the interface into the solid and the energy entering the interface
from the liquid, is equal to the amount of latent energy dischdrgedthe material. In §uation 421, 6

is the specific heat of the materiglis the volume of the material cell being considef¥d,the temperature

of the materialpis the time after the experiment begaris the area of the sokifuid interface, Qis the

thermal conductivity andwis a coordinate that describes distance from the heat exchém@ayuation

4.21, the first term is the energy stored in sensible form and the second term is the imbalance in the heat

conduction entering the material.

[4.20)

CR
C

" 0B —

"6 r— 00— [4.21]

These equations were discretized using a first order, exXpiitét differencediscretization method.
However, special care is required due to the moving aaterfThe variable, s, is ustdtrack the solie
liquid interface location. This variable grows or shrinks based on the energy equation for thigusdlid
interface; however, the mesh stays fixed in space. A node is placed on thigsmlidnterfaceto
accommodate for the moving interface. The node acts as a solid node and a liquid node in the two single
phase regions. The set of discretized equations is given lqgtreion se#.22 through 4.27Equation
4.22 is used for nodes in thengjle phaseegion. In Equation 22, T represents the temperature, the
subscript represents the node index and the superscript represents temperatures taken in the previous time
iteration, Yo is the time step used in the simulatibns the mass densitﬁ) is the specific heatpis the
distance a point is from the heat exchanger'@istthe thermal conductivityThis equation is used for all
nodes up to the soliliquid interface. For the interface, Equation 4.23 Equation £7 are used; in these
equationsj is used as an index for the node just before the-Bqlidl interface. In these equatiorisis

the solid front locationY is the melting temperature of the material &Dds the latent heat of fusion

114



Master of Applied Science Thesis McMaster University
Eric Thompson Department of Mechacal Engineering

Equation 4.23 is used to calculate thegenature of the last node in the solid and Equation 4.24 is used to
calculate the temperature of the first liquid node after the interface. Equation 4.25 is the energy being
extracted from the interface to the cool wall, Equation 4.26 is the energy taisfetred from the liquid

to the interfaceThe boundary conditions are, a fixed temperature on the heat exchanger wall, a fixed
temperature at the solljuid interface, which is set at the melting temperature and an insulated boundary
at the wall oppdte the heat exchanger. All surrounding nodes are set to be insulated as well. The set of

equations were solved in Matlab.

If the distance between the solid front location and its closest node is too close, the solution will
become unstable. So an additb criterion was set that if the solid front location and either one of the
nodes were within 10% of the node to node spacing, then the closest node would be replaced with the next

closest one. Increasing the node to node distance ensures that tha solutiot become unstable.

Yoy [4.22]
vy y [4.23
YooY 4 [4.24)
0 — [4.25
0 — [4.26]
vy L [4.27]

4.3.2 Meshsensitivity analysis

To ensure that the results of the analysis are independent of the mesh size and time step. The results
of the mesh sensitivity analysis are giverFigure4-10. The mesh sensitivity analysis showed that the

results were independent of the mesh and timestep.
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Figure4-10: Results of a mesh sensitiviayalysis for interface trackingethod. Legend format [wall
temperature, initial temperature, nodes, timestep]

4.3.3 Verification of code

The results of the code are compared to aptrase Stefan solution from Alexiades and Solomon
(1993) to ensure that the results of the code agree thightheory. The analysis was done for wall
temperatures of 835, 15.3 and 22.5 , and an initial temperature of 23.4It was also assumed that the
melting temperature is 224 The verification of the numerical code is shownFigure 4-11. The

numerical and analytical solutions overlap.
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Figure4-11: Verification of numericbcode with various wall mperaturesinitial temperature = melting
temperature = 2734 against the Stefan solution

4.3.4 Modellingthe effect ofelectrohydrodynamic enhancement

4.3.4.1 Solid Front Location

The liquid phase thermal conductivity enhancement can be applied as a mutiipflaetor to the
thermal conductivity. The method for applying the thermal conductivity factor used is to apply an additional
term in the thermal conductivity. Thfactor is given in Equation.28, 'Q s the effective thermal
conductivity,"Qis the multiplication factor and is the thermal conductivity of the liquidt is important
to note that applying electrohydrodynamics does not change the thermal conductivity of the fluid. Rather,
it induces advection which has the effect of increasiegréte of heat transfer and mixing in the fluid.
Although the change in thermal conductivity is not physically accurate; however, it does result in a similar

effect, and it doesnét r equi r-anvéctiorThis effeciveutheamali on o f
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conductivity has been used in previous studies looking at enhancing latent heat thermal storage systems (O.

Mesalhy et al. 2005)Lingamneni et al. 2014)

o) p Q0 [4.2§

Six conditions were tested, in the numerical celige initial temperatures: 30 403 and 5@
were tested, and two wall temperatures were testggl: &nhd 1553 . The results of these simulations are
given in Figure 4-12, Figure 4-13 and Figure 4-14. The thermal properties @ctadecane used in the
simulations are given iable4-1. The low superheat experiments showifrigure4-12 indicate that the
improvement whe the initial temperature of the fluid is close to the melting temperature is negligibly small.
This conclusion theoretically makes sense, because by adding convection we enhance the rate at which
sensible energy is removed from the liquid phase changeriaiadince the sensible energy in the liquid
when it is near the melting temperature is negligibly small compared to the latent heat. The initial
temperature of the liquid is 80, thus, the sensible energy stored in the liquid phase change material is
5,800 J/kg compared to the latent energy which is 243500 J/kg. The sensiblewagrcpiculated using
Equation 429, whereO is the initial sensible energy stored in the liquid,is the specific heat,
Y is the initial tenperature of the fluid andr’  is the melting temperature of the materi&hen the
sensible energy is increased by settime initial temperature to 40, the enhancement due to convection
increases, which is seenkigure4-13. This result also makes sense; because for the condition tested in
Figure4-13, the sensible eneydn the liquid is 27,000 J/kg which is approximately 11% of the latent heat.
However, the improvement that is seen in the numerical simulations is relatively small. If the sensible
energy is further increased, the enhancement due to convection cortimeEgaseFigure4-14, shows
further improvements beyond thatFigure4-13. The sensible energy in the liquid for thesgesas 49,000
J/kg which is 20% of the latent heat. Even though the resuRfgime 4-13 and Figure 4-14indicate a
greater improvement compared to the lower superheat tests, the thickness of the enhanced condition is still

only approximately 3% at timesear the end of solidification.
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Figure4-14: Solid front location as a fution of time with and without enhancement with various wall
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4.3.4.2 Energy Extracted

The solid front location data only provides insight into the latent energy discharged from the
system. The sensible energy removed ftbensystem was calculated as well as the solid front loction
model the total energy discharged from the system. The sensible svasrggalculated using Equation
4.30 Equation 430, is comprised of three terms; the first term is the sensible enargyvee from the
liquid. The second term of EquatiorB@is the sensible energy removed from the solid and the final term
is the latent energy removed from the system, by converting the liquid phase change material to eolid phas
change material. In Equatiod.30, ” is the mass density of the materdl,is the specific heat of the
material,0 is the area of the heat exchangkeis the length of the containéljs the solid front locatioriQ
is the latent heat of fusiohy; is the initial liquid temperaturéy; is the average temperature

of the fluid at a certain timéY is the melting temperature andj, is the average temperature of
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the solid at a certain tim&he results of the energxtracted from the system are giverFigure4-15,

Figure4-16 andFigure4-17.
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Figure4-15: Energy discharged as a function of timag¢h and without enhancement for variouall
temperature and303 initial temperature
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Figure4-17: Energy discharged as a function of time with and without enhancemeuairious wall

temperatures and 50initial temperaturein the legend k refers to the thermal conductivity in the liquid.
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4.3.5 Coupling between solid front location and energy extracted

To understand the effethat electrohydrodynamics has the energy extracted it is important to
understand how the solid front location grows. The energy extracted from the system can be approximated
using the thickness of the solid and Equaddi. Equation 431, 0 is the rate of eneygbeing
extracted from the systef@s the thermal conductivity of the materialis the area of the heat exchanger,

“Yis temperature, X is a coordinate that describes the distance from the¥walthe melting temperature,

"Y is the wall tempeature andYis the solid front locationEquation 431 simply states that the rate of
energy extracted from the system is equal to the rate of heat conduction at the wall. Thus, understanding
how the solid thickness is affected by eleatomvection willprovide an understanding of how the energy
extracted Wl be afected. From Equation.d1it is clear that as the thickness of the solid becomes larger

the rate of energy being discharged from the system incréagaese4-18 throughFigure4-21 shows the
difference between the solid front locatifam the case where the liquid thermal conductivity is enhanced

and the case with no liquid thermal conductivity enhancement.

[4.31]
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Figure4-18: Difference between solid front location for the eleatomvection and the conduaticases
wall temperature of 835, initial temperature of 40
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Figure4-19: Differencebetween solid front location for the electonvection and the conduction cases
wall temperature of 8%, initial temperature of 50
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Figure4-20: Difference between solid front location for the eleatoovection and the conduction cases
wall temperature of 1535, initial temperature of 40
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Figure4-21: Difference between solid front location for the eleaomvection and the conduction cases
wall temperatte of 15.3 , initial temperature of 50
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There are four distinct regions that are seen in the numerical results. To understand these regions,
it is important to reconsider Equatidr81, the energy balance on the sdlglid interface. The first region
is defined as the time from the instant the constant wall temperature is applied and the point where the
curves, inFigure4-21, reach a minimum. In the first region, the growth rate of the convection condition is
slower than that of the conduction condition. The thickness of the solid for the convection condition is also
smaller. Thethinner solid layer implies the energy being removed from the interface is higher. However,
the energy being removed from the liquid is much higher due to convection. In this region, the liquid
temperature drops faster than the liquid temperature dod¢isefgrure conduction condition. This can be
seen inFigure 4-21. The temperature of the liquid in the convection case is smaller than that of the

condction case, this is true for both of the wall temperature cases tested.

The temperature of the liquid falls faster in the convection case than the conduction case and the
convection case is thinner than the conduction case. The decreasing temperaguliguititis significant
because this means that thauldjheat flow term in Equation.20 will decrease faster in the convection
case; this has the effect of increasing the growth rate of the convection case relative to the conduction case.
The fact thathe solid layer in the convection case is thinner than it is in the conduction case means that the
heat transfer frorthe solid-liquid interface is higher for the convection case. These two facts imply that the
growth rate of the convection case will aidee the growth rate of the conduction case. When this happens,
the minimum in the difference between the two thicknesses occuid) ¥ghseen irFigure 4-21. This
instant marks the start of region 2. Region 2 extends until the point where the two cases have the same
thickness, which is seen Fgure4-21, where the curve crosses thexs. In this region, the growth rate

of the convection case is faster than that of the conduction case.

In region 2, the convection case is thinner than the conduction case. In this region, the higher rate
of heattransfer leaving the interface and the lower rate of heat transfer entering the initerfaee
convection case, are responsible for the faster growth rate. However, once the convection case is thicker

than the pure conduction case, the rate of heatrlgdkie solid is higher for the conduction case, and the
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rate of heat entering the interface is lower for the convection case. The difference in driving forces before
and after the zero is responsible for the inflection point that occiigiime4-21, and marks the start of

region 3. Region 3 extends from the point where the two cases have an equal thickness to the maximum in
the difference between tlwo cases. In this region, the convection case continues to grow faster than the

conduction case and has a greater thickness.

As the temperature of the liquid gets close to the melting temperature, a maximum in the difference
between the two cases occurke reason for this is the energy leaving the interface is high in the conduction
case and the energy entering the interface is approaching zero for the conduction case, whereas in the
convection case, the energy entering the interface is almost zé&@adlit marks the start of region 4 and
after this point, the difference between the two cases continues to shrink until the end of solidification,

which is seen ifrigure4-21.

From a higHevel perspective, the reason why adding convection improves the rate energy is removed
from a latent heat thermal storage system is that the sensible energy of the liquid is removed when the solid
layer is thinnerThe reason why the thickness is important is the thermal resistance of the solid layer
increases linearly with thickness. Thus, the sensible energy of the liquid will have less of an effect when it

is removed when the solid layer is thinner than wherré@risoved when the solid laythicker.

4.3.6 Summary of the effect of convection

A numerical model was used to estimate the effectoofvection on the rate of energy discharge
from a latent heat thermal storage systé&ime numerical modesimulated the effect of convection using
an effective thermal conductivity.h€ results of the analysis shdhat in general applying convection
increases the rate of heat transfer out of the system at early stages of solidification and decreasas the rate
late stages of solidification. overall the total amount of energy extracted after any period of time will always
be larger for the convection case compared to the conduction case, but this amount will only be a few

percent at the end of solidificatidor a thermal conductivity improvement of 3 times.
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4.4 Modelling the Effects d&olid Extraction

Solid extraction is a phenomenon where solid particles of phase change material are pulled into the
liquid. The mechanism responsible for this phenomenon ismthdacial force that acts on the interface
between the solid and liquid phase change material (Nakhla et al. 2015). The interfacial force was modelled
in Section4.1.4 Solid extractionaffects the rates of heat transfer inside the latent heat thermal storage
system in two wayOne way that solid extractionfatts heat transfer is by removing the solid material
from the heat exchanger surface; the solid matenalhe heat exchanger acts a layer of low thermal
conductivity insulation, so removing increases the rate of heat transfer. The other way that solid extraction
enhances heat transfer is by increasing the contact area between the solid and liquid prastatédalg
When the solid particles are removed from the solid material, it exposes more surface area to the liquid
phase change material allowing them to melt faster. It is enpractical way to think of this enhancement
as an increase in the heat stan coefficient between the solid liquid interface and the liquid phase change
material. This second method of enhancement only increases the rate that the sensible energy in the liquid
will be removed. For the cases being analysed in this study, thbleergergy stored in the liquid is small,

so only the effect of removing the solid from the heat exchanger will be analysed.

Solid extraction increases the rate of solidification by reducing the thermal resistance of the solid
layer while keeping the tdtenergy discharged the same or is greater. To understand the benefit of solid
extraction consider two cases, one with solid extraction and one without extraction. For this analysis, the
temperature profile in the solid will be assumed to be egtasidy tate, or completely linear. Since the
temperature profile in the solid is assumed to be egtaady, in both cases the energy being extracted from
the system is inversely proportional to the thickness of the solid thickness on the heat exchangegylhe ener
extracted is aabe determined using Equation 4.32 Equation 42, "Qis the thermal conductivity) is
the area of the heat exchangéf,is the melting temperature of the materia, is the wall temperature
and"Y is the thickness of the sdlon the heat exchangén Figure4-22it is clear the thickness of the solid
layer on the heat exchanger is smaller in the solid extraction case than in-s@id@xtraction case, for
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the same total thickness. Thus, if the total thickness is the same, the rate of heat transferads éacgsef

with solid extraction than it is for the case without it. The ideal case would be one where the rate of solid
extraction is so high that the solid layer stays negligibly thin. In reality, the temperature profile will not be
exactly linear, as it in the quassteady case, so the heat extracted will noésgarily be equal to Equation

4.32 However, the trend between the real case and-gtesily will be the same.

Solid phase change material TSZ

Solid

transfer Liquid phase change material Liquid phase change material

as
at

a

Solid phase change material EolphsstolaiEhnatsy=l s
5 1

'\ wall tempeature< Melting tempeature \ Wall tempeature< Melting tempeature

Figure4-22: Comparison bthe thickness of the solid layer on the heat exchanger for the cases with and
without solid extraction

0 06— [4.37)

The effect of adding solid extraction can be modelled by applying a time varying function that
removes materidrom the interface. In an ideal system, this solid will be transferred from theligolid
interface directly to the opposite side of the container. Calculating the rate at which particles are extracted
from the interface requires knowledge about thehaeisms that cause solid extraction and how these
mechanisms are affected by the electric field distribution and material properties. To prowdengiee
of how solid extraction @auld affect the solidification rate consider a ahmensional Stefan prodin,
where the rate of solid extraction is constant acogrth Ejuation 433. In this equationyY is the thickness
of the solid growing omhe adiabatic side of the container ais the rate that material is pulled from the
solidliquid interface.The domain used in the analysis is showkigure4-23. To simplify the analysis
and to gain insight into the problem, the gtgtsiadystate analyis will be made, as depicted im&ation

4.34. In these equationsy denotes the thickness of the solid layer on the heat exchangéy, dexotes
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the thickness of the opposite side of the container. In this equatisthe mass densitiQis thelatent

heat of fusion of the materia, is the area of the heat exchang®is the thermal conductivity of the
material. Equatiod.35shows the integration @&quation 433from 0 to a time, t, assuming that the initial
thickness is zerd. is the nass densityOis the latent heat of fusiofly is the melting temperature aiid

is the wall temperature. EquatiorBéshows the explicit discretized form Bfjuation4.34from 0 to a time

t, assuming that the initiahickness is zero. In Equati@h36 the superscript indicates whether the solid

front using in the calculation is the solid front for the new timestep, represented by n, or the old timestep
represented by 0. A mesh sensitivity analysis was conducted to determine the time steptregaired

good results, resulting in a time step of 1s. The total thickness of the solid is considered to be the thickness
of the solid on the heat exchanger plus the thickness of the solid on the opposite wall, seen in Equation

4.37.

— ® [4.33]
06— @ Vb— [4.34
Y 0o [4.35)
Y Yo — Y [4.36]
Y Y OY [4.37]
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Figure4-23: lllustration of the domain used analysis of solid extraction

441 Validation

The code was compared to the analytical solutioralidate the code. The analytical solution can
befound by ntegrating Equation 4.3® get Equation 89. In thesesquationsthe variables are thase
as thos in Equations 4.33.37. Figure4-24 shows a comparison between all of the cases. The cases show

that the code and the analytical solution overlap.
06— Qo—— [4.38

¥
A — [4.39]
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Figure4-24: Validation of the solid extraction model against the dimensional Stefan solution

4.4.2 Results of solidxtraction model

The results of the analysis show that as the rate of solid extraction is increased the thickness of the

solid increases. The increase is showrFigure 4-25 through Figure 4-27. The results show that for
extraction rates on the order of 82 the solidification rate begins to deviate from the-eatraction case.

Reconsidering the interfacial force found in &®t4.1.4and presented iRigure 4-9 the largest stress

acting on the da-liquid interface is less than 25 Pa, which for most materials is well below the failure

strength of the materiallherefore, an extraction rate with@fL— is not expected.
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Figure4-25: Numerical solution of solidification with solid extraction 8.5wall temperature
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Figure4-26: Numerical solution of solidification with solid extraction 15.%vall temperature
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Figure4-27: Numerical solution of solidification with solid extracti@@.s wall temperature

4.5 Entropy analysis of the numerical interface tracking model

Sciacovelli et al. (2016) approached the design of a heat exchanger with fiisifmzing entropy
analysis. A similar analysis will be conducted for the convection model to understand the role that entropy
minimization can be used in designing the electrode geometry for electrohydrodynamic heat transfer
enhancement techniques. Tlagerof local entropy gemation is given by Equation4 (Sciacovelli et al.

2016). In Equation 40,"Y  ¢fD is the local entropy generatiper unit volumeat a position x and time

t, Tis the fluid stress tenorsy) is the gradient of the velocity fieltlis the temperature ar@s the thermal
conductivity. The first term on the rightand side of the equation is the entropy generation due to viscous
dissipation in the fluid, the second term is the entropy géorrdue to heat transfer through a temperature
gradient.For the one dimensional analysis in Sectad the fluid motion was not calculated. Tatore

for this entropy analysishe viscous term will be removed. This method is not an accurate way to model

the enhancement due to electrohydrodyanmics; however, it is the only way to perform the analysis without
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knowledge of the Jecity field. Thus,Equation 41 will be used in this analysiEquation 441 was then
discretized, using a first order, explicit, finite difference discagitn technique and Equatiord2.was

then used in the numerical modki.this equation, i, is an index representéagh nodeTo get the total
entropy genetion per unit area Equationd42 was integrated over the time coordinate and the space
coordinatewhich is given in Equation 43. The results of the analysis are showi able4-3. The results
show that as the thermal conductivity is increkthe rate of entropy generatignot dfected This result

is expected because the overall change in the results attheseodlofi di f i cati on is only
not surprising that the entropy generation is almost identitdk expectedhatbecause as the thermal
conductivity of the liquid increases th@ntropy generation will also increase, because more engrgy i
discharged at the early stages of solidification when the temperature gradients are th& tasgesuilt is
contrary to the results of the analysis doneésbiacovelli et al. (2016), who found that decreasing entropy

generation improved the heat tséer rate.

vody 02 [4.40]
Y v — [4.41]
Yo —— [4.42]
Y LY oo [4.43
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Table4-3: Results of entropy generation analysis

Test Condition Thermal conductivity Entropy generation—
enhancement

8.53 wall temperature, 50 T p 0 43 pm
initial temperature

8.53 wall temperature, 50 T ¢ 0 43 pm
initial temperature

8.53 wall temperature, 50 T o 43 pm
initial temperature

8.53 wall temperature, 50 T ¢ 0O 43 pm
initial temperature

15.% wall temperature, 50 T p Q 24 p T
initial temperature

15.%8 wall temperature, 50 N ¢ 0 24 p1
initial temperature

15.% wall temperature, 50 T o 0 25 p T
initial temperature

15.%8 wall temperature, 50 T ¢ 0O 25 pT
initial temperature

15.% wall temperature, 40 T p 63 pT
initial temperature

15.%8 wall temperature, 40 N ¢ 0 64 pTt
initial temperature

15.5 wall temperature, 40 T o 0 6.4 p T
initial temperature

15.%8 wall temperature, 40 QT ¢ 0 6.4 pTt
initial temperature

4.6 Summary of analytical modeling

Three analytical models have been used to attempt to understand the effect of electrohydrodynamics
on the solidification of an organic phase change matédia¢ of the models is an analysis of the electric
field distribution and the resulting electric body forces and interfacial forces. This analysis showed that the
convection cells should flow in the direction from the heat exchanger to the electrodes in the regions directly
beneath the electrodes and in the direction fitwerelectrodes to the heat exchanger in the regions between

the electrodes. Another of the models focused on the effect of convection on the rate of solidification and
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the rate of energy discharged from the system. The model used an effective thernahégndusimulate
convection. It was found that applying convection incretiss=site of energy extraction at the early stages

of solidification and reduces the rate of energy extraction at the late stages. Overall applying convection
results in a small increase in the rate of energy extracted when the entire time period is cofsidered
third model predicts the effect sblid extraction on the solid front location; solid extraction was nhedel

as a constant rate of material removal at the diglidd interface. The analysis showed that applying solid
extraction acts to increasket rate of solidification and the rate of energy dischakgeanalysis of the
entropy generation was also performed and the analysis found that changing the thermal conductivity of

the liquid did not change the entropy generation.
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5 Experimental Results

To understand the eftt of electrohydrodynamiam the solidification of a phase change material
in a latentheat thermal storage systemxperiments were performed. The phase change material was
initially liquid in these experiments and was solidifieg running cold water through a heat exchanger,
water temperature was kept constant throughout the experiments. Three initial temperature and three wall
temperature were tested, the initial temperature beirg 408 and 5@ and the wall temperature were
8.53 15.%3 and 22.5 . An electric field was generated in the phase change material by grounding the
heat exchanger and applying an electric potential to electrodes which were dispersed through the phase
change material, the applied electric potentials Wdde& and-8kV. The goal of these experiments was to
understand the effect of electrohydrodynamics on the rate of energy discharged from the Rystem
difference in the electrohydrodyméc cases and the pure conduction experiments was quantifiedwsing t
enhancement factors, one called the solid thickness ratio improvement and one called the energy

enhancement factor.

This study is one of a few studies investigating applying electrohydrodynamics to a material
undergoing a solidiquid phase change. Tinvestigation sought to answer one specific question regarding
this process of solitiquid phase change in the presence of an electric field. There are still many other

investigations that must be completed before this topic is well understood. Atleesefinvestigation are:

1 A model that accurately predicts the eleatomvective currents when an electric field is applied.
1 A model that describes solid extraction in terms of the stresses acting in the material and when the

solid dendrites separate frdhe rest of the solid.
1 A study of each of the individual electric body forces, electrophoretic, dielectrophoretic and

electrostrictive and the relative magnitude of each of these forces. This study will provide an
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understanding of when each of thesedgrbecomes important and what the is contribution of each
of the forces to the overall heat transfer enhancement.

1 An investigation on the rate of solid extraction at the dajid interface using higlspeed
imaging of the solidiquid interface would beuseful in providing an understanding of solid
extraction.

9 This investigation used Octadecane which is only one specific type of phase change material. The
conclusions drawn with this material may not be applicable to other phase change materials.
Octadecane is a negolar, short chain length, ndwanching hydrocarbon consisting of only
carbon and hydrogen atoms. An understanding of the effect of polarity, chain length, side branches
and variants on the basic monomer would be useful and requiget¢oalize the results to other
phase change materials.

1 More engineering based investigations would be required as well, for example an investigation into
how to design the electrodes to maximize heat transfer would be useful.

1 Also an understanding of howlectrohydrodynamics can be used with other enhancement
techniques such as Naparticles and Fins would provide a better understanding of how to enhance

heat transfer using electrohydrodynamics.
5.1 Effect of electrohydrodynamics time energy discharged

The experimental results show a similar trend to that of numerical results. The-etenteation
case and the pure conduction case show comparable similar results. The difference between the two curves
is within the experimental error for most points; leeer, the extreme points do show a deviation which
supports the conclusions of the numerical results. This solid front location f@&kiand the OkV cases
are illustrated aa function of time are illustrated Figure5-1, Figure5-2 andFigure5-3. It is seen that
applying the electric field at low superheat has no effect on the growth rate, which ia Begire5-1.
This finding is in contrast to the results found by Dellorud€9{7)who concluded that the application of
an electric field to the solidification of paraffin wax slows down the rate of solidification. The discrepancy
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between the two results is likely due to eitimcrostructural changes in paraffin wax during solidification,
which may not exist in the octadecane or it could be undercooling of the melt interface due to concentration
or nucleation effects that the electric field brings abblkgse discrepancies che deduced by considering
Equation 2.7, in this equation there are only three ways to decrease the heat transfehagitgesthe
thermal conductivitywhich reaiires a microstructural changejange the temperature gradig¢which

requires tie meltingtemperature to change) or decrease amech applying electrohydrodynamics will
increases because the convection cells will induce a curved patternimterttaeg (Nakhla et al, 2015)t

was also observed during the experiments that the fluid wag bepelled from the electrode which
indicates that the primary source of the convection was the electrophoretic force, since in thige case

dielectrophoretic force attracts the colder phase change material, as seen indSkection
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The solid front location measurement can be used to approximate the energy extracted from the
system. The latent energxtracted from the systemrche determined using Equatiori which simply
takes the volume of the solid and multiplies it by the latent energy of fusion per unit volume. The sensible
energy within solid phase change makgan be found using Equatidn2; the assumption that the
temperature profile of the solid is linear was made. This assumption is supported by the numerical results,
which show that the temperature profile in the solid is nearly linear. The sensible energy in the liquid is
more difficult to account for as a function of distance. However, the results from the numerical analysis can
be used to generate relationships between the solid front location and the average temperature of the liquid.
Once thisrelationship is known Equation®can be used to determine the sensible energy of the liquid
phaseEquations 5.1, 5.2 and®can be added to get the total energhasystem, given by Equatiom5
In these equation3,is the mass density, is the area of the heat exchang®is the latent heat of fusion,
"Yis the solid front locatior) is the specific heatY is the melting temperaturéy is the average solid
temperature}Y is the wall temperatur@), is the length of the containéiyj; is the initialtemperature
of the fluid,”Y;; is the average temperature of the fluid avidis the melting temperature of the fluid
Equation 51 is simply a statement that the latent energy discharged from the phase change material is equal
to the mass of phaschange materighat has solidified. Equation.’5 states that the sensible energy
discharged from the solid is equal to the temperature decrease in the solidl yaaic Equation 3 states
that the sensible energy discharged from the liquid is équbhk temperature decsEawithin the liquid.
Equation ™4 states that the total energy discharged from the system can be broken down in the amount of
energy discharged from the system from the latent energy and the solid and liquid sensible energy. The
average temperature of the liquid phase as a function of the solid front location is providddes-1.
Using this information the energy extractagach of the cases can be determined and compared, with the
results being shown iRigure5-4 throughFigure5-6. This is only a rough approximation of the energy

discharged from the liquid. However, no measurements of the sensible energy in the liquid wess taken,
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using the numerical results provideway ofestimating this energy.o measure the sensible energy in the

liquid several thermal couples would have needed to be placed throughout the liquid phase change material.
In general, the energy extracted results show a similar trend to that of the sdliddetion. The result

that the energy extracted and solid front location show similar trends is expected since a majority of the
energy stored in the system is in the latent form. Furthermore, the sensible energy in the liquid will be
nearly zero at timeater in the solidification process, so the energy extracted at these times will be a linear
function of the solid front location. The uncertainty associated wighcdm be found using Equation 5.5.

In Equation 55,"Y is the uncertainty on the solicbnt location andy is the uncertainty in the energy

discharged
(0] " 00Y [5.1]
(0] F"00 Y YQKT"OO0 Y [5.2]
O FE"00 2z 0 Yz Y Y Y2 'Yy Y [5.3]
(0] (o) (o) ) i [5.4]
Y "00Y "00 Y "00Y Yy Y [5.5]
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Table5-1: Curve fit relationships that describe the decrease in the fluid temperature as a function of the

solid front location

Condition Functional relationship for fluid temperature Tf[C], S[mr Bounds
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8.5 ,3® ,noelectricfield| o mpm"Y pRUFPpMY cBpMN'Y om S<18
15.%8 , 5@ , no electric field W UrpmY p®@pm’Y pdpcY v S<16
153,43 ,noelectricfield t&®@opmnmY B gpm’Y & Xpm Y 1T S<16
1538 ,3® ,noelectricfield o ¥pm'Y ¢ Bpm’Y @ rpm 'Y OoT S<16
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Figure5-4: Estimated energy extracted from the system during the experimémt303 initial
temperatur@nd various wall temperatures.
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Figure5-6: Estimated energy extracted from the system during the experimiémtsOa/ initial
temperature and various wall temperatures.

145



Master of Applied Science Thesis McMaster University
Eric Thompson Department of Mechacal Engineering

5.2 Solid thickness ratio improvement

To explain how much additional energy is stored in the phase change material when the electric
field is generated, an enhancement factor will be used to quriffect. One factor that can be used to
describe the extra amount of latent energy stored in the system is calculating the difference in the thickness
of the solid with and without the electric field being generated, which will be referred to agknesls
enhancement factor. Equation &@&n expression for the thickness enhancement factor. EqGdinas
used to calculate the thickness enhancement factor for both the numerical amthexxpk results. In
Equation 5.6"YQs the thickness emmcement;Y s the solid front location for the case wih kV
electric potential being applied aidd is the solid front location for the case without an electric potential
Compute the thickres enhancement using Equation, & data firsheeded to & curve fit so that the
results. The curves used to fit the data were found using iBgua¥®, the time to the onbalf power is
used because the analytical solution, presented in SetBorelates the solid front location and time
througha square root. In Equation 53 is the solid front location t is thiene coordinate and a, b,d, e
and fare coefficients determined by minizimg the squaref the residualThe results of the curve fitting
process for most of the caggiges a good fit. However, the fit is not representative in ambasethere is

a large andudderchange in the growth rate of the solid front location

YO — prnmnb [5.6]

Y 007 D0 @ Q0 Qo Q [5.7]

The curve fitted experimental results and Equation 5.6 were usksdeionine the solid thickness
ratio as a function of timé&igure5-7 showsthesolid thickness ratio for the &5experimentsThe general
trend inFigure5-7 agrees withthe theory presented in Sectidr2 and Sectiors.3, in that the highethe

initial temperature of the liquid phase change material gifget the solid thickness ratio and that the solid
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thickness ratio reaches a maximum early in the experiment and decays to a small positive number as the
experiment progresses. It is alges that the 50 initial temperature case has a higher solid thickness ratio

than the 48 case and the 30 case shows almost no improveméitie shape of the curveshigure5-7

is generally not a perfect representation of the physical trend that is expected; the curves contain several
inflexion points that should not physically exist. These inflexion points are likely due to the high power
polynomial that is being esl for curve fitting and the experimental erroheT15.83 experiments are
presented irFigure 5-8. The trends seen iRigure 5-8 are the same as thosehigure 5-7. In general,
experiment with the highest initial temperature sbdwhe largest solid thickness ratio and the experiment

with the lowest initial temperature showed the lowest solid thickness Aatim Figure5-7, the curves
showinflexion points that are not realisti€he 22.83 experiments are presentedFigure5-9. In these
experiments, thel0z initial temperature showed a larger solidckmess ratio than the 30 initial
temperature. Irigure5-9, both the initial temperatures show the solid thickness ratio decays with time.

All of these, results show a very small improvement. The difference in solid thickness at the end of most of
these experiments was only a few percent, and the largest solid thickness ratio at the end of an experiment
was 10%. Considering that the improvernim heat transfer of some of the other methods of used in latent
heat thermal storage systems, mentionedldhle 2-5 and Table 2-8, are between 500% and 20%, this
method of enhancing heat transfer is not as effective as existing methods of enhancing heat transfer in latent

heat thermal storage systems.
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Figure5-7: Solid thickness ratio based on curve fit experimental results fer &l temperature.
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Figure5-8: Solid thickness ratio based on curve fit experimemaslilts for 15.% wall temperature.
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Figure5-9: Solid thickness ratio based on curve fit experimental results fog 224l temperature.

5.3 Energy enhancement factor

To quantify the effect of applying aglectric field an enhancement factor based on the energy
discharged was deloped, as shown in Equation 5.8. In Equation &8 R is the energy
discharged from the electamnvection case an@ n is the errgy discharged from the no
electreconvection caseThis factor is defined the same way that the thickness enhancement factor is
defined, it is the difference in the energy extracted from the electrohydrodynamic case and the pure
conduction case dividedylthe pure conduction thicknesBo observe the trends in the energy extracted
results a fourth order polynomial with a square root of time term, similar to Equation 5.7, was curve fit to
each of the data setin general the curves presented in this faguvery accurately represent the
experimental data they are fit to; howewbe polynomial being fit to the data is a fourth order polynomial

so it is not surprising that it follows the data well.
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The curve fitted experimental results and Equation 5.8 were used to determine the energy
enhancement ratio as a function of tinkégure 5-10 shows the solid thickness ratio for the 8.5
experimentsSimilar to the solid thickness ratio results, the general tremdgure 5-10 agrees with the
theory presented in Sectidr? and Sectior.3, in that the higher the initial temperature of the liquid phase
change material, the larger the energy enhancement ratio. The shape of the chigeseis-10 are
consistentwhere the shapes of the curves for the solid thickness ratio ale general the larger the
initial temperature of the liquid phase change mdttreagreatetheenhancement. Howevarear the end
of the experimentsll of the curves trended toward a small positive number. The curves with large initial
temperatures showed large enhancements at the early stages of the experiment, indicating that the sensible
energy is being removed dog the early stages. This conclusiomigpectedecause in the calculation of
the energy extracted, the sensible energy transferred from the liquid to thégsdidnterface was
calculated using the numerical results from Sedli@nFigure5-11 shows the results dhe 15.3 test.

The solid enhancement factor for thes3@nd 4@ experiments is negative at the early stages of the test,
which does not agree with the analysis in Seddié This is likely due to experimental error, the trend
corrects itself and at the late stages of the experiments all the curves are trending towards a small positive
enhancement of a few perteRigure 5-12 shows the energy enhancement factor for thes2Z:&se.

Similar toFigure5-10, at early stages of the experiment, the high initial temperature experiment shows a
large positive factor that decays toward a 5% factor by the end of the test. The no superheat scenario shows
an almost constant 5% enhancement, whichkesiylidue to experimental error. Considering that the
improvement in heat transfer of some of the other methods of used in latent heat thermal storage systems,
mentioned infable2-5 andTable2-8, are between 500% and 20%, this method of enhancing heat transfer

is not as effective as existing methods of enhancing heat transdigerin theat thermal storage systems.
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5.4 Measurement of solid extraction

The effect of solid extraction on the rate of energy discharged and the solid front location was
analysed irSection4.4. From the numerical modelg was shown that solid extraction will increase the
solid thickness at all times. The force analysiBigure4-8 shows that solid particles will be pulled to the
front of the electrodesiowever, the force analysis in Sectibi also showed that the forces acting on the
solid liquid interface are smaller than those seen by Nakhla et al. (2015). Thus, it is expected that the rate
of solid extraction would be smalleBo if solid extraction was occurririg a significant degree, the solid
particles would be visible on the front of the electrodes. However, none of the image taken in the
experiments showed any solith the front of the electrodeBigure 5-13, Figure 5-14, Figure 5-15 and

Figure5-16 all show the electrodes during experiments wledeetrohydrodynamics. The solid in these
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images would accumulate in front of the two electrodes that are closest to the heat exchanger, which is the
bottom surface in these imag@is does not conclusively show that solid extraction did not occur in the
experiments, but rather it indicates tifagolid extraction did occur the macro effects of solid extraction

were so small that it did not result in any solid build up on the electrodes.

The experiments that had a very small amount of superheat, where the initial temperatume was 30
can be us@to further analyse solid extraction. In these experimémseffectof convection will be very
small because the sensible energy in the liquid is small relative to the latent heat. Thus, if there was any
difference in solid front location results it silbe due to solid extractioRigure5-1 shows no difference
between the can with an electric potential and the case with no electric potdmtstolid extraction did
not have a significant impact on the results. Nalklal.(2015) measured solid extraatioising a highly
magnified highspeed camera to view the seliguid interface; this technique allowed solid extraction to
be observed diregt! Although this method allowed for solid extraction to be observed directly, the images
di dnot have any scaling so the r aAhghspeed cansetai d e Xt
measurements were not done in this investigation beatisi@ layer of solid was building up on the
transparent walls of the test section. This thin layer of solid obstructed the view of tHeyadaithterface
and did ot permit the video of the higspeed camera to take clear images of the dendrites on the imterfac
As a result, the videos would not have been useful in identifying solid extraction, because the solid particles
could not be clearly identified.he fact that solid extraction was observed in Nakhla et al. (2015), and not
this one, could be due to thagher extraction forces seen in the study. However, material strength could

also be a factor. These extraction forces are discussed in Sedtibn
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Figure5-13: Image of the electrodes showing no solid build up in front of electregies.electric
potential applied to electrodes, 8.5vall temperature 30 initial temperature2 minutes after cold wall
boundary condition was applied.

Figure5-14: Image of the electrodes showing no solid build up in front of electretleg.electric
potential applied to electrodes, 1%5.5vall temperature 30 initial temperature. 2 minutes after cold wall
boundary condition was applied. No backlight applied
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Figure5-15: Image of the electrodes showing no solid build up in front of electreglég.electric
potential applied to electrodes, 1%.5vall temperature 30 initial temperature. 5 minutes after cold wall
boundary condition was applied.

Figure5-16: Image of the electrodes showing no sdlidld up in front of electrodes8kV electric
potential applied to electrodes, 22.5vall temperature 30 initial temperature. 12 minutes after cold
wall boundary condition was applied.

5.5 Summary of experimental results

Experiments were conducted to urgtand the effect of electrohydrodynamics on the solidification
of a phase change material in a latent heat thermal storage system. In the experiments, the phase change
material was initially liquid and was solidified by running cold water through a heaaeger, water
temperature was kept constant throughout the experiments. Three initial temperature and three wall
temperature were tested, the initial temperature beiag 303 and 5@ and the wall temperatusevere

8.53 15.8 and 22.5 . Electrohydrodynamioszas induced in the fluidy applying a voltage telectrodes
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and by grounding the heat exchanger, an electiential of either OkV or8 kV was applied to the
electrodes.The experiments found that the rate of energy dischargecisased at early stages of
solidification and decreased later stages. Over the entire time range consididreénhancement was on

the order of a few percent. It was also found that solid extraction did not contribute to the enhancement to

a signifiant degregwhich was seen from the experiments with an initial temperaturesof 30

The results of these experiments can be compared to the results found for other methods of heat
transfer enhancement presented able2-5. All of the studies presented in that table show enhancement
greater than or equal to 75% and all of these methods outperform the experiments conducted in this
investigationThe results of the experiments show a smaller enhancement than that of Nakhla et al. (2015)
conducted similar experiments for melting with the same electrode geometry as what was used in these
tests and foundhich shows an enhancement of approximately 40Befact that electrohydrodynamics
enhanced the rate of melting by a larger factor than it did for solidification is an expected result because the
heat transfer enhancement only occurs in the liquid phase change material. When the phase change material
is meting the liquid phase is in direct contact with the heat exchanger, resulting in a direct increase in the
rate that energy is removed from the system. In solidification, the liquid phase change material is not in
direct contact with the heat exchanger. 3hthe enhancement in heat transfer will not be as large in
solidification because the liquid phase which experiences the heat transfer enhancement is not in contact
with the heat exchangéerhe results of these experiments contradict those of Dellori88@) who found
that the applying electrohydrodynamics slowed the rate of solidification. The results from Dellorusso
(1997) do not agree with the theory presented in Seétand Sectiod.3 However, Dell orus
could have been due to changes in the degree of undercooling of thigsadidnterface, which is not

accounted for in the theoretical models presenteddtid®et.2 and Sectiort.3.

Comparing e heat transfer enhancement of applying electrohydrodynamics to the solidification
with the techniques explored in literature, show that the enhancement due to eleotigieyahics is

substantially smaller than that of the passive enhancement techmigdeble 2-5. The maximum
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enhancement using fins was 500% which was found by Velraj et al. (1999). The enhancement when using
high conductivity particle was 300% which was presented in Mettawee and Assassa (2007) and the
enhancement due to a high conductivity matrix was 80% which was presented in Mesalhy et aBy2005).
comparison, the maximum enhancement found using electrohydrodynamics and dadiicthe end of

the experiments was approximately 5%.
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6 Conclusions

Organic phase change materials are used in latent heat thermal storage systems to store thermal
energy. These materials have high storage densities, but relatively low thermal conductivities. The low
thermal conductivity of these materials means thatateof energy storage and dischaigevery slow.

Thus, these systems must be designed to accommodate this disadvantage. Organic phase change materials
are typically dielectrics, and one way to enhance the energy storage rate in dielectric fluids is to apply
electric fields. Applying elecir fields causes the fluid to circulate and increase the rate of heat transfer.

This is one way to accommodate the low thermal conductivity of organic phase change materials.

In this investigation, the enhancement of the energy discharge rate of latetheheel storage
systems subject to electrohydrodynamics was investigated. The energy was removed from the system, using
a heat exchanger kept at a temperature below the melting temperature of the phase changd heaterial.
test section was designed satthnidirectional solidification occurs, the section was also designed so that
natural convection was suppressed. Natural convection was suppressed to isolate the fluid motion due to
the electric field from other factor$he phase change material usedhi@ investigation was octadecane
with a melting temperature of 28 Circular electrodes were used to generate the electric field, this electric

field would cause fluid motion.

To make predictions for how the energy discharge rate will be increased,icalmedels were
constructed to predict the effect that electomvection will have on solidification. The model used is a one
dimensional, unidirectional, plane front solidification model. The elemtrovection enhancement was
modelled using an increasehermal conductivity of the liquid. An analysis was done for initial liquid
temperatures of 30, 48 and 5@ . The results showed that theaximumoverall enhancement over the

entire time to solidification as on the order of a few peroghich was lesthan the experimental ercor

The effect of applying the electric field was also measured experimentally. Three different wall

temperatures were tested and three different initial fluid temperatures were tested. The results of the
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experiments agreed withe predictions seen in the numerical resulisly a modest enhancement was
observedthe enhancementas less than the experimental uncertainty near the end of the experiments. The
amount of energy discharged from the system was determined by medseitiigkness of the solid built

up on the heat exchanger surface. Using this measurement the latent energy and sensible energy of the solid
removed from the system was determined. The results of the numerical analysis were used to approximate

the amount ofensible energy of the liquid that was dischaiigatie experiments

The rate of solidification also changed for the case when the electric field was applied. Initially, the
rate of solidification slowed as more sensible energy flowed from the liqaskepthange material to the
solid phase change material for the case with an electric field. However, once the sensible energy in the
liquid was removed solidification proceeded faster for the electric field case. The end result is a slightly

shorter time equired to solidify the material when an electric field is applied.

6.1 Future work

This study is one of a few studies investigating applying electrohydrodynamics to a material
undergoing a solidiquid phase chang@ his investigation sought to answer opedfic question regarding
this process of solitiquid phase change in the presence of an electric field. There are still many other
investigations that must be completed before this topic is well understood. A few of these investigation

are:

1 A model tha accurately predicts the elecitonvective currents when an electric field is applied

1 A model that describes solid extraction in terms of the stresses acting in the material and when the
solid dendrites separate from the rest of the solid

1 A study of eah of the individual electric body forces, electrophoretic, dielectrophoretic and
electrostrictive and the relative magnitude of each of these forces. This study will provide an
understanding of when each of these forces becomes important and whabtietaton of each

of the forces to the overall heat transfer enhancement
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1

T

An investigation on the rate of solid extraction at thédsiaquid interface using higispeed
imaging of the solidiquid interface would be useful in providing an understandifigsolid
extraction

This investigation used Octadecane which is only one specific type of phase change material. The
conclusions drawn with this material may not be applicable to other phase change materials.
Octadecane is a negolar, short chain lengtmonbranching hydrocarbon consisting of only
carbon and hydrogen atoms. An understanding of the effect of polarity, chain length, side branches
and variants on the basic monomer would be useful and required to generalize the results to other
phase changmaterials.

More engineering based investigations would be required as well, for example an investigation into
how to design the electrodes to maximize heat transfer would be useful.

Also, an understanding of how electrohydrodynamics can be used with ethancement
techniques such as Naparticles and Fins would provide a better understanding of how to enhance

heat transfer using electrohydrodynamics.
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Appendix ATemperature data

For all of the experiments, thermocouples measured the temperature of the heat exchanger, water
inlet and outlet temperatures and the ambient temperature. However, some of the temperature data was not
saved properly, so not all of the data is availablee fEmperature data is availabldmigure A1 through
Figure A20. The temprature data shows that the heat exchaegaperature is approximately 8.5igher
than the inlet water temperature. In general the heat exchanger temperatures converge quickly-on the set

point, as discussed in the experimental appaiatadidation sedbn.
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