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Abstract

In this dissertation, enhanced thermal conductivity and expedited freezing of nanoparticle
suspensions used asvel phase change materials (PCNgferred to as narenhanced PCM
(NePCM),were investigatedusing analytic experimentahndnumercal method.

Two hydrocarbons, cyclohexarf€H;,) and eicosanéCyoHs,), were selected as the base
PCM. Copper oxidéCuO) nanoparticles, stabilized by sodium oleatéd (SOA), were used as
the nanestructuredthermal ©nductivity enhancers. Thermal conductivity measuremestag
the transient plane source (TPS) technigueee performed fothe NePCM samplesn both
liquid and solid phases. The dependencehefrhal conductivityon both temperature anthe
loading of CuO nanoparticles wa investigated In the liquid phase, thermal conductivity
enhancemenwas clearly observed with increasing loading of nanopartialedwas found to be
in good agreememtith the predicted values of thla x we | | 6 s The measaredneomnal
conductivity enhancemeim the solid phasehowever, exhibé&d a non-monotonic enhancement
phenomenon for both cyclohexaneand eicosanbased sampledor mass fraction of
nanoparticles greater than 2 percent.

Mathematical modeling of unidirectiohfreezing of NePCM was conducted through a-one
dimensional, tweregion Stefan problepin whichthe NePCM was treated asi s i jpdplas e 0
PCM with modified effective thermophysical propertieis the presence of nanoparticles. The
problem was solved by erdqgying both a combined analytic/integral approach and the extended

lattice Boltzmann method (LBM) with enthalpy formulation. Taealytic solution was then



applied totwo representative casesf aqueous and cyclohexabased NePCM with various
metal and mial oxide nanoparticles. It wadearly shown that freezings expedited as the
loading of nanopatrticleis increased. For example, expediting of freenhgaterwas observed
to be up to 11.4 percehy introducing nanoparticles at a volume fraction @fp&rcent.

In an effort to validate the expeditedidirectionalfreezing observed through mathematical
modeling, acooledfrom-bottomfreezing experimental setup was designed and constructed. The
cooling boundary was first realized byilizing a thermoedctric cooler (TEC). Due to ¢hlack of
boundary temperature contrplthe experimental results on freezing of cyclohexaased
NePCM samples exhibited great discrepancies with the numerical predibasesl onthe
Stefan model. The experimental setup wesn refined by replacing the TEC with a coppddco
plate (CCP). With the aid of a controllaldenstantemperature batha stablecold boundary
condition was achievedt was observedhat the experimental results from the improved setup
were in good greement with the numerical predictions. The greatest expediting (5.2 percent) of
freezing of cyclohexane was realized experimentally by introduCwm@ nanoparticlesvith a
mass fraction of 2 percent.

Having shownthe enhanced thermal conductivity and ediped unidirectional freezing of
hydrocarborbased NePCM samples, the great potential of sookel materials with
applications to improved thermal energy storagd waste heat recovewasjustified. Further
effort of NePCM researchwvill be devoteal to improving the colloidal stability, measuring the
thermophysical properties for variouslloids and investigating melting heat transfer that will
involve natural convection. Mathematical modeling and experimental investigaticrokcale

dynamicsof naroparticles in suspensions undergoip@ase change are also challenging.
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Chapter lintroduction

In this chapter, the background and motivation ofréportedresearchn this dissertation is
discused followed by an itemized presentation of the main objectives addpted

methodologes.Finally, the structure of this dissertatigoutlined

1.1 Background and Motivation

Greater energy demanthat is faced byany develogd or developing economies,
uncertainties associated with stablecessibilitysupply and pricing of fossil fuels and growing
awareness of environmental issues haWeontributed to a serious-sxamination of variosl
renewable sources of energht the same time hie urpredictability of the output of renewable
energyconversiorsystems demands robust, reliable and efficient storagethaitareintegrated
into such systms.

The capacity oktorageunits used fowvarious forms of energy and the associategthof
discharge (DOD)are shown irFigure 11. Among various forms of energy, thermal energy is
widely encountered in nature as solar radiation, geothermal energy and thetrasified layers
in oceansRejected termal erergy (waste heat)s alsoa byproduct ofalmost allof the man
made energy conversion sys&rmequipment and devicd3espite its abundance, thermal energy
is generally classified aslaw-gradeform of energy and is associated with waste in industrial

processesStorage of thermal energy may simply serve baféer before itcan beused properly



or a means olvaste heat recoverpyoviding thermal comfort in buildings, conserving of energy
in various sectors of the economy, increasing the operatioaabflielectronics and raising the
efficiency of industrial processes.

Thermal energy can be stored as sensible or |&tegitby heating meltingevaporatinga
bulk material. This energy then becomes available when the reverse process is applied. Phase
charge materials (PCM) are widely used to stidoeratethermal energy by taking advantage of
their latent heat (heat of fusiompon meltingfreezingovera narrow temperatumr@ange Storage
of thermal energy using PCM has found applications in thes aféhermal management/control
of electronics, space powevaste heat recoveand solar thermal utilization for several decades.
Early work on thermal energy storage using PCM can directly be linked to thermal essued
related tothe fastpaced develapents of aeronautics and electronics in the middle of the
twentieth century that was followed by the Space Progim. meltingfreezingtemperature
varies over a wide range for different PCM, e.qg., paraffins, fatty acids, sugar alcohols, salt
hydrates, & The latent heat of fusion and the associated phase transformation temperatures of
some typical PCM are presentedFigure 12. The candidate PCM for a specific application is
usually selected with regard to theelting/freezingemperaturalong with other issues, such as
latent heat of fusiorghemicalstability, and cost, et& number of review articlefAbhat, 1983,
Kamimoto, 1987, Hasnain, 1998, Zalba et al., 20@8idet al., 2004, Sharma and Sagara,00
Kenisarin and Mahkamov, 2007, Reggt al., 2008, and Jegadheeswaran and Pohekar, 2009)
discussed candidate PCM, their thermophysical properties, encapsulation, heat transfer
enhancerant and systemelated issues.

An undesirable property of PCM is theglatively low thermal conductivity that strongly

suppresses the eggr charging/discharging rateNaturally, formng a composite othe PCM



with a thermal conductivity ppmoter is a logical solutioto this problem Metallic fins and
foams and carbon/gphite fibershave been the most favored thermal conductivity promoters, as
summarized in a recent overview of the staft¢he-art by Fan and Khodadadi (2011L)terature
devoted to thermal conductivity enhancemehtPCM-based thermal energy storage syss
through utilization ofthese fixedstructures goes back many decad@stermining proper
configurations of these fixednhancerand their interactions with conduction, convection and
solid-liquid phase change heat transport na@tbms pose challengingsues.

Other tharthe fixed structures, the use of hightprductive powders/beads/particles thas
of micron to meso length scalas freeform thermal conductivity enhancers has also been
practiced Promoted bythe rapid development of nanotechnolaygerthe past decades, ultrafine
nanasized particles, which usually possess a nominal diameter of the order of 1@8.nsub
micron,have become commercially available for various metals and metal oxides. These highly
conductive nanoparticles have beatilized to develop advanced heat transfer fluids, i.e.,
nanofluids, withconsideraly enhanced thermal conductivity compared to the base lig¥idet
al., 2008) However, the utilization of nanofluids has mainly focused on sipigéese and liquid
vapor (boiling) heat transfeapplications(Das et al. 2008) in order to address the increasing
challengeassociated with thermal management of electronics

Further utility of this emerging class of liquids as supeand novelPCM, referred to as
naneenharced PCM (NePCM), for improved thermal energy storage was recently proposed by
Khodadadi and Hosseinizadé€007) Due to ncrease of thermal conductivity, desgdieering
of the latent heat of fusion, higher heat release rate of th€MeaBlatve to thebase PCMvas
afforded Comparing to PCM enhanced by fixed fillers and regsized particles/beads, the

NePCM colloids will offer better fluidity and smaller contact conductance, and be easier to



recycle as well. Since 2007, the great potential of thisnming new class of PCM has been
increasingly realized. In addition to the efforts devoted to preparation and thermal
characterization of PCM with various nanoparticles, experimental investigations on
freezing/melting heat transfer of NePCM have also beemducted, in order to test the
performance and to justify the applicability of NePCM in +walld applicationsln addition,

the nanestructured additives are not limited ieetal and metal oxideanoparticlesandthe use

of carbon nanofiberandnanoties, whichpossesgxtremely high thermal conductivitigas also

been reported

1.2 ResearchObjectivesand Methodology

In contributing to aetterunderstandingnd to demonstrate the potential for utilization of
NePCM the research objectives of tlissertatiorwere:
1) to prepare modestly stable NePCaddlloidal sampleswith organic base PCM, e.g.,
hydrocarbons
2) to measure the thermal conductivity of NePCM sampheboth solid and liquid phases
and to study its dependencetemperature antheloading of naneadditives, and
3) to investigate¢he expeditedreezing of NePCMn relationto the base PCM.
The methodologs thatwereemployedin this dissertationo achieve the outlined objectives
include both theoretical and experimentalls. These were:
1) the transient plane source (TR&3trumentfor measuring thermal conductivjtwith the
aid of a constantemperature bath to control the measurement temperafutbe

samples



2) a comined analytidintegral method to solvimne onedimensional (1D) Stefanmodel for
theunidirectionalfreezing of NePCM in a finite slab,

3) an extended lattice Boltzmann method (LBb&sed on the enthalpy formulation of phase
change heat conductida solve the aforementionedd Stefan modeland

4) a unidirectional freezingexpeimental setup featuring evenlyspaced thermocouples
mountedalong the freezing direction to record continuously titaasienttemperature
variationsduring the freezing process of NePCihich in turn allows determination of

the progress of the freezinght

1.3 Ouitline of the Dissertation

The remainderof the present dissertation consists ofefchaptes. A comprehensive
literature survey on thermal conductivity enhancement of PCM through introduction of both
highly-conductive fixed structures andeé&form nanesized materials will be presenteth
Chapter 2,followed by a detailed presentation of preparation and thernw@nductivity
measurementior NePCM sampleswith various base PCM and loadsgf nancadditivesin
Chapter 3A theoretical analys directed at exhibiting the expedited freezing of NePCM will be
presented irChapter 4 in which both a combinel analytid¢integral methodand the LBM are
applied to solve th&-D Stefan problem in a finite slaln an effort to validate th 1-D Stefan
model, unidirectional freezing experiments of NePCM will be presented in Chapter 5. Finally,

concluding remarkwill be presentedn Chapter 6.
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Chapter 2 LeratureSurvey

In this chapter, @omprehensivditerature survey on thermal conductivity enhancenunt
PCM-basedmaterials andhermal energy storage systemspresentedThe review consists of
threeparts The first part focuses on enhancement tghdntroducingfixed structures, whereas
the second one idedicatedto freeform PCMbased colloidsenhanced by narstructured
materials Finally, theoretical work on prediction of the effective thermal conductivity of

mixtures/composites is summarized.

2.1 Thermal Conductivity Enhancement of PCM Through Fixed Structures

The primary focus of theresent partof literature reviewis on thermal conductivity
enhancement that is realized through introduction of fixed,-mowving highconductivity
inserts.PCM systemausing metallic and graphite foanase getting a great deal of attention,
however only a few papers on such thermal conductivity enh@rteapproacheare covered
The exposition of reviewed work on thermal conductivity enhancement of iB@isented in a
chronological order. This is reasoned to be appate becausethe reader is allowedo
appreciate the advancement of the prevailing techredagd/ortheir emergence in response to
new applicationsThe literature reviewed in this broadtegory covers a variety of approaches

and materials



An elaborate summurof the relevant detailef the PCM and promoter materidisr the
reviewed papers are providadTable 21. In addition the configurationsf experimental setups
and thermal operating conditions are summarizedahle 22. As summarized irthese two
tables early work on thermal control and energy storage using PCM can directly be linked to the
fastpaced developments in aeronautics and electronics in the middle of the twentieth century
that was followed by the Space Prograhmereafter, the utilization of PCM thermal energy
storage has beegradually extended to solar thermal and thermal manageownitbl of

electronics

2.1.1 Early workrelated toheat rejection issues gpace exploration systems

A NASA document authored by Humphries and Grigg®77)provided a good overview of
the stateof-the-art at that time antlas beenvidely referenced im number of papers on thermal
storage and PCM. Relevant to the focushef presenteview, Humphries and Griggs (1977)
discussed a number of earlier work on utilization of metdiliers to enhancehe thermal
conductivity of PCM.

Bentilla et al.(1966 outlined attempts to use filler materials such as metallic wool, foam and
horeycomb.Tetradecane, hexadecane, octadecane and eicosane were tRE€Nbtinat were
utilized along with compressed aluminum wool, aluminum foam, copper foam and aluminum
honeyomb. The honeycomb option provided a more effective heat transfer fin that may be
chosen in various thicknesses due to its versatility in its extreme expanded and unexpanded
conditions.

Hoover et al.(1971) reportedthe results of experimental studies peent to spacecraft

thermal control with a number of pure PCM and PCM/composites with metals and other



materials. The experiments focused on PCM system performance characteristics, determination
of PCM and PCM/filler thermal diffusivities, the effects ohgterm thermal cycling, PCM
container compatibility, catalyst effectiveness and stability. Among the fillers tested, aluminum
honeycomb exhibited the greatest increase in systenmahediffusivity of about 80% A
procedure was proposed to assess thectsffof thermal cycling (melting/freezing cycles) on
thermophysical properties of thePCM evaluated using repetitivelifferential scanning
calorimetry (DSC) measurements.

Humphrieg(1974)designed a transparent test specimen that allowed for visual dixsenfa
the phase change interface. The housing that contained the nonadecane paraffin also included
aluminum fins that partitioned the compartment into cells. Thermocouple readings within the
paraffin, on the fins and other positions were compared to atatipnal models of the phase
change that combineslith experimental correlations for natural convection.

Griggs et al.(1974) reported results of their numerical investigation of conductive heat
transfer of the melting process inside a rectangular cartéiled with PCM. Parallel plate fins
of uniform thickness were placed inside the container in order to enhance the internal heat
transfer rate. A parametric study was conducted for a special case that aluminum and nonadecane
were used as base plate/firaterial and PCM, respectively. The results suggdbtat the heat
transfer rate is enhanced as the fin width increases and the contribution of latentt@rtleegy
total storage decreases.

A PCM-based thermal capacitor with a honeycomb filler was dedignd investigated by
Abhat (1976) Aluminum and roctadecane were employed as the container/honeycomb filler
material and PCM, respectively. A sidiew of the structural configuration of the capacitor is

shown inFigure 21, which was filled with parallel honeycombs of uniform size. Ten-iron
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constantan thermocouples were mounted at different locations both on the top and bottom
surfaces. A foil resistance heater that had the same size as the bottom surfaceednassie

plane constant heat flux source was attached on that surface and the remaining five walls were
insulated. Ignoring convection effects, a firitdferencebased lumped capacity thermal non
equilibrium numerical model was developed to predicttiin@dimensional phase change heat
conduction inside the container. Applying both experimental and numerical approaches, time
dependent variations of wall temperatures, interface location and molten fraction were studied.
Predictions suggestl that meltinginitiates on both the heated bottom and the insulated top
surfaces due to the presence of aluminum honeycombs that serve as a heat path between the two
surfaces. Thisvas also beneficial since it gives rise to lower temperatureundormity within

the cevice. Additionally, & the heat fluxvas increased, the melting rate acceletate

2.1.2 Extension to solar thermal and thermal management of electronics

The literature survey reveals that the extension of utilization of PCM thermal energy storage
from gacerelated applicationsto solar thermalenergy storagend thermal management of
electronics wanitiated since early 19808e Jong and Hoogendoo(h981)utilized two kinds
of metal materials and two enhancement approaches to improve the heattrainispent heat
storage systems, as well as several methods to measure or estimate the enhancement
effectiveness. The PCM involved in this study were pure eicosane and a commercial wax. First,
the caloric and dynamic differential thermal analysis (DTA&}mod were employetb measre
the heat capacities of PCNIhen, the thermal conductivity of PCMas measurelly using two
different approachethat were the transient hawire (THW) method for both liquid and solid

phases and the transient cooling/henticylinder method for the solid phase. The first
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enhancement technique was the application of finned copper tubes, which resulted in a very good
effect on the decrease of solidification times of the systems because the heat exchange area was
greatly increaed. The second technique was to add metal matrix structures to PCM systems. The
aluminum honeycombs and thatrip matrices were both utilizedt was shown thatboth
structures can apparently reduce fiteezingtimesby a factor up to 7. Compared to tbeginal

PCM, the thermal conductivity of the enhanced P@&4 also apparently increased.

Abhat et al.(1981) presented an experimental study of a fuédtision storage system for
solar heating applications (290~350 K). The first half of this paper sieduheat storage
materials. Melting temperature, energy absorption rate and energy evolution rate, for some
typical materials were investigated using DSC. la éxperimend, eicosane, lauric acid and
CaCleH ,O were selected as storage materials. A firerenulus heat exchanger, in which
aluminum metal fins were positioned radially, was used as the container filled with PCM. A
small test model with a length of 0.1 m that was proportionally similar to a practical system was
built. Thirty thermocouples wemaounted to measure the temperature distribution inside the test
model. Both the transient melting and freezing processes were visually investigated through the
transparenPlexiglascovers.

Henze and Humphrey (1981) proposed a simpledingensional heatonduction model for
predicting the melting rate and melting interface location of finned PCM storage devices. In
order to validate this model, the authors designed and conducted visualized melting experiments
of a doublefinned rectangular Plexiglas comtar, which was filled with octadecane, as shown
in Figure 22. One end of the container was insulated, whereas the theracéilg end was
well-bonded to a foil heater that was controlled by an electronic cieuitaintain a constant

temperature. Eight irenonstantan thermocouples were used to monitor the end conditions and
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the thermal status of the air bath. During the freezing process, the PCM was degasified by
vibrating the test section on a higlequency baker table. Eleven runs were conducted for
different combinations of the active wédimperature and fin thicknes&.numericalsimulation
for the tenth run was conductég the authousing commercial CFD code Flueiiluent Inc.,
2006) Although theconmputational geometry was simplified tde two-dimensional, good
agreement between the experimental results and the numerical predictions was observed, as
shown inFigure 23. The wavy structures on the lower surfadethe solid PCM due tothe
presence ohatural convectionwere successfullyrpdicted by the CFD simulatioithe authors
alsoproposeda modelto predict the transient melt fractiowhichwas shown to be applicable to
this finned device.In general, hte presence of metal fins significantly suppressed natural
convection but strongly enhanced conduction. It was argued that if more fins are closely spaced,
convection becomes more negligible and the proposed model can give better predictions.

Heat transfeenhancement of a paraffin wax thermal storage system by using metal fins was
experimentally investigated by Eftekhar et (d984)through flow visualization and analysis of
the instantaneous interface gasi. A commercial paraffin wawith a melting pant of about
317 K was selected #dlse PCM. Some thermophysical properties of this paraffin wax were made
available earlie(Haji-Sheikhet al., 1983)The device was divided into three identical sections
by two vertically positioned plate fins. The fraamd back sides of the device were both covered
by two Plexiglas layersiith an air gap between them. This allowed the flow inside each cell to
be visually observed, and the top and bottom surfaces were both attached to-temgtardture
water baths. Exgriments were conducted for different bottbwp temperature gradient
combinations. Convective circulating flow patterns during the melting process were clearly

observed by the addition of red dye into the PCM. A setpieh phots wastaken to determine
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the transient interface locati®at different time instants. A tirmgdependent bulk energy balance
that used the information about the moving interface surface and the volume of the liquid phase
was proposed to evaluate the effective convective heat traansfiethe effective hedransfer
coefficient as well.

In order to address thermal management issues in relation todnyiag thermal loads that
are encountered in spacecrafts, Knowles and W&BB7) proposed an idea ahetalPCM
composites. Such a neaial will take advantage of the high values of the thermal conductivity
and specific heat of the metal and PCM components, respectively. Depending on the geometry,
the metal component can be added in the form of plates, wires or fibers. In order tozeninimi
thermal resistance, it was argued that the metal component should be distributed uniformly and
aligned parallel to the desired direction of heat flow. Continuous conducting paths are preferred,
so use of foams, sinters and randoimtiented wools areno o pt i mu m. AFi nenes s«
component is an additional requirement so that little amount of PCM is unaffected by the heat
front. By requiring that the thermal resistance along the conducting path must be greater than the
resistance across the PCMyda, relations for maximum thicknesses of plates (sheets) or
diameters of wires were developed for planar configurations. A simpidiorensional unsteady
model that ignored natural convection and sensible heat was derived for two limiting thermal
conditions corresponding to incident heat flux and constant wall temperature Masesver, a
test experiment was conducted using copper/dodecanol composites with four volumetric metal
component concentrations. The good agreement between the experimentalndiathe a
numerical resultandicated that the application of volumaveraged propertiesas valid since

the two configuration requirements proposed befgee satisfied in thexperiment.
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Chow et al.(1996) proposed two techniques to enhance the thermadumivity of LiH
PCM that is usually used in highmperature applications. The idea of the first enhancement
technique was to use different shape of containers to encapsulate the LiH PCM. The interspaces
filled with metal Li between the containers and theer cylindrical capsule acted as enhanced
heat conduction bridges. The second enhancement technique proposed a composite that consisted
of metal Ni and LiH PCM. The enhancement effects were numerically studied for two boundary
conditionsthat wee consant surface heat flux and constant surface temperature. The results
demonstrated that both techniqweare apparently able to enhance the thermal conductivity of
the originalPCM but the composite approach ledbtetter effectivenessMoreover,a simple
modeling approachwas utilized, in whichthe steadystate numerical simulation disregacd
convection effectdt showed clearly that the idea of using composite PCM might be an effective
way to greatly enhance the thermal conductivity of original PCM.

Tong et al. (1996) reported results of a numerical study on heat transfer within enhanced
PCM by inserting an aluminum metal matrix in a cylindrical annulbe diffusion and natural
convection heat transfer effects during the melting and freezing processesstudied by
utilizing separate transport equations for the two phases and coordinate transformations. The
mixture of water/ice and the metal matrix was modeled as a saturated porous media by
introducing the Darcy t er mdeatt@ansferreghantemembsd 6 s mo
shown to bevery marked for small volume fractions. However, further increase of the volume
fraction dd not enhance heat transfer lineattywasalso pointed outhatt he undesi rabl e
i nsul ati ngo f e dhefreeang prdcessRislddduel ta the grogving thickness of

the solidified material that acts as the insulator.
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Bugaje(1997) experimentally studied the enhancement of thermal response of a latent heat
storage system. A paraffin wax and aluminum matrixewselected as the PCM and the
promoter, respectively. An interesting aspect in this study was the utilization of plastic tubes to
encapsulate the PCM. The effects of four kinds of matrices and two volume fractions on the
thermal response were investigatadd comparedThe variations of freezing times versus
temperature for the volume fraction of 6% are demonstrat&gure 24. It is shown thathe
freezing timeswvere shortened by a factor of 2 or greater fa& two enhancement options that
were used. The enhancement effects on freezing times were greater than that on melting times
due to-itnhseulfiastelnfgo feature that i mplies the he
during the freezing processesné€shortcoming in this experimental study was the utilization of
an air blower in a vertical column that was unable to guarantee an even heating on the outer
surface of the tubes.

To examine the utilization of PCM for passive thermal control of avioniaduias, Pal and
Joshi (1998) investigated the melting process within a honeycdt composite energy
storage device, both experimentally and numerically. A honeycomb with a hexagonal cross
section was vertically installed inside a&fglas rectangular cteiner.This assembly was then
filled with n-triacontane that has a melting temperature of 338.6 K. SevetgpeT
thermocouples were mounted at different positions inside the device to record the time
dependent temperature information. The device wagaedito be heated frothe bottom by a
silicone rubber patch heater. A thi@enensional transient numerical simulation was carried out
inside a singlesimplified honeycomb cellPhase change was modeled using a widséd
singledomain enthalpyorositytechnique, which was developed by Brent et(H#.88) Upon

comparison between pure conduction and diffusionvectioncoupled simulations, natural
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convection was observed to be very weak and did not exhibit a noticeable effect on the shape of
the melt inerface.

Velraj et al.(1999) presented the utilization of three different heat transfer enhancement
methods for a paraffin wax encapsulated in a cylindrical aluminum tube. The first approach was
to use an internal longitudinal aluminum fin. Secondly,l&ssing rings with a diameter of 1 cm,
which are shown irFigure 25, were fully distributed inside the tube. The third method was
employment of water/vapor bubbles that will randomly appear in the tube duettogeebow
pressure environmeérwithin a wax/water compositek-type thermocouples were utilized to
measure the temperatures at different suitable locations inside the tube. The parameter estimation
method was first used to determine the outer heat traosé#ficient of the tube by comparing
the measured data with the numerical results from an entbagsd model. Using the heat
transfer coefficient, both experimental and numerical work was further conducted to predict the
temperature variations versume for the three approaches. The utilization of lessing rings of
20% volume fraction provided the best enhancement effect that significantly decreased the
freezing time by a factor 9. The enhancement effect of the internal fins with a volume fraction of
7% was a little lower, whereas loss of heat storage capacity for this method was much lower than
the lessing rings option.

Fukai et al.(1999 and 2000used carbon fibers to enhance the thermal conductivity of a
paraffin wax heat storage system. Carbonréhgere added to a paraffin to develop composite
materials of two different types. In the first approach, randasrignted fiberswere utilized.

The second method employed fiber brushes arranged along the radial direction of a cylindrical
capsule. The vaime fraction of carbon fibers for both types was restricted to less than 2%.

Transient temperature responses of both configurations of carbon fibers/paraffin composites
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were experimentally measuresing thermocouples. The thermal diffusivity of the conitpos

was then determined via the nonlinear least squares parameter estimation technique. For the
randomtype composite, the fiber length only had a little effect on the enhancement of thermal
conductivity. As the volume fraction of carbon fibers was raitezlthermal conductivity of h
composite PCM also increasess shown inFigure 26, the effective thermal conductivity of the

fiber brush composite was about three times greater than that of the random fipesitem
because the heat flows along the fiber brush direction. This finding was in concert with the
suggestions of Knowles and Webb (1987) in relation to accommodating a minimum distance of
the conducting media of the enhancers.

Cabeza et al(2002) expermentally studied heat transfer enhancement of deionized water
using three different kinds of promoters, which were stainless steelptabes, copper tube
piecesand graphite matrices. The experiments were carried out in a rectangular tank that was
separged into two identical parts by an aluminum partition. This partition worked as both an
intercooler and a heat exchanger. Six thermocouples were symmetrically mounted at different
positions inside the tank. The signals from the thermocouples were ret¢oraeestigate the
moving times of the interface front during the melting and freezing processes. The volume
fractions of the thermal conductivity enhancers for all three configurations were less than 10%.
The results showed that the stainless steel tidee did not apparently enhance heat transfer.
However, utilization of copper tube pieces and graphite matrices provided much better
enhancement effects. It was noted that the melting and freezing times were signifexduntisd
by a factor up to 2.5.

Ettouney et al(2004) carried out experiments on heat transfer enhancement for a paraffin

wax within a cylindrical annulus. The metal screens and spheres made of stainless steel were
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selected as the enhancers. Spheres with three different diameters a&s \Wwelkke different
guantities were utilizedwith the volume fraction of the promotebgingchanged from 0.1% to
3.4%. A total of thirty-eight thermocoupleshat were able to record detailed information about

the temperature history at various positionsravmounted at three different horizontal levels
inside the annulus. Availability of these thermocouples also provided information on the
progress of the interface during the melting procésshe experimental setup, three screens
were radially positiong inside the annulus with uniform angular intervals and the spheres were
attached to the screens. A creggtional view of the setup is presentedrigure 27. Based on

the experimental data, the authors inveg#ad the variation of the Nusselt number as a function

of temperature, the Stefan, Fourier and Rayleigh numbers, as well as the variation of the Fourier
number as a function of temperature. The comparison among the results indicated that the metal
spheresvith a volume fraction of 2% led to the best enhancement effects.

Stritih (2004) conducted an experimental study of enhanced heat transfer of a rectangular
PCM thermal storage system. This shape of storage system is usually used as the storage wall for
buildings. Commercial RT 30 paraffin with a melting temperature of about 306 K was used
because it is proper for thermal comfort in building applications. On one of the side walls, a
rectangular water heat exchanger was placed for heating or cooling. Theimgniae side
walls were insulated by polystyrene layers. Thus, the boundary conditions on these walls can be
treated as adiabatic. Thirtwo steel fins with a thermal conductivity of 20 W/mK were evenly
spaced in the rectangular chamber. The volunm&idm of the fins was then determined to be
approximately 0.5% based on the geometry relationship. Five thermocouples were mounted at
different positions inside the chambérwas shownthat the addition of fins did not have the

desired effects on heatatrsfer enhancement of the system during the melting process. The
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reason would be that natural convection was significantly suppressed by the fins but the
compensation from heat conduction enhancerdehtnot overweigh In addition, the ratio of

heat trangdr with fins to that without fins was referred to as the fin effectiven€hs.
significance ofthermalconvection during the melting procesas confirmed by the calculated

fin effectiveness In contrast, however, for the freezing process, convedtias» much less
important and conduction becomes dominddeat transfer was greatly enhanced by the
presence of high thermabnductivity fins during théreezingprocess.

By providing visualization photographs, Koizun2004) communicated results of an
experinental study of unconstrained (also known as unfixed) meltingasftadecane that was
contained within spherical capsules. The glass capsules were placed in a controlled heated air
flow stream. Of relevance to this review were a set of experiments duhiaty Whree copper
plates were placed inside the capsuldue to presence of these copper plates, the observed
melting period was reduced by 28% the extent of which depended on the prevailing
Reynolds number for external flow over the sphere.

Mesalhy ¢ al. (2005) numerically studied the melting process of PCM inside a cylindrical
annulus.A solid porous matrix with high conductivity and high porosity, which filled the
annulus, was saturated with a generic PCM. The matrix was assumed to be madeegtiogre
rectangular cells with conductive fibers being the sides of the cell. The convective motion of
liquid phase PCM in porous domain was investigated by introducing the Darcy, Brinkman and
Forchiermer terms to the momentum equations. The wigkdg fhite-volume technique ve&a
employed to solve the volursveraged transport equations. However, unlike most previous
studies, the main contribution in this paper was consideration of local thermabuaiibrium

between the solid matrix and the PCM by usiwg coupled energy equations. The two energy

20



equations were coupled through an interfacial heat transfer coefficient between the solid matrix
and the PCM. This quantity was determined using a egieady heat diffusion analysis between

the porous matrixand the PCMEffective thermal conductivities of the two energy equations
were estimated using éhmatrix model described abow&.parametric study was performed to
observe and compare the effects on the thermal response of the storage system by tieanging t
matrix porosity and the ratio of thermal conductivity between the solid matrix and the PCM.
Increasing the thermal conductivity ratio gave rise to faster melting in the lower part of the
annulus and emergence of multirtex recirculating structures arldeir mergings. It was also
demonstrated thahe decreaseof matrix porosity andncrease ofthermal conductivity ratio
greatly enhanced heat absorption, as showiguare 28.

Ettouney et al(2006) performed bth melting andreezingexperiments of commercial grade
paraffin wax within spherical capsules that also contained metallic beads. The stainless steel
spherical beads had diameters of 4, 5 and 6 mm and the volume ratio of the beadhevithin
capsule rangd between 0.320%. The capsule was instrumented wigim thermocouples placed
along two axes normal to each other. The capsule was heated or cooled by an air stream flowing
vertically upward within a tubdn comparison to the baseline case without bead=juction up
to 13%for the melting andreezingtimes wasreported.

Nayak et al.(2006) developed a numerical model to study the effects of the utilization of
PCM with thermal conductivity enhancers on the heat transfer performance of a heat sink used
for cooling of electronics. Eicosane with a melting temperature of 310 K, as well as aluminum
with a high thermal conductivity of about 180 W/mK were selected as the PCM and enhancer
material, respectively. The heat sink with three different kinds of PAMfecer combinations

are schematically sketched kigure 29. For the case of the aluminum porous matrix, a local
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thermal equilibrium model and the volurageraging technique were employed. The thermal
conductiviy used in the energy equation was the effective thermal conductivity of the
PCM/aluminum matrix evaluated by a weltablished model. The transient phase change effect
was simulated by the singlomain enthalpyporosity approach with the sollgjuid interface
assumed to be a mushy region.

A parametric study was conducted by varying in turn the Darcy number and the volume
fraction of the matrix. The results showed that as the volume fraction was increased, natural
convection was suppressed. This gave tosa negative effect on the uniformity of temperature
inside the cavity, which is very important for cooling of electronics. It was also concluded that
for the same value of the volume fraction of thermal conductivity enhancer, the cooling
performance wasnproved for a bigger size of the matrix. Similar parametric studies were also
presented for the two fins options except for adding one more parameter of the chip power. The
threedimensional study on the rdgpe fins option showed clearly that it exléad the best
temperature uniformityinside the containerThe comparison of the melting fraction versus
dimensionless time for the three options of enhancers is preserfieggume 210. It is revealed
that for therod-type fin option, the starting of melting was delayed. However, despite a delay at
the beginning, the retype option exhibited a faster melting rate.

Nakaso et al(2008) conducted an experimental study to explore the effectiveness of using
carbon fiker cloths to provide extended heat exchange area and enhanced thermal conductivity
for a latent heat thermal energy storage.Wibven carbon fiber cloths were lail contact with
the copper tubesf a shellandtube type heat exchang€rarbon fiber buses (similar to Fukai et
al., 1999 and 2000were also explored as an alternative arrangeméet structures of these two

installation options of carbon fibers are shown schematicaliygare 211. Ignoring conective
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heat transfer in the liquid phase, a transiefid 8onduction formulation of the system was
adopted. The model accounted for the effective heat capacity of the PCM/carbon fiber composite
including the effect of the latent heat of the PCM. Utilizmgasurements of the inlet and outlet

fluid temperatures of the heat exchanger, heat transfer rates during energy discharge for various
thermal conductivity enhancement combinations for a constant flow condition were measured.
The system utilizing carbonbfer cloth with a volume fraction of 0.42% exhibited a shorter
discharge time of the order of 20%.

Agyenim et al.(2009) reported on the performance of circular and longitudinal copper fins
utilized as thermal conductivity promoters within a horizontal eafrec tube heat exchanger
containing Erythritol as the PCMA copper tube was positioned concentrically in the sw®rag
container.Two flow loops were utilized for passing the appropriate heat garfisfid through
the containerThese working fluids wersilicone oil duringthe eighthours of charging (melting)
and water during discharging of energjopper plates were utilized as radiaight equally
spaced fins) and longitudinagight equdly-spaced circumferential)yfins, as shown irrigure
2.12. Glass wool insulation was wrapped around the container to minimize heat exchange with
the atmosphere. Consecutive thermal cycling of a small sample of Erythritol using DSC for the
temperature range of 20~14D was conducted. The values of heat of fusion and melting
temperature showed sensitivity to the number of cycles (maximum of 20). FetgpeK
thermocouples were placed at five axial stations and various circumferential stations in order to
monitor the thermal &éld and to check on the axisymmetry of the system. It was found that
during the charging process, the average temperature for the longitudinal system was

consistently higher than the values for the control and circular fin systems. The storage
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efficienciesof three systems were compared and the longitudinal fin system was exhibited to be
a system that was capable of storing the greatest amount of energy.

In this section, areview of experimental/computational work to promote the thermal
conductivity of PCMusing fixed structurewas presented. The original impetuas shown to be
the thermal management of electronics for aeronautics and space exploration, followed by
subsequent extension to storage of thermal energy for solar thermal applications. Fatusing o
placement of fixed, stationary high conductivity inserts, the thermal conducéwitancer
materials have been copper, aluminum, nickel, stainless steel and carbemfi@ious forms
(fins, honeycomb, woakndbrush, etc.). The reviewed researchrikvencompassed a variety of
PCM, operating conditions, heat exchange and thermal energy storage arrangements. These
included isolated thermal storage units (rectangular boxes, cylinders and spheres) and containers
that exchange energy to a moving fluid noead passing through it. At times, research focused on
the significant role of flow regimes that are created due to the presence of thermally unstable
fluid layers that lead to enhanced convective mixing and thus expedited melting of PCM. Parallel
to this, it was shown that due to utilization of fixed high conductivity inserts, the conducting

pathways connecting the hot and cold ends must be minimized.

2.2 Nano-Enhanced PCM (NePCM)

2.2.1 Early work omese to micro-scaleenhancers

As opposed to thaforementioned enhancemeapproacheshroughintroduction offixed

structures, the use of hightypnductive powders/beads/particles that are of micronesescale

sizes as freeform conductivity enhancers has also ba#empted in the literaturds menticed
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in the previous sectigrHoover et al(1971)can be credited to be the first group of investigators
who attempted to use dispersed particles to enhance the thermal conductivity of PCN (LINO
3H,0), in which aluminum and alumina (A&)s;) powders were uized in comparison to other
stationary fillers, including alminum gauze, aluminum honeycomdnd alumina foam.
However, no details osize of the powders were given.

Later on, Siege(1977)proposed dispersion of high conductivity particles in moltets $al
order to improve the heat extraction rate of thermal energy storage systems. Through a simplified
analysis of solidification for three representative geometries, i.e., flat plate, inside a tube, and
outside a tube, optimum particle concentrations thél lead to maximum enhanced heat
extractionover a time period were sought.

Seeniraj et al(2002) studied theoretically the effect of dispersing of high conductivity fine
particles in a PCM on the movement of the melting front in a latent heat th&orage shell
andtube heat exchanger unit. Assuming thermal equilibrium of the particles with the PCM, a
guasisteady formulation was formulated. It was shown that increase of the particle volume
fraction reduces the cumulative energy storage capaciy avtime interval and lowers the
instantaneous surface heat flux, which, in turn, leads to existence of an optimum volume fraction
of the dispersed particles for maximum energy storage/extraction. However, both
aforementioned theoretical studies on cotioap of suspending high thermal conductivity
particles inside PCM did not address the size efprticles that were utilized.

Composites of pure paraffiand carbon nariibers having average diameter and length of
100 nm and 20mm, respectivelywere pr@ared using shear mixing and melting techniques by
Elgafy and Lafdi (2005)Thermal diffusivity of the solid compositesagmeasured at room

temperature usinghé laser flash techniqgueyhereas DSC was usedrfmeasuring the heat
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capacity. Thermal conductity was then calculated by combining measured values of the
thermal diffusivty, density and heat capacityhe linear dependence of the conductivity and
diffusivity data on the loading of carbon nanofiberas observed, whereas heat of capacity is
markedy lowered The samples were then placed simultaneously inside a furnace core that
maintained a uniform heat fluAfter a sufficient period of time for melting (about 4 hours),
transient temperature of each sample was measured by recording the outpliipté K-type
thermocouples.The faster decay of temperature data for nancfimmled compositesn
comparison to pure paraffin indicatdte enhanced heat exchangeperties of the composites.
Thermal performance of composites containing electrochdigniceated nanofibers was found

to be enhanced in comparison to composites with untreated fillers.

More recently, Mettawee and Assa$8807) prepared composites of paraffin wax through
adding microrsized aluminum powders (80 pm). The composite PCM vies ttested in one
sector of a compact solar collector. It was observed that the charging (melting) time due to
utilization of the 0.5 wt% composite is decreased by 60%. The average daily efficiency of the
collector utilizing pure paraffin wax ranged fror@2-5%5%, whereas for the 0.5 wt% composite

the efficiency was significantly increased to 82~94%.

2.2.2 Enhancemensingnanostructured materials

In light onthe rapid development of nanotechnolalyyingthe past decades, ultrafine nano
sized particleswhich usually possess a nominal diameter of the order of 10rhess i.e., sub
micronsized have become commercially available farieus metals and metal oxidels
addition, carbonand graphitébased nanstructured materials, such as carbon némo§ and

nanotubes, have also been widely studied and commercialized. These materials are more
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conductive in comparison to conventional PCM candidates, even in their bulk form. At the nano
meter scale, phonon and electron scattering at thdaoés and @nvective diffusionof these
ultra-fine particles may further contribute to the enhancement of heat transfer.

In view of their great potential in enhanced heat transfer applications;shactured
materials have been utilized to develop advanced heasférafluids, which are coined as
Ananofl ui dso, s i n cNanofluithse whiohi hdveekhiitedmfeatlyerth@nbesl .
thermal conductivity compared to the base liquids (usually water, ethylgoa gihdmineral
oils, etc.), have foungersatileapgdications in thermal engineering and have attracted growing
attention of researchers from various disciplifg€a et al., 2008)In an effort to address the
increasingthermal exchangehallenges in industrial applications, the utilization of nanofluids
has mainly been focused on singlbase and liquidapor (boiling) heat transfeapplications
(Das et al., 2008Further utility of this emerging class of liquids as superior PCM, referred to as
naneenhanced PCM (NePCM), for improved thermal energy stonagerecently proposed by
Khodadadi and Hosseinizadeh (200As an example, freezing of water and wdiased
NePCM with copper nanoparticles in a differentidigated square cavity was numerically
studied by Khodadadi and Hosseinizadeh (20@{)e to ncrease of thermal conductivity,
despitelowering of the latent heat of fusion, higher heat release rate of the NePCM in relation to
the base PCM (water) was clearly observ@dmparing to PCM enhanced by fixed fillers and
mesaoscale particles/beads, the REM will offer better fluidity and smaller contact
conductance, and be easier to recycle as well. Since 2007, the great potential of this promising
new class of PCM has been increasingly realized. As of May 2011, the annual numbers of
publishedpapers withregard to the topic of NePCM are counted and presentEdjime 213,

exhibiting greater attention to the topic
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The lase PCM and narstructured enhancers that have been considered in the published
NePCM studiesare summarized iifable 23. It is clear that hydrocarbons (paraffin wax) have
been the dominant candidate PCM and the ent@ancers have included metal and metal oxide
nanoparticles, carbon nanotubes, and cam@mofibers.Only the twestep method has been
adoptedn preparing the NePCM samplé&he Fourier transform infrared spectroscopy (FTIR),
scanning electron microscope (SEM), trarsswn electron microscope (TEMgnd Xray
diffraction (XRD) have been uséd characterizand visualizeéhe constitution, structurehape,
and distributionof the nanestructuredmaterials.Differential scanning calorimetry (DSC) and
thermal gravimetric analysis (TGA) habeen utilizedo study the thermodynamic process, ,e.g.
freezing/melting cycles, and to measure the calorimetric properties of the NePCM samples,
including specific heat capacity, latent heat of fusion, and freezing/meltings.pMiatst
importantly thermal conductivity of the NePCM samples has been meassiragl the transient
hot wire (THW) and transient plane source (TPS) techniques. The prepaft@PCM and
characterization methods the published articleare summarized iffable 24. Owing to their
low density and high therah conductivity, 95% purity mukwalled carbon nanotubes
(MWCNT) wereusedby Wang et al. (2008) tproduce NePCM samples in a 98% palmitic acid
(PA), with mass fractions of MWCNDf 0, 0.5, 1, 2 and 5 wt%. Thiaermal conductivity was
measured using thieansient shorhotwire technique. Théemperaturalependenvariations of
the measured thermal conductivity of thePCM samplesre presentedn Figure 214. At
constanttemperaturg, the thermal conductivity igonsistently raised upon additions of the
MWCNT. For a narrow temperature range of about 10 € centered about the nmimg of
the composites, an abrupt rise of thermal conductivity followed by a sharp decline is measured,

whereas on both sides ofiglrange, the thermal conductivity exhibits extremely mild sensitivity
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to temperature. The thermal conductivity of the solid phase is consistently higher than the value
measured for the same sample in its ligpichse.Similar behaviors of the measured rinal
conductivity of paraffin or PA-based NePCM were exhibited in a series of studies by Wang et
al. (2009, (2010a), (2010band (2010c).

Liu et al. (2009) dispersed titanium oxide (F)@anoparticles in a saturated BaQteezing
point of i 8 €) aqueaus solution to form the NePCM. The volume fractions of the composites
were 0.167, 0.283, 0.565 and 1.13%. The THW technique was used for measuring the thermal
conductivity. The normalized thermal conductivity ratio at various temperatures is plotted
agains the volume fraction of nanoparticleskigure 215, along with the theoretical prediction
oftheMa x we | | 0 gProgeaihof@ttali I®T6At a given temperature, the measured thermal
conductivity varies linedy with the volume fraction, whereas thermal conductivity also exhibits
a rising trend with temperature for a given volume fracgtiwhich isnot supported by data of
Wang et al (2008). Moreover, e predicted valigeof the thermal conductivity due to gh
Ma x we | | 0 srermtceablyt lawer than measured quantities.

Ho and Gao (2009) prepared colloidal dispersionsilomina (AbOs) nanoparticles im-
octadecane (fgHsg). Thermal conductivity of the NePCM samplé® 5 and 10 wt%)was
measured usinghe THW techniqueThe measured values of thermal conductivity for different
temperatures and mass fractions are giverignre 216. Enhancement of thermal conductivity
is consistently observed as the mass fract®raisedat constant temperatureBhe extent of
enhancemeris also observed to be greater at higher temperailinese is no monotonic trend
however, for the temperature dependence of thermal conductivity intehgeraturerange

studied.
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Zeng et al (2010) prepared forratable NePCM compositdsased onl-tetradecanolwvith
various loadings of silve(Ag) nanowires Thermal conductivity at room temperature was
obtained using the transieptanar source (TPS) techniquéwo identical cylinder gecimens
(diameter of 13 mmyvere preparedinderhigher pressure2Q MP3. The values of the thermal
conductivity of theNePCM sampleat room temperature are plotted against the massadinaof
the Ag nanowiresin Figure 217. Linear dependence of thermal conductivity over two ranges
(0~40 wt% and 4670 wt%) is observedComparing this property of the forstable composites
to those of metal powddilled solid composites, the enhanced thermal conductivity was
attributedto the high aspect ratio of the nanowires.

In addition to the aforementioned efforts devoted to thermal conductivity measurement and
thermalcharacterizatiofDSC testingof NePCM, some of the studies have also investigated the
stability of NePCM upon freze/thaw cycling and the performance in thermal energy storage
systems.For example, by employing an infrared imaging instrument, the freezing process of
agueous NePCM with AD3; nanoparticles was studied experimentally by Wu et al. (2009). The
0.2 wt% conposite exhibited a 20.5% reduced freezing time period.

Later on, the systetlevel phase change performance of a saturated,Ba@kous solution
enhanced by titanium oxide (T#Dnanoparticles was tested by Liu et al. (2009) in a cold
storage/supply uniffThe enhanced performance of the NePCM that is exhibited by lowering of
the chargqhg/dischargng time periods was clearly observed. More recently, Wu et al. (2010)
reported their experimental results of freezing and melting performance of paséd
NeRCM. Both the charging and discharging time periods were observed to be shortatbeditoy

30% due to thentroductionof 1 wt% copper (Cu) nanoparticles.
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In addition to the aforementioned experimental effotttgoretical prediction of enhanced
thermal coductivity of NePCM colloidgs also of importanceln the following section, a brief
introductionto thetheoretical work on modeling of the effective thermal conductivity of- two
phase mixtures/compositesll be presented and the models that applicabé for NePCM

colloids will be discussed.

2.3 Prediction of the Effective Thermal Conductivity of Two-Phase Mixtures

Prediction of the effective transport properties, e.g., thermal conductivity, electrical
conductivity, etc., of twgphase mixtures/compass has been of great interest (Batchelor, 1974).
The essential assumption is that such a heterogeneous media (mixture/composite) consists of a
continuous base material (matrix material) and a discrete phase (particles) dispersed in it
(Progelhof et al., 976). For the NePCM colloids considered, the base BCaither in solid or
liquid state® is the continuous phase and the natractured thermal conductivity enhancers
constitute as the discrete phase.

The effective thermal conductivity of a twdhase mikure/composite depends on the thermal
conductivity of both constituents, the concentration, dimension, geometry and distribution of the
dispersed particles, and the interfacial effects between the matrix material and particles as well.
In view of the inheent randomness associated with the dispersed particles, microstructures of the
mixtures/composites, i.e., dimension, geometry and distribution of the particles, have often been
excluded in the theoretical work. Therefore, effective thermal conductivitywofphase
mixtures/composites has mostly been correlated to the thermal conductivities of the matrix

material and particles and concentration (volume fraction) of particles.
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The simplest model for predicting the effective thermal conductivity of-ghase
mixtures/composites is the mixture rule that takes the following form (Das et al., 2008):

k. =(@- F)k" +7k], (2.1)
where subscripteff, c andd stand for effective, continuous and discrete phasesfasdhe
volume fraction of the discretehase. It is noted that the two extreme cases, i.e., parallel and
series mixture rules, are obtained when the indéxkes the values of 1 and, respectively.
The predicted values corresponding to these two cases serve as the upper (parallel) and lower
(series) bounds of the predicted effective thermal conductivity. The mixture rule, however, is
only applicable for mixtures/composites with special distributions of particles, e.g., the particles
are packed with a high concentration. For mixtures/comgmosvith dilute concentration(g.qg.,
colloidal suspensions), the applicability of the mixture rule is usually not verified.

For dilute twephase mixtures/composites with Rioieracting spherical particles and in the
absence of thermal interfacial resistanthe effective thermal conductivity can be predicted

using the Maxwell 6s equation (Das et al ., 200

&k, +2k_ - 2f (k. - k,)®
=k i . Ve 22
&k, + 2k +F(K - k) 2)

This equation was first obtained by Maxwell (1873) for the analogous electrical conductivity
problem of two-phase conductors. Although it is based on very dilute assumption, abundant
experiment al data of ther mal conductivity of
is applicable for volume fraction of nanoparticles up to 10 percent (Yu 20aB).

As mentioned, the microstructures of particles and interfacial effects are not accounted for in
t he Maxwell ds equati on. Some extensions based

explored to address these concerns. For example, NomureClama (1980) presented a
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theoretical work on the bounds of effective thermal conductivity of composites with short fibers

as the discrete phase. Hasselman and Johnson (1987) and Nan et al. (1997) considered the
interfacial thermal resistance in modeling eetive thermal conductivity of particulate
composites. Recently, Evans et al. (2008) further studied the effects of aggregation of
nanoparticles and interfacial thermal resistance on the effective thermal conductivity of
nanocomposites and nanofluids. losld be noted that there are a great number of theoretical
studies available in the literature and only a few representative ones were mentioned above.

The Maxwel | 0s equation and i ts extensions
indicating that tle diffusion of particles, which may contribute to enhancement of heat exchange
between the two phases, is not taken into consideration. This Kustdied if the continuous
phase is stationary (e.g., NePCM in solid state). For colloidal suspensiossuotural
composites, the diffusion of particles, however, may play an important role, especially when the
size of the particles is in suhicron range (e.g., nanofluids). The Brownian motion,
thermophoresis, and osmophoresis of such ultrafine partieles Ibeen pointed out to be the
possible mechanisms for thermal conductivity enhancement of nano#iadsagd Kleinstreuer
2005). Although the contribution from diffusion of particles is still controversial, some
Adynami co0 model s faonductiyity of danofiuids image béeh proposad. Forc
example,Koo and Kleinstreuer (2004postulated that the effective thermal conductivity of

nanofluids consists of the static and dynamic parts, given by
keff = kstatic+ kdynami(’ (23)

where theksuic IS estimated using the Maxwell equation, Eg2)2and the dynamic paktynamic

is related to the Brownian motion of nanoparticles. It is obvious that the diffusion of
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nanoparticles is considered to contribute positively to the enhanced thermattootydof
nanofluids.

Based on abundant experimental data obtained by over 30 groups worldwide on identical
samples Buongiornoet al. (2009) found that the measured thermal conductivity of nanofluids
(volume fraction less than 3 percent) was in gooéagme nt of t he Maxwel l 0s
extended model proposed by Nan et al. (1997) and no anomalous enhancement beyond the static
part was observed. As confidence wlldbsusddidoen est

predict the effective thermabnductivity of NePCM colloidé the following chapters

24 Summary

A stateof-the-art review ofthermal conductivityenhancement of PCMas presentedThe
approach to achieve enhanced thermal conductwayg first focused onthe use of highly
condctive fixed structures, e.g., metallic extended surfaces. Emeagivancednaterials such
as carbon fibers, graphite and metal foawgre utilized as theconductivity enhancers
depending on the availability of these materials.

The use of nanmaterialssuspensions as PCM, inspired by the research of nanofluids, has
attracted increasing attention and has become an efficient and promising approach to enhance
thermal conductivity of PCM. In the literature, the nadditiveshaveincluded metal and metal
oxide nanoparticles, carbon nanotupesd nanofibersThe published studieshowever, hee
mainly focusedn preparation and characterization of NePCM and their performance at system
level. There is a lack ofmathematicalmodeling anddetailed experimentalnvestigation on

freezing/melting heat transfer of such materials.
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Finally, a brief introduction of theoretical work on prediction of the effective thermal
conductivity of twephase mixtures/composites was presented. The origin and applicability of
theweltlk nown Maxwel |l 6s equati on f o rintedactihgupbréclesni xt ur
were discussed. Extensions of the Maxwell 6s

thermal resistance, and diffusion of particles, etc. were also mentioned.
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Table 21 Summary of the reviewed studies on thermal conductivity enhancement of PCM through fixed structures (Fan and

Khodadadi, 2011)

PCM Enhancers Configurations
Authors Study/Measureme
Propertie
(year) Materials Propertes Materials Sizes vol% @ Types nt Techniques
S
1. tetradecane | Tr,: 278.8 1. Alwool | N/A N/A 10~18% | N/A
2. hexadecane| Ty, 289.9 2. Al foam | N/A }:900 N/A N/A
Bentilla et al.
3. octadecane | Tr,: 301.0 3. Cu foam | N/A }: 500 N/A N/A experiments
(1966)
4. Al
4. eicosane Tm: 309.9 N/A N/A N/A N/A
honeycomb
1. Al
Tm: 300
powder
L:232.4
Hoover 2. Al gauze
LINO3-3H,0 k: 0.519 N/A N/A N/A N/A DSC®
(1971) 3. Al
Cp: 1.6736°
honeycomb
4:1,602
4. alumina
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(Al,05)

foam
5. alumina
powder
details 1. TCs?
Humphries vertically
nonadecane | Tp: 305.3 Al fins in N/A N/A 2. visual
(1974) mounted
paper observation
transient 2D
Griggs et al.
nonadecane | N/A Al N/A N/A N/A N/A numerical study
(1974)
(diffusion only)
1. TCs
details ~11.5% 2. transient non
octadecane Al
Abhat (1976) Tm: 301.5 in N/A (estimate | N/A equilibrium
(CigH3s) honeycomb
paper d by us) numerical study
(diffusion only)
De Jong and | 1. pure paraffin Tp: 310 1. Al N/A N/A 10% N/A 1. caloric method
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Hoogendoon | (n-eicosane L: 125 honeycomb 2. TGA'
(1981) CooHa2) k: 0.2(l) and 3. THW?
~0.106) ° 4. transient
Cp: 2.3 () and cylinder
2.4 () 5.TCs
Tm: 315-317 6. enthalpy methoc
L: ~137 compa
2. commercial | k: 0.19 () and | 2. Al thin- cted as 0.4,0.8
N/A N/A
wax ~0.14 §) strip matrix | require and 1.6%
Cp: 2.4 () and d
2.2 0
1. eicosane Tm: 310 longitudi
1. TCs
Abhatetal. |2.lauric acid | Ty 315~317 | Al metal nally
N/A N/A N/A 2. visual
(1981) fins positione
3. CaCleH ,0 | T: ~303 observatio
d
Henze and octadecane Tm: 301 Al fins flat k: N/A symmetri | 1. 2D transient
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Humphrey L: 241.36 plate | 179.962 cally model
(1981) k: 0.149 () (thickn | C,: 0.96 positione | 2. TCs
Cp: 2.66 () ess= |}: d 3. visual
}: 777 () and 0.0625( 2,712.6 observation
852.8 §) ,
b: 0.001 0.0937
5and
0.125
inches
)
Tm: 317
Haji-Sheikh et| commercial L: 226~266
evenly 1. TCs
al. (1983) and| wax k: 0.193~0.24 flat
N/A N/A N/A positione | 2. flow
Eftekhar et al.| (SUNTECH () and 0.24%) plate
d visualization
1984) P116) Cp: 2.51 () and
2.956)
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}: 748~7901()

and 8189

b:

0.00204~0.002

16
uniforml
k: 0.15 plate | k: 240
1,26 and|y
1. hexadecane| Cy: 2.42 Al fins or | Cp: 0.926 1. transient lumpec
50% distribute
}: 760 wires |}:2,700 model
Knowles and d
2. platinum
Webb (1987) uniforml
Tm: 295.8 0,1.4, resistance
y
2. dodecanol | volumetricL: | Cu N/A N/A 8.9 and thermometer
distribute
171 (MJI/n?) 50%
d
Tm: 958 k: 92.1 steadystate
Chow et al. uniforml
LiH L: 2,580 Ni (S N/A Cp: 0.439 | 5% numerical study
(1996) y mixed
k:2.1() and 1:8,913 (diffusion only)
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42 6

Cy: 7.37(1) and
6.28 §

4:550 () and

690 ©)

Tong et al.

(1996)

water/ice

k: 0.575 () and
2.21 6)

Cp: 4.217 ()
and 2.04¢)
$:999.9 () and

917 )

Al matrix

N/A

k: 237
Cp: 0.896

}: 2,707

5, 10 and

15%

uniforml

y

distribute

d

transient numerica

study (convection)

Bugaje (1997)

paraffin wax

Tm: 331~333
L: 266
k: 0.24 () and
0.24 €)

Cp: 251 () and

Al matrix

N/A

N/A

6 and

20%

N/A

TCs

41



2.95 @)

4:760 () and
818 )
side
Tm: 338.6 length: 1. TCs
L: 251 1.65 2. numerical study
Pal and Joshi Al fully
n-triacontane | k: 0.23 mm N/A N/A (conjugate,
(1998) honeycomb filled
Cp: 2.05 height: diffusion and
}: 810 145 convection)
mm
internal
Tm: 214.4 1. TCs
1. Alfins N/A longitudi
k: 0.2 2. parameter
Velraj et al. paraffins 7 and nal
Cp: 0.9 N/A estimation
(1999) RT 58 and 60 2. lessing d1l 20% randomly
}: 775 () and 3. numerical study
rings cm distribute
850 6) (enthalpy method)
3. water N/A d
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bubbles
1.
[ 5,
Fukai et al randomly
200 1. TCs
(1999 and Tm: 314~316 | carbon k: 220 positione
paraffin wax mm <2% 2. parameter
2000) k: 0.26 6) fibers }:2,170 d
d: 10 estimation
2. fiber
em
brush
tube k: 45
1. stainless | pieces | C;:
L: 330 steel [:25 [0.4~0.5
k: ~0.6 () and mm }: 7,800
Cabeza et al. | deionized
~2.4 6 d: 16 <10% N/A TCs
(2002) water
Cp:~4.1 () mm k: 393
}:~1,0000) 2.Cu (inner) | C,: 0.383
, 18 }:8,900
mm
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(outer)

k:
3. graphite 25~470
N/A
matrix Co: 1.4
}: 2,300
Tm: 325 l: 0.32
radially
L: 210 1. stainless | m
positione
k: ~0.15 () and | steel screen{ w:
k: 40 d
Ettouney et al ~0.24 §) 0.02m
paraffin wax Cp:05 |0.1~-3.4% TCs
(2004) Cp:~2.1() and d: 8,
}:7,801 attached
~2.96) 2. stainless | 12,
to metal
}:~860 () and | steel sphere| and B
screens
~780 §) mm
0.5m fins
Stritih (2004) | paraffin RT 30 | Tr,: ~306 steel fins (h) x k: 20 ~5% evenly TCs
0.12m spaced
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() x1

mm
(thickn
ess)
Tm: 301
L: 244
Cross 1. TCs
Koizumi k: 0.15 () and
n-octadecane Cu fates N/A N/A N/A shaped | 2. flow
(2004) 021 ¢
fins visualization

}:733 () and

890 @)

Tm: 300.4

k(matrix) rectangul
k(s)/k(l) =
high / ar cdls thermal non
Mesalhy et al. 2.419 5, 10 and
generic PCM conductivity | N/A k(PCM) with equilibrium
(2005) Co(9)/Cx(I) = 15%
solid matrix =50, 100 conductiv| numerical study
0.964
and 200 e fibers
Pr: 46.1
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Tm: 325
L: 210
k: 0.15 () and
d:4,5 | k 20 accumula
Ettouney et al 0.24 6) stainless
paraffin wax and 6 | Cy: 0.46 | N/A ted on thel TCs
(2006) Cp: 2.1 () and | steel sphere
mm }: 7,846 bottom
290
4:780 () and
860 @)
Tm: 310 uniforml
d=
L: 241 5,10 and| y filled
1. Al matrix | 420
k: 0.157 () and k:179.6 | 15% with
em transient numerica
Nayak et al. 0.39 ¢ Cp: 0.96 PCM
eicosane study (diffusion
(2006) Cp: 2.2 () and }: 1. plate
and convection)
190 2,712.9 |10, 20 type
2. Al fins N/A
}: 770 () and and 30% | 2. rod
810 @) type
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1. cloth | 1. inlet/outlet
Tm: 322.2 Woven 10 ¢ 0.21 and
wrapping | temperature
k: 0.12 () and | carbon fiber| in k: 190 0.42 for
Nakaso et al. copper measurenT@s
paraffin wax | 0.21 () sheets and | diamet| Cp: 1 sheets,
(2008) tubes 2. transient
}:780 () and | carbon fiber| er }:2,120 | 0.75 for
2. fiber modeling of
900 k) brushes fibers brushes
brushes | conduction
Tm: 390.9
L: 339.8
Cu plates
k: 0.326 () and Not given
used as 1 mm radial and
Agyenim et | erythritol 0.733 §) but can 1. DSC
circular and | (thickn | N/A longitudi
al. (2009) (C4H1004) Cp: 2.76 () and be 2. TCs
longitudinal | ess) nal fins
1.38 ) computed
fins
4: 1,300 () and
1,480 §)

2vol% denotes the volume fraction.

P The unit for the specific heél, is kJ/kgK.
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¢ DSC denotes the differential scanning calorimetry.

4TCs stands for thermocouples.

°l in parenthess indicates the liquid phase, afdr the solid.

"TGA denotes thermal gravimetric analysis.

9 THW denotes transient hot wire method.
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Table 22 Summary of the configurations of experimental setups and thermal operatingacendf the reviewed studies (Fan

and Khodadadi, 2011)

Phase Gravity/Heat
Insulated Thermal
Authors (year)| Geometries Volumes? | Change | Heating/Cooling Scheme; Fluxes Angle
Surfaces Conditions
Types b
rectangular 9. CHF ® MINCO heater| 0.03 to 0.325
Abhat (1976) 5°¢ 2,166 melting 180°
box foil Wicnt
cylindrical 10 to 20 € below
De Jong and TBf 347 : outer water stream 90°
tube melting temp.
Hoogendoorn freezing
T: inner tube heat somewhat below
(1981) annular tube| S 377 90°
exchanger melting temp.

T: CT at one end of heat

Abhat et al. melting keptat 50 €
annular tube| T B 750 pipe 0°~ 180°
(1981)
freezing | [T: CT outer liquid flow | kept at 15 €
Henze and rectangular kept at 5, 10, 15
3 103 melting | Ti: CT MINCO heater foil 90°
Humphrey box and 20 € above
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(1981) melting temp.
kept the top (cold)
Eftekhar et al.| rectangular and bottom (hot)
4 55.4 melting | Ti: CT hot and cold plates 180°
(1984) box walls at various
temp. gradients
Knowles and | cylindrical : CHF copper heater kept at 12.7
TS 393 melting 180°
Webb (1987) | tube plate KW/m?
cylindrical melting 69t081C 90°
Bugaje (1997) TB 270 [T: outer air flow
tube freezing 25t045C 90°
increasedrom 15
Pal and Joshi | rectangular H: CHF silicone rubber
5 292.4 melting to 60 W at a step | 180°
(1998) box patch heater
of 5W
Velrgjetal. | cylindrical kept at 50, 54 and
N/A 1,374 freezing | [T: CT water bath 90°
(1999) tube 55¢C
Fukai, etal. | cylindrical melting
TB 255 [T: CT water bath 20t0 60 € 90°
(1999 and tube freezing
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2000)
Cabeza et al. | rectangular melting | [Ti: CT planar heat keptat 15 € 90°
5 4,647
(2002) box freezing | exchanger kept ati 15 C 90°
various inlet
Ettouney et al [T]: inner tube heat
annular tube| S 1,534 melting temps. with 90°
(2004) exchanger
constant fbw rate
rectangular melting 65 C inlet temp. | 90°
Stritih (2004) 5 39,000 [T: planar heat exchanger
box freezing 18 € inlet temp. | 90°
Koizumi spherical 20 € above
N/A 58 melting | [T]: outer air flow 180°
(2004) container melting temp.
Ettouney éal. | spherical 70,80and 90 €
N/A 11.5 melting | [T]: outer air flow 180°
(2006) container inlet temp.
T: heat exchange with
melting 140 € inlet temp.
Agyenim et silicone oil
annular tube | N/A 14,500 90°
al. (2009) T: heat exchange with
freezing 70 € inlet temp.
water
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#This column gives the total volume occupied by both PCM and promoters (unit: cc).

® This column provides the angle between the gravitational acceleration vector and heat fluxes.

“The number in this column specifies how many sugare insulated when a rectangular box is being investigated.
4H means the heat flux input is known dRdneans the surface temperature is known.

® CHF denotes constant heat flux, and CT denotes constant temperature.

"T, B and S stand for the top, bott@md side walls of a cylindrical or annular tube, respectively.
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Table 23

Summary of the base PCM and nastuctured materials considered in the published NePCM articles

PCM Nanostructured materials
Authors (year)
Materials Properties Materials Properties Sizes Fractions
Tm: ~67 C
outer diameter:
Elgafy and Lafd k: ~0.24 W/mK r:~1,600 1, 2, 3 and 4 wt¥
paraffin wax ) carbon nanofibers (CNH ~100 nm, length:
(2005) a:1.51 x10’ kg/m® |
~20mm
m?/s
r:997.1 kg/m
Co: 4,179 J/kgK r: 8,954 kg/m
Khodadadi and k: 0.6 W/mK Cp: 383 J/kgK
Hosseiniadeh |water m8.9 x10* copper (Cu) nanoparticlik: 400 W/mK |10 nm 10 and 20 vol%
(2007) kg/ms b: 1.67 x10°
b: 2.1 x10* 1/K 1/K
L: ~335,000 J/kg
Zeng et al. 1-tetradecanol T,: ~38 €
silver (Ag) nanoparticlegN/A 500 nm 2~94wt%
(2007) (C14H300) L: ~230,000 J/kg
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Tm: ~35C outer diameter:
Zeng et al. C14H300 and multi-walled carbon 0.5,1,2.5and 5
L: 221,250 and N/A 10~30 nm, length
(2008) C14H300/PANI® nanotubes (MWCNT) wt%
119,140 J/kg 5~15mm
single wall carbon
Shaikh et al. |paraffin wax diameter: 1, 10 ar0.1, 0.4, 0.7 and
L: 156,30 J/kg [nanotubes (SWCNT), |N/A
(2008) (shell wax 100) 100 nm vol%
MWCNT, and CNF
Tm: 62.5~64 € [MWCNT, surface diameter: 30 nm,
palmitic acid
Wang et al. r: 853 kg/ni oxidized by a mied acid length: 50nm, 0.5,1,2and5
(PA), purity N/A
(2008) k: 0.24 W/mK  |with 1:3 of concentrated specific surface |wWt%
98%
L: 207,800 J/kg [|nitric and sulfuric acids area: 60 rfig
0.0999~4.762
T 59.48 € outer diameter:
pristine MWCNT, wt% (without
Zeng et al. Ti: 58.78 € 10~30 nm, length
PA surfaceoxidized N/A surfactants), and
(2009) k: 0.318 W/mK 5~15mm (long),
MWCNT (by two acids) 0.095~4.55 wt%
L: ~201,000 J/kg 1~2mm (short)
(with surfactants
Liu et al. (2009)saturated bariu(T;: 18 € titanium oxide (TiQ) N/A 20 nm 0.167, 0.283,
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chloride (BaCj)
aqueous

solution

pH: 8

nanoparticles

0.565 and 1.13

vol%

alumina (AbOz3)

0.05, 0.1 and 0.2

Wu et al. (2009)distilled water |k: 0.6008 W/mK N/A 20 nm
nanoparticles W%
Tn: 26.5C 33 nm (159.6 and
Ho and Gao |n-octadecane
Ts: 25.1C Al ,O3 nanoparticles r: 3,600 kg/rﬁ 196.0 nmin 5 and 10 wt%
(2009) (C1gH3g)
L: ~243,100 J/kg suspensions)
diameter: 30 nm,
Wang et al. Tn: 53 €C MWCNT, treated by bal length: 50mm, 0.2,0.5, 1.0 and
paraffin wax N/A
(2009) L: ~165,300 J/kg|milling specific surface (2.0 wt%
area: 60 g
Zeng et al. k: 0.32 W/mK
C14H300 Ag hanowires N/A N/A 9.09~62.73 wt%
(2010) L: ~220,000 J/kg
Wang et al. Tm: ~48.1C
paraffin wax 9 Al,O3 nanoparticles |r: 3,900 kg/m [20 nm 1, 2 and 5 wt%
(2010a) L: 142,200 J/kg
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Th: 62.4€C

k: 0.22 W/mK MWCNT, treated by diameter: 30 nm,
Wang et al. (solid) mechanechemical length: 50mm, 0.2,0.5and D.
PA, purity 98% N/A
(2010b) k: 0.16 W/mK  [reaction with potassium specific surface |(wWt%
(liquid) hydroxide area: 60 rfig
L: 208,000 J/kg
MWCNT, treated by
Tm: 62.5~64 € |various methods,
diamete: 30 nm,
k: 0.223 W/mK |including surface
Wang et al. length: 50nm, 0.2,0.5and 1.0
PA, purity 98%|(solid) oxidation, mechano N/A
(2010c) specific surface |[Wt%
k: 0.154 W/mK |chemical reaction, ball
area: 60 fig
(liquid) milling, and grafting
following acid oxidation
diameter: 25 nm,
Wang et al. paraffin wax, 0.1,0.5,1and 2
Tm: 58~60 € Cu nanopatrticles N/A specific surface
(2010d) purity 99.99% wt%

area: 30~50 ffg,
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purity: 99.9%

Cu, Al and C/Cu

diameter: 25 nm,

0.1 wt% for all

three kinds of

Wu et & (2010) |paraffin T 58~60 € N/A nanopatrticles, 0.
nanoparticles purity: 99.9%
0.5, 1 and 2 for
Cu nanoparticles
outerdiameter:
200 nm (CNF)
diameter: 30 nm,
paraffin and so 1,2,5and 10
Cui et al. (2011) Tm: 52~54 C CNF, MWCNT N/A length: 50nm,
wax Wt%

specific surface
area: 60 rfig,

purity: 95% (CNT

#vol% and wt% stand for volumetric and mass fractions, respectively.

® PANI denotes

polyaniline.
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Table 24 Summary of preparation and characterization methods and instruments in the published NePCM articles

Preparation Characterization
Authors (year) Dispersion and Thermal Other measuremen Studies of heat transfe
Methods Stability
stabilization® conductivity  jand instruments
TC readings for a
calculated using thaw/freeze test,
Elgafy and Lafdi shear mixing (in DSCP and laser
two-step measureck and N/A analytic model for
(2005) liquid state) flash technique
Co predicting thermal
conductivity
Khodadadi and
Maxwel |
Hosseinizadeh N/A N/A N/A N/A CFD modeling
equation
(2007)
DSC, FTIRS, TEM,
Zeng et al. (2007) |onestep [N/A N/A N/A TC readings
TGA and XRD
Hot Disk thermgDSC, SEM® and
Zeng et al. (2008) [two-step [sonication N/A N/A
constants TGA
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analyzer (TPS)

shear mixing by

theoretical model by

intermolecular

Shaikh et al. (2008)two-step N/A DSC N/A
ultrasonication attraction, and
numerical simulation
observed by
SEM images
Wang et al. (2008) [two-step [sonication THW ' DSC and SEM after N/A
thawing/freezing
80 times
sonication
Zeng et al. (2009) ftwo-step [surfactants CTAB ¢, [TPS DSC and FTIR N/A N/A
SDBS"
freeze/thaw cycling
Liu et al. (2009)  {two-step [supersonic oscillatoTHW TEM N/A tests through a cold

storage/supply systerr
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ultrasonication

light scattering, zet:

observed

through particle

TC readings and

Wu et al. 2009) two-step THW potential and size distribution|infrared imaging for
surfactant SDBS
supercooling and zeta freeze/thaw tests
potential
ultrasoncation (with
DSC, hydrometer,
unspecified melting experiments ir
Ho and Gao (2009)two-step THW laser diffraction andN/A
surfactant SIN® a rectangular cavity
viscometer
POL20)
observed by
SEM images
Wang et al. (2009) [two-step [sonication THW DSC and SEM after a N/A
freeze/thaw
cycle
sonication (with DSC, FTIR, SEM,
Zeng et al. (2010) {two-step TPS N/A N/A

anhydrous ethanol)

TGA and XRD
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sonication (with DSC, FTIR, SEM,
Wang et al. (2010ajtwo-step THW N/A N/A
oleylamine) TEM and XRD
DSC, FTIR and
Wang et al. (2010bjtwo-step [sonication THW N/A N/A
SEM
FTIR, SEM, TEM
Wang et al. (2010c]two-step [sonication THW N/A N/A
and XRD
ultrasonication
visually TC readings for a
Wang et al. (2010djtwo-step [surfactant gum N/A DSC and TEM
observed thaw/freeze test
Arabic
ultrasonication visually
surfactantsgum observed,
TC readings for a
Wu et al. (2010) wo-step |Arabic, Spar80, N/A DSC and FTIR thermal stability]
thaw/freeze test
CTAB, SDBS and test for up to 10
Hitenol BG10 cycles by DSC
TC readings for heatin
Cuietal. (2011) ({wo-setp [ultrasonication THW DSC and SEM N/A
tests
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#This column is only applicable to the tvgtep method.

P DSC stands for differential scanning calorimetry.

¢ FTIR, TEM, TGA and XRD stand for Fourier transform infrared spectroscopy, transmission eladtnamscopy, thermal
gravimetric analysis and-Kay diffraction, respectively.

4TPS denotes transient plane source technique.

® SEM denotes scanning electron microscope.

"THW stands for transient hot wire method.

9 CTAB denotes cetyltrimethyl ammonium Ionae.

" SDBS denotes sodium dodecylbenzene sulfonate.
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Face B-B space for PCM  honeycomb filler lid (insulated face) pinch tube
1ol \ N / .
y F 7 1
O 030 ) Q»’ '0 0 y
4 ..... depth = D =40 mm

l |
Face A-A |-I IJ container bottom (also heat
/ \ transfer and mounting face)

Calorimeter (detachable) MINCO foil heater (glued to Face A-A)

0.0 0., S, 0.,, .0 0 \

Figure 21  Schematic diagram of the experimental setup of the honeypacked PCM capacitor (reproduced from Abhat, 1976)

63



T :
Vi plexiglas harma-::m;lp;?é’ thermistor

end plate

Venting

Thermocouple/ tharmistor tube

holes

Minco thermafail
heater

N

“Thermal compound insulation

I/4" Aluminum end plate
116" Aluminum plate

Figure 22  Schenatic diagram of the visualized douHlened rectangular test cell for

melting of PCM Henze and Humphrey, 1981)
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Figure 23  Comparison of the progress of melting between the experimental results (left coluhten®s/and Huphrey (1981)

and numerical predictions (right column)
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Figure 24  Comparison of the freezing times for different designs of the aluminum matrices

at various boundary temperatur8sigaje, 1997)
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Figure 25 A photographic view of the lessing ringgg(raj et al., 1999)
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Figure 26  Thermal conductivity enhancement of PCM as a function of volume fraction of

the inserted carbon fibe(Bukai et al., 2000)
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Thermocouple
Set

screen

Figure 2.7  Schematic diagram of therosssectional view of the cylindrical PCM container
showing locations of the metal screens with mounted metal spheres and thermdégtqlesy

et al., 2004)
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Figure 28  The absorbed heat as a function of Fourier number for (a) different porosities of

the matrix and (b) different matrix to PCM conductivity ratipkesalhy et al., 2005)
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Figure 29  Arrangements and dimensions (in mm) foretrkinds of PCM/enhancer
combinations: (a) matrix, (b) platgpe fins, (c) front and (d) top views of rdgbe fins (Nayak

et al., 2006)
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0.8 [ —=— Plate type
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Dimensionless time

Figure 210 Comparison of the instantaneous melting fractions among the three types of

enhancergNayak et al., 2006)
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(b)
Figure 211 Schematic diagrams of the two installation options of carbon fibers: (a) cloths and

(b) brushegNakaso et al., 2008)
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“—""'}”-lﬁ'.rcu":]r Longitudinal
fins-
a. Control PCM system b. Circular finned PCM system ¢. Longitudinal finned PCM system

Figure 212 Schematic diagramsf the crosssectional areas of (a) the PCM container without fins, (b) circufamhed and (c)

longitudinally-finned systemg§Agyenim et al., 2009)
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Figure 213 Statistics of thg@ublished papers with regard to NePCM uktdy 2011
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Figure 214 Measured temperatudependent thermal conductivity of Brased NePCM

samples with MWCNT at various mass fractions (Wang et al., 2008)

76



—— 15°C
116 F — 10°C

—— 5°C
1.14 —a— 0°C

—e— -5°C

+— Maxwell model.15°C

Thermal Conductivity Ratio(k/k0)

’
o ¢ |

0.000 0.167 0.283 0.565 1.130
Volume Fraction(%)

Figure 215 Measured thermal conducitly of BaClk aqueous solutions enhanced by various

volume fractions of Ti@nanoparticles (Liu et al., 2009)
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Figure 216 Measured temperatudependent thermal conductivity of octadechased
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78




1.4}
12+

o}
0.8 ; ‘////'
O(S;

al

0.2 | ) ] 1 1 1 ] ) ] 1 1 ) ] 1
0 10 20 30 40 50 60 70

Ag NWs mass fraction/%

Thermal conductivity/W m~ K~

Figure 217 Measured thermal conductivity oftétradecanebased NePCM samples with Ag

nanowires at various mass fractions (Zeng et al., 2010)
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Chapter 3Preparation of NePCM Colloids and Meaement of Theif hermalConductivity

In this chapterjnvestigation on thermal conductivity enhancemehifNePCM colloids is
discussedPreparationproceduresof cyclohexane and eicosanbased NePCM samples with
copper oxidenanoparticlesare presentg followed by a brief introduction of the TPS technique
and instrumentThe measuredhermal conductivity of NePCMamplesjn both liquid and solid
phases,is then presenteés a function of temperature artde loading of nanoparticles

Uncertainties andifficulties associated with the solid phase experiments are highlighted.

3.1 Preparation ofHydrocarbon-BasedNePCM Colloids

3.1.1 Selectiorof base PCMand concern of colloidal stability

The proper candidates of PCM foparticularapplication areusually chosen based on their
melting/freezingemperaturs in rdation to the desired temperature range of the application. For
example, alkanes with high carbon numbers (i.e., paraffin wax) have widely been used for the
intermediate temperature range 100 €). When it comes to high temperature applications (>
300€), molten salts have long been considered the favored candidates. Therefore, the extension
of potential utility of nanofluids as NePCM will draw attention to base liquids (PCM) other than
water and ethylene glycol. Unfortunately, there is usually a lack of thermophysical properties of
PCM in solid phase, although such data are sometimesda@limented for liquid PCM, e.q.,

water and ethylenaglycol-based nanofluids (Yu et al. 2008). The ktexdlge of accurate
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thermal conductivity data in both phases, howeverals® demanded by thenalytic and
numerical studies of phase change heat transfer of NePCM.

In the present studywo hydrocarbons with different carbon numbers are chosen as the base
PCM, i.e., cyclohexane (€Hi2) and eicosane (gH,2). Cyclohexaneis a cycloalkane used as a
nonpolar solvent in the chemical industry apdssesses a freezing point of 6.5 € and is
transparent in both phases. Therefore, it has peeflerredin visualizzd freezing experiments
(e.g., Sulfredge et al. 199Ficosandhat is an alkaneith a melting point of about 37 € is a
white wax-like solid at room temperatut@nd has beerwidely used aghe PCM in studiesf
melting Another alkane i.e., octadecangCigHsg), has also appeareds PCM candidatén
thermal comfort applications becaugehas a meltingpoint around 28 €. The molecular
structures of both selected PCM are llustrated Hgure 31 (available at:
http://upload.wikimedia.org/wikipedia/commons/thumb/c/c6/Cyclohex@rar3D-balls.png/
100pxCyclohexanechair3D-balls.png, and http://upload.wikimedia.org/wikipedia/commons/
thumb/d/d7/Icosan8D-balls.png/800pAcosane3D-balls.png. The density, lateh heat of
fusion and melting/freezing temperatsid the twoselectedbase PCMn their liquid phaseare
presented ifable 31.

Nanofluids with suspended sulmicron ultra-fine particles (nanoparticle)elong tothe
category ofcolloids (colloidal suspensionsThe use of colloids as engineered nanofluids has
added a new dimension of researcicolioid chemistry.The instability of particles is the key
challenge for the utilization of nanofluids, especially when the susperaiensed as NePCM
subjected torepeatedmelting/freezing cycles. The mechanisms of partatgregationand
precipitation in colloids have been discussed in detaHeynenz and Rajagopalan (1997) and

the stabilization methods have long been saugbtpanted out by Clary and Mills (2011),
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electrostatic and steric methods have widely been accepted as two primary modes of kinetic
strategyto improve colloidal stability.The electrostatic stabilization takes advantage of the
repulsion of electrical doublayers surrounding the patrticles, i.e., the Coulombic effect, whereas

the steric approach is achieved by coating ligands to the particle surfaces to protect the particles
from agglomerating together (Clary and Mills, 201A)n i deal i zed modheal of
effect is schematically shown figure 32. In this manner, polymers are commonly used as

surfactants to stabilize metal and metal oxidagatrticles.

3.12 Preparation of hydrocarbobased NePCMvith stablized CuO nanoparticles

In the presenstudy, he copper (II) oxide (CuOhanoparticles stabilized by capping with
sodium oleateacid (SOA, CigH33sNaO,) were synthesized and provided lmplleagues in the
Department of Chemistry and Biochemis(®@lary and Mils, 2011) A TEM image clearly
exhibits that, & shown inFigure 33, the CuO nanoparticlasere nearly sphericabndthat most
of them possess a diameter within the range of 5 to 13tnsnoted that the TENmage was
takenafter the nanoparticlesvere preparedand further processed for the TEM proceduirés
well-known that such processing leads to agglomeration of the particles due to van del Waals
forces and that is what is being observedrigure 33. In effect, the TEM image does not
represent the actual particle size and distribution within the suspenBiemdo agglomeration
upon forming the suspensiqrtbe actual size of the nanopartickes expected tagrow to some
extent

Desirable longerm stability of colloidal suspensions containing these sodiate
stabilized CuO nanoparticles in various hydrocarbrexane, octane, dodecaaed eicosane)

was observed both qualitatively and quantitativelynfass fraction up to 20 wtsorresponding
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to volume fractionof about3.0 vobkso (Clary and Mills, 2011)In the presenstudy, more dilute
NePCM samplewere consideredndhencetheir stabilitywasexpected to be acceptable

Nearly homogeneous NePCM sangeere prepared by dispersing the desired amounts of
CuO nanopatrticles intthe basd’CM, i.e., a 99.96% cyclohexane (Pharrfcaper, Brookfield,
CT) and a 99% eicosane (SigiAldrich, St. Louis, MO),in liquid phase then heating and
stirring rigorouslyat 60 € (for cyclohexane) or 80 € (for eicosanen a hotplate magnetic
stirrer (SP131325Q, Thermo Fisher, Dubuque, IA) for 30 minldes to the introduction of
CuO nanoparticlesnk-like NePCM samplesvere obtained. As an example, thieosanebased
NePCM samples with various mass fracti¢gds1, 2, 5 and 10 wt%gre shown irFigure 34.
Although it is seen that more nanoparticles eghi stick on the walls with increasing particle
loading, no significant @cipitationwas visually found at the bottom of the containers, even for
the most concentrated 10 wt% samilgclohexanébased NePCM samplegere prepared for
four (4) mass fractions (0, 1, 2 and 4 wt%). The NePCM sanvpées stored in a frezer prior to
the measurements.

It should benoted that whilecalculating the required amounts of nanopatrticles for the given
mass (or volume) fractions, the presence of surfa¢®@DA in this casevas neglected and the
nang@articleswere considered as pure CuO. Mover, due to the lack of actual densiglueof
the nangarticles, density of bulk Cu@6,315 kg/ni, available athttp://www.sciencelab.com/
XMSDS-Cupric_oxide992359% was usedin the calculationsThe samples were prepared with
given mass fractions. Inase the corresponding volume fractions are of interest, howaeer, t
following relationswere used tdulfill the mass/volume fraction conversigh,q to fu, Or vice
versg for a twocomponent system:

e th r PCM (3 .1)

f :
R U (B 0 Vo

wt© PCM
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and

f - fvol r NP . (3 2)
" (1- fvol) r + f r

PCM vol © NP

3.2 Measurementof Thermal Conductivity

There area number of ways to measure thermal conductidggending on the type, state
and form of the materiaf interest andon the measurement requirements as well. The methods
can be classified into twbroadcategories: steadstate and transient. The stesgdgite methods
including guardedhot plateandheat flow meter techniquequire a long waiting timperiodto
establish a stable thermal gradient over a specimen. Tiseeind techniques, however, provide a
rapid means fomeasuring thermal conductivityithin minutes

The commerciallyavailable transientechniquesnclude transient hawire (THW), transient
plane source (TPSnd laser flash, etcThe transient technigs are particularly suitable for
measuring liquid samples as the onset of natural convection would be@dw¥adsmall sample
is used and theneasuremenis completedin a very shorttime period. The THW and TPS
techniqueshave therefore been widely ig#d to measure thermal conductivity of nanofluids

(Yu et al., 2008) and NePCM.g.,Wang et al.2008, 20092010a, 2010b, and 201)0c

3.2.1 Instrumentnd principle of the transient plane sour¢€PS) technique

A Hot Disk Thermal Constants AnalyserR$ 500, Hot Disk AB, Gothenburg, SWEDEN)
that is based on th€PS techniquewas usedto measure thermal conductivity the present
study The main specification®f this instrument are listed iTable 32. It is noted that this

instrument is suitable fameasuringsolids, liquids angarticlepowderswith the measurement
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time beingas short as 2.5 seconds. The thermal conductivity of hydrocadssd NePCMvas
expected to be of the order of 0.1 W/mK, which liethmrange specified by the manufacturer.

The principle of operatiorand data reduction of the TPS technidna@e beerpresentedn
detail by Gustafssorf1991)and Gustavsson et al. (1994phdin the ISO Standard (ISO 22007
2:2008) as well A brief introductionto the theoryof TPS is presented below. Ashematically
shown inFigure 35, a doublespiratshapechot diskwith an outer nominal radiusis used as the
plarar heat sourcéhttp://www.thermainstrumentsco.uk/Images/sensorl.giThe sensor is made
of a 10 nm thick nickel (Ni) strip. In addition to serving as a heat source to inerehs
temperature of the specimen, this sensor also acts as a resistance thermometer for recording the
transient temperatarrise. Both sides of the sensor are coated with thin layers of polyimide
(Kapton) as the suppomaterial The Kaptonayers allowthe sensor to be resistaagainstmost
of the common chemicals, and to warkthe temperature rangeom 10 to 500 K.During the
measurements, the TPS senseeds to beasmdwiched between two identical samples (solids), or
submerged in the sample (liquids), as required by the theory.

The fundamental assumption of the TPS theory is that the sensor scohsaishumber of
cone@ntric ring heat sources in an infinitely large sampleerefore, the thermal penetration depth
of the At her mal waveo f physmalboumdariesd thessammplieining st n ot
the measurement As given in the instruction manual (Thermdte Inc., Fredericton, &

Brunswick, CANADA), the thermal penetratiatiepth(d) can be estimated by
d=2/at, (33)
wherea is the thermal diffusivity of the sample being measaredt is the measurement time
When the sensor iseetronically heated, the transient increase of the resisR{t)de given by

R(t) = R{1+4[DT, +DT_, ()]} , (34

avg
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whereR, is the initial resistance at 0, & the temperature coefficient odsistanc€TCR), DTk the
constant temperaturdfigrence oer the two sides o& Kapton layerand DT, (#) the average

temperature rise of the sample surface on tieenal side of the Kapton layers

Manipulation of the above equation leads to

ot +0T, (1) =2 8RO 42 (35)

avg P ﬁ ,
which represents the temperatumcrease recorded by the sensor.

As mentioned beford)Tk can be considered as a measure of the thermal contact resistance
between the sensor and the sample surface. The vdldg vnishes if a perfect thermal contact is
achieved. In realvorld measuementsPDTk will become constant afterveery shorttime period Dtk

that may be estimated as

di

Dt =—X
ay

K

, (3.6)

where d and ax arethe thickness of the Kapton layers ahdthermal diffusivity ofthe Kapton
materia) respectively.
Moreover, lhe average temperature rise is related to thermal conduktofithe sample as

DT (£)=——D(t), (3.7)

avg . 3I2rk

whereP is the total output of power applied by the senstire outer radius of the sensor, &(@)

a dimengnless timedependent functiorlhe dimensionless time definedas

- ”

wheretimet is the measurement time peri@hda stands fothe thermal diffusivity of the sample.
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Based orEq. (37), a linear curve fitting foDTa.(f) asa function ofD(#) allows determination
of both DTk (intercept) and®/p>4k (slope).Several recordedatapointsat the very beginningiust
be excludedso as todiscardthe noisy information during theperiod of Dix. Sincethe power is
prescribed and #thradius of the sensor is also a known design parameter, thermal conductivity of
the sample iseadilyobtained.

As recommended by the instruction manual, the relaxation time between repeated
measurements would be greater than 36 times the time durati@mé&asurement. For example, if
the measurement time is 5 second, the waiting time between two consecutive measurements would
be longer than 3 minutes. It is noted ttregrinal diffusivity of the sample & byproduct during the
measuremenrocessHowever, thermal diffusivity of NeCPM samples thatof less interest will

not be presentdaelow.

3.2.2 Experimental sefp and procedure

A programmable temperature bailhculator (TC-502P, Brookfield, Middleboro, MA) with an
stability of 0.01C was usedo control the measurement temperatéreylindrical aluminum(Al)
block (diameter of76.2 mm and height ofLl27.0 mm) with four holes(diameter 0f25.3 mm and
height of 140 mm) drilled on the top enevas designed and fabricateThe Al block, which was
placed within the reservoir of the consté@mperature bath, served as an isothermal sample holder
because of its much higher thermal diffusivitya (= 84.18 mndi/s, available at
http://en.wikipedia.orgliki/Thermal_diffusivity) compared to the bath flisde.g., watera = 0.14
mnt/s). Cylindrical dass(Pyrex) containersouter diameter of 25.0 mm and height of 19.0 mm)

that fit the holesvere also fabricated-or ease of cleaning and refilling, theeasurements were

87



performed withNePCM samples iithe glas containes that were placed on one end of thd
holder.

The TPS sensor being used in the present study waABowhich has an outer radius of the
doublespiral heater of 3.189 mrthe TPS sensor was suspended vertically in the middle of a glass
contaner, as shown ifrigure 36. It should be noted that the tip of the sensor (i.e., the depinial
heater) must be completely submerged in the safpted on the size of the sensberhinimum
sample volume guiredwas approximatelyé mL for such cylindrical container3his smallsize of
the sample volumevas favorable for measuring liquid samples, because the incurred undesirable
natural convection during rasurements would be suppressed. It was assuredl ithe
measurements that the estimated thermal penetration @ptiven by Eq. (33) was greatly
smaller than the distances of the sensor to the walls of the sample holder.

At each measurement temperatafanterest thermal equilibrium in the sampless assured
by waiting for 30 minutes after the bath temperatucereached the set point, even though the low
thermal resistance of thal holder offers a very short response time to the change of bath
temperatureln addition to the internal temperatwensor of the bath, an externalvRe thermistor
(A733FCSP60BT103M, GE Sensing, St. Marys, PAgps also used to monitor the bath
temperatureThe thin gap between the glass container andithelder was filled with the bath
fluid (water/ethylene glydol:1 mixture) to lower the contact resistance. In addition, during the
measurements, a lichade oflaminatedcardooardwas used to cover the opening of the glass
container(not shown inFigure 36), in an effortto reduce the convective and radiative heat
losses/gain®/from the environment.

The phase of the sampleduring measurementsvas controlled by gecifying the

measurement temperaturehe samplesvere poured into the glass containers in their liquid
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phasesThe measurementgerefirst performedfor samplesn their liquid phase. Then the bath
temperaturewas set to be below the freezing/melting points of the samples so as to have
frozen/solidified sampleBy utilizing this solidification scheme, no specgdfort was needed to
make distinct arrangements for measuring samples in solid and liquid phases.

Finally, after performing the measurements, the TPS sensor and container were cleaned up
using acetone (#EsO), which is widely used as the solvent for clegnpurposes in the
laboratory. As advised by the manufacturer, cleaninthefTPS sensor should be performed
carefully and quickly, in order to avoid any damage on the embedded thin rirckodliies and

the Kapton coating surfaces.

3.2.3 Verificatiorof accuracy and reproducibility of the TPS instrument

Prior to performingneasurements for NePCM samples, the accuracy and reproducibility of the
Hot Disk Thermal Constants Analyser were tested. Two individual tests at different times, each of
which had ta (10) runs, were performed wittommonpurified water at room temperature (21
€) and atmospheric pressur.@l MPaabs.

As listed inTable 33, the average thermal conductivities of both tests were fouine §05971
W/mK £0.364% and 0.6012 W/mK +0.500%. Thesgo values are consistent with each other,
and are in excellent agreement with the vestiablished quantity of 0.6009 W/mK (Ramires et al.
1995) for water at room temperature (21.85 €) and atmosppeessure (0.1 MPabg. Therefore,
the accuracy and reproducibility, 5 and 2% specified by the manufacturer, respectively, were
successfully verifiedTests were also performed with dodecaneHg) and ethylene glycol

(C2He0O,) at room temperature (Kdadadi, 2011).
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3.3 Results and Discussion

3.3.1 Cyclohexandased NePCNMamples

As mentioned before, fo#) cyclohexandbased NePCM samplegre preparedvith mass
fractionsof 0, 1, 2 and 4 wt%0, 0.125, 0.255nd 0.512 vol% Considering the fre@zg point of
cyclohexane(6.5 €C), the temperature range investigatgess v ari ed from 1T 10 t
measurements bag with the NePCM samples in their liquid phase by setting the initial bath
temperature at 30 €, followed by 20 and 10 €. Then thehb@mperaturevas directly lowered to
T 10 . M€ about40 minutes the liquid samplewas frozen toform a sandwickike solid
structure embracing the TPS senddre setpoimvas f ur t her i ncreased to T°F
the measurements in solid gge For each sample, tgfl0) runs were performed at each of the
measurement temperatures and the average thermal conductivity was obtained with a standard
deviation less than 1%. The measured thermal conductivity of these cyclohesadeNePCM
samplesrepresented ifrigure 37.

As shown inFigure 37a, thermal conductivity of the samples in their liquid phase is inversely
relatedto temperature. The data fpure liquid cyclohexane measured by Watanabe and Kato
(2004) are in good agreement with the present data. This again verifies the accuracy of the TPS
instrument being usetionotonic enhancement dfermal conductivity with increasing loading of
nanoparticles is cély observed at each of tlmeeasured temperatsteAt 30 €, the relative
enhancement becomes more pronounced, probably due to more intensive diffusion of nanoparticles,
e.g., Brownian and thermophoretiotions, at higher temperatures.

On the other handior samples in solid phase, the thermal conductwayfoundto be strongly

dependent on and almost linearly proportional to temperaturexhaisitedin Figure 37b. The
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measured values fauresolid cyclohexane (~0.21 to 0.32 W/mKare much greater than thalue

of 0.1359 W/mKavailable in the literaturéSulfredge et al.1993) It is also shown thait each of

the measured temperaturéise enhancement of thermal conductivity is not monotonic with the
massdfraction of nanoparticles. The exceptiomizservedor the most concentrated sample (4 wt%)
investigated. The values for the 4 wt% samplesaamless than those for 1 and 2 wt% samples and
are only slightly greater thanahfor pure cyclohexandt seems thasome other phenomenon

overshadows the expected monot@mnbancement of thermal conductivity for the solid phase.

3.3.2 Eicosanebased NePCMamples

Since eicosane is solid at room temperature etbesanedbased NePCMsampleswere pre
melted lefore transfer to the glass containBive (5) eicosanebased NePCM samplesere
preparedwith mass fractions of 0, 1, 2,d&nhd 10 wt%(0, 0.126, 0.255, 0.654 and 1.37 vQl%
Thermal conductivity measurementsre performed over the temperature range betw20 and
60 € atincremens of 10 €, which encompasses the melting point of eicosane (~37Thg
measurement scheme was similar to the one described above for cyclebaseteNePCM
samples.In order to investigate the critical variation around thelting point, measurements
were also performed at 35. For each sample, twen{20) runs were performed at each tfie
aforementioned temperatsrand the average valugsre obtained.

The measured thermal conductivity of eicoshased NePCM samples liguid phaseare
presented ifrigure 38. For each of the data points, the standard deviaisriess than 1%er the
twenty (20) runs at that pointAs shown inFigure 38, thermal conductivity of eicosaimsed
NePCM samples in liquid phase exhsl@n inverseelationto temperatureAt 60C, the measured

value for pure eicosane (0.1432 W/mK) agrees fairly well with that available in the literatuke, i.e.,
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=0.1442 WinK (Rastorguev et al., 19Y4In that reference, thermal conductivity data for liquid
eicosane at atmospheric pressure abov&€ 68re also available and an almost lineacay
correlationwith temperaturas shown up to 20€. It is observed irFigure 38 that for the
temperature range close to the melting point, the thermal conductivity becomes less sensitive to
temperature variation. As more nanopartickese introduced, the slope of the curves become
smaller, pobably due to the increased portion of contribution from the more conductive CuO
nanoparticle (18 W/mK, available in Jang and Choi, 200u)h thermal conductivity likely being
less dependent on temperature in the range under consideration.

In order to povide a measure of enhancement of thermal conductivity as a function of the
loading of nanopatrticles, the relative thermal conductivity in comparison to pémieleicosane
was calculated, as presented Rigure 39. It is clearly shown that as the mass fraction of
nanoparticlesvas increased, more marked enhancement of thermal conduetagtpbtained. At
constant particle loadings, the enhancement generally becomes greater at higher temperatures. The
greatesenhancement is found to be nearly 7% for the 10 wt% sample @t BOaddition, the
effective thermal conductivity of the NePCMolloids was predicted by employing the
Max we | | 6 sMarweglly BB73j winioh is given by

kc — kNP + 2kPCM - 2f (kPCM - kNP) (3 9)
K .

PCM kNP + 2kPCM +fvo| (kPCM - kNP) 1

vol

wheref,q is the volume fraction of nanoparticles and the subsc@pBCM andNP stand for the
NePCMcolloids basePCM (eicosane in this casajd nanoparticles, respectivels mentioned
before, Eq. (3.1)vas used to convert the given masstiats (f,) into the correspondingolume
fractions

In the calculations, the density of liquid eicosangj) was assumed to be constat778

kg/m® as given inTable 31. As mentioned, he density of bulk CuO materials, whieh6,315
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kg/m®, was used for the nanoparticles. Taetualthermal conductivity of nansized materials is
controversial, because the size effect may yield great discrepancy compared to bulk materials. In
the present work, the value of 18 W/mK for thermmahductivity of CuO nanopartilces used by
Jang and Choi(2007) was adopted, although no source referemweas given. Another
complication inthe presendatais the fact thatalthoughthe nanoparticles being usedere
capped with SOA surfactant, the densityand thermal conductivity for untreated CuO
nanoparticlesvere used as approximations. Moreover, the measured thermal conductivity for
pure eicosane in the present stusdgs used. By substitutinghe given mass fractionand
properties into Eqs3(1) and(3.9), the predictions of the effective thermal conductivitytese
eicosanebasedNePCM samplesvith various loadings of nanoparticles iwereadily obtained.
Although three (3) prediction curves corresponding to thda x we |l | 0 s exiseguat i on
corresponohg to the three temperatures, a single one is only shoWwigure 39, reflecting the
mean value among the thyéecause it turns out that they were nearly identical

It is observed that the measured data aC4&gree well with the prediction curve artte
deviation becomes more significamth increasing temperature. SinceMa x we | | 0 enlyequ at i
considers the static contribution of the nanoparticles, the more pronounced migration of
nanoparticles, e.gBrownian motion, might be attributed to tigeeaterenhancement at higher
temperaturesThe arithmetic mean values of the relative percentages of enhancement over the three
temperaturesvere found to be 0.495, 1.107, 1.986d 5.08%, respectively, for th&, 2, 5and 10
wt% NePCM samples’he mean percentages of enhancentaimgequal to approximately a half
of the corresponding mass fractiptige following linear relatioms obtained

kC
k

=1+05f,,. (3.10)

PCM
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Comparing to thiMa x w e | uhtidnsthiskngarrelation provides a simple means of predicting
thermal conductivity for tesespecific NePCMsamplesn liquid phase, although it is only valid for
mass fraction up to 10 wt% and for temperature between 40 &d 60

The measured thermeonductivity of the eicosargased NePCM samples in solid phase
tabulated inTable 34. The standard deviations for data at 20 andC3Were less than 5%and
grew up to above 10% for the data at 85 The deviation of solid sample formation with the
requirement of the TPS theory is believed to be the primary reason for the high standard deviations
of the data listed imable 34. The measuredalue at 20 € for paricle-free eicosane (0.4236
W/mK) agrees very well with thaverage valuek(= 0.4248 W/mK) for the corresponding case
reported byStryker and Sparrow (1990), in whittethermal conductivity of solid eicosane was
shown to be nearly independent of tempaatetween 10 and 32€5 However, as shown in
Table 34, a decrease by nearly 10% from 20 to 30 ©@lsserved for the present data.

As mentionedthe TPS instrument requires a sandwikd arrangement with twadentical
samples on both sides of the sensmr schematically shown Figure 310a. The arrangement
being used, as shownkilgure 36, satisfies this requirement wédlr measuring liquid sampleBy
adopting the abovmentioned formation schena$ solid samplesthe liquid samplesvere slowly
solidified andthe crystalline structuren the solidified sampkewasnot under controlAs indicated
by the small standard detions of the data presentedFigure 37b, this requirement was well
satisfied for cyclohexareased NePCM sampleSue tonegligible supercooling of cyclohexane,
and despite noticeable void formatidhat was observed with srhavoids of submillimeter size,
nearly identical structures on both sides of the semsoe formedThis is, however, not the case
for eicosandased NePCM samples, since eicodaasnoticeabledegree of supercoolin@uring

the slow formation processugually longer than 30 minutes), the crystalline structures of an
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eicosanébased NePCM sample were likely uneven on both sides of the sensor, as conceptually
shown inFigure 310b. Thedatapresented ifable 34 may only be used for reference and refined

measurements were pursued.

3.3.3 Improved measuremeadt eicosanebased NePCM samplessolid phase

In view of theunreliabledata presented above, another set of measents foeiconsandased
NePCMsamplesn solid phasdormed by rapid quenching solidificatiomere preformed In this
mannerthe solid samplewere obtained by directly pouring hot liqgiohto the cold glass container
that remained at the lowest measment temperature of interedtO €). This quenchingdike
process allowa much faster formation of solid samplggically within one minuteAs a result
the crystalline structurese@me morelikely identical on both sidesf the sensor, lmause the
supercooling period was pushed to pasgsKy.

For this new set of measurements, the temperature range was extended withaasueed
temperature pointsonsidered The thermal conductivity data presentedrigure 311 werethe
average values over i) runs for the samples at each of the temperatures. The standard deviations
were less than 1%, which are much smaller than those for the dathlen34, suggesting that the
data becomenore reliable

It is noted that these data are comparable to those presented by Stryker and (3pafior
the case of Acasting i n @.iAlthbugwthemdbasueedatuesfort i ng t
pure eicosane over 10 to &3 aresomewhat maller than thsereported by Stryker and Sparrow
(1990) the insignificant dependence of thermal conductivity on temperataleady observed.

The enhanced thermal conductivity with respect to the particle loading is not mondtoaic.

thermal conductity is not further enhanced for particle loading greater than 2 Widis is
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consistent with the observetmilar phenomean for solid cyclohexandased NePCM samples
(Figure 37b). At constant temperatures, thalwes for 5 and 10 wt% samples are similar to those
for 1 and 2 wt%, respectivelfhe gratest enhancement of about 8&ative to pure eicosane is
observed for the 2 and 10 wt% sample@€ . This nonmonotonicvariation indicateghe
possibleexisterte of an optimum value of the loading of nanoparticles between 2 and 10 wt%,
although no physical reaseras sought in the present study.

In addition, @ temperaturevas further increased to 35, thermal conductivitywas markedly
enhanced. The possibleason for this anomalous enhancement is that solid eicasarsbout to
start melting at thisemperatureand hence, the crystalline structuresabee unstable. During the
measurements, as heas applied to the solid, melting might have happened initngity of the

sensor, making the measurements even more complicated.

3.4 Summary

Thermal conductivity ofcyclohexane and eicosanébased NePCM samples containing
different loadings ofodiumoleatestabilizedCuO nanoparticlesvas measured experimetiya
using the TPS technique.The NePCM samplesvere prepared with various loadings of
nanoparticlesWith the aid of a controllableonstantemperature bath, measurementsre
performedat multiple temperatures for both liquid and sal@nplesThe depedence of thermal
conductivity on both temperature and loading of nanopartieéssnvestigated.

For cyclohexandased NePCM samples, the liquid thermal conductiwbg inversely
relatedto temperatureMonotonic enhancement with increasing loading of oparticleswas

observedn the liquid phaseThe thermal conductivityalue in the solid phaséowever,was
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proportionally dependent on temperaturevds also shown that the thermal conductivity of the
4 wt% samples is smaller than those for the 1 amd%2 samples, indicating @morrmonotonic
enhancemernihenomenon

In the liquid phase similar trendswere observed fothe eicosaneébasedNePCM samples.
The thermal conductivitglecrease with increasing temperaturand increagkwith increasing
loading d nanoparticles, which fits to thela x we | | 0 s The graatast enlsancemeves
found to be nearly 7% for the most concentrated sample (10 wt%) &t &ased on the
measured dataa simple linear correlation fathermal conductivity of liquideicosae-based
NePCM colloids in relation to the loading of nanoparticlesas proposed.Furthermore, the
measured thermal conductivitf eicosanebased NePCM samples in solid phass shown to
be significantly dependent on the formatiaute of the solid samgls. The results associated
with the slow solidificationapproachexhibited higher values ofstandard deviations among
individual runs for the same samples. Tiias reasoned to beelated to the wven solidified
structures on both sides of the sensorahnatrequired to be identical by the TPS theory.

The rapid quenching solidification schemweas then attempted, whiclclearly led to more
stable results Similar to the nonmonotonic enhancemernthenomenon observed for the
cyclohexanébased samplespkancenent of thermal conductivitywas also notmonotonic with
respect to the loading of nanoparticles, as the greatest enhaneegméoiund for the 2 and 10
wt% samples (~9% &0 € ). It wasalsoshownthat he hermal conductivitywalues exhibited
marked ncrease when the measurement temperature approaches the melting lpsintas
likely attributed tomelting in the vicinity of the sensor as heass applied during the

measurement periods.
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Table 31 Density, latent heat of fuzn and phase change temperatwecyclohexane and

eicosane in their liquid phase

Eicosane (gH42)
Cyclohexane (gH12)
Property (http://msds.chem.ox.ac.uk/El/eic
(Sulfredge et al., 1993
sane.htmlandHaleet al, 1977

r (kg/m®) 779 789
L (J/kg) 32557 247,000
Tn(Tr) (C) |65 ~37
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Table 32

Specifications of the Hot Disk Thermal Constants Analyser (TPS 500)

Materials

solids,
medium to high viscosity liquids,

small particles/powders

Thermal conductivity

0.03~100 W/mK

Thermal diffusivity

0.02~40 mr's

Specific heat capacity

0.10~4.5 MJ/nK

Measurement time

2.5~640 seconds
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Table 33 Measured thermal conductivity (unit: W/mK) of purified water at room

temperature and atmospheric gsare

Run number Test #1 Test #2

1 0.59614 0.60019
2 0.59970 0.61013
3 0.59967 0.60059
4 0.59593 0.59978
5 0.59570 0.60188
6 0.59394 0.60041
7 0.59641 0.60375
8 0.60348 0.60051
9 0.59036 0.59013
10 0.59935 0.60460

Average value (standard devit)

0.59707 £0.364%)

0.60120 £0.500%)
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Table 34 Measured thermal conductivity (unit: W/mK) of eicosdrased NePCM samples

in solid phase
Temperature (C) | 0 wt% 1 wt% 2 wt% 5 wit% 10 wt%
20 0.4236 | 0.4197 0.3386 | 0.3719 |0.3482
30 0.3866 | 0.3664 |0.3206 |0.3333 |0.3328
35 0.6608 |0.9975 |[0.8161 |0.7841 |0.9695
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(b)

Figure 3.1  Ball-andstick molecular models of (a) cyclohexa(@Hi2) and (b) eicosan€éC,H42) with black and white balls

represenng the carbon and hydrogetons, respectively
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o N nanoparticle
stabilizing ligands

(SOA, C18H33Na02)

Figure 32  Schematic diagram of a nanoparticle with long ligands coated on its surface as the

stabilizing cushion layer (Clary and Mill2010
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‘%

i,

200 nm

Figure 33 TEM image of the synthesized soditoteatestabilized CuO nanoparticles
(Reprinted with pernssion from Clary and Mills, 2011 Copyright 2011 American Chemical

Society
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Figure 34  Photographof eicosanédbasedNePCM samples (in liquid phase) with various

mass fractions (0, 1, 2, 5 and 10 wt%) of CuO nanopatrticles
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Figure 35 A doublespiratshaped hot disk sensor used in the TPS instruments
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Constant-temperature
bath

TPS Sensor

container

Figure 36  Arrangement of the experimental setup for measuring thermal conductivity of

NePCM samples
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Figure 3.7  Measured thermal conductivity of cyclohexdrased NePCM samples in both (a)

liquid and (b) solid phases as a functiémeonperature
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Figure 38  Measured thermal conductivity of eicosdrased NePCM samples in liquid phase

as a function of temperature
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Figure 39  Relative thermal conductivity of eicosabased NeBM samples in liquid phase as

a function of the mass fraction of nanoparticles
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TPS sensor

Glass
container

R

(a) (b)
Figure 310 Schematic diagrams of (a) the ideal arrangement with uniform materials on both
sides of the TPS sensor and (b) the realistic unevectistes associated with the relatively slow

formation of the solid sample
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Temperature (°C)
Figure 311 Measured thermal conductivity of eicosdrased NePCM samples in solid phase

formed by rapid quenching solidification
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Chapter 4MathematicaModeling ofExpeditedUnidirectional Freezingf NePCM

In this chaptermathematicamodelingdirected atquantifying the expeditedinidirectional
freezing of NePCM ipresentedBoth the combined analytic/integral and the lattice Boltzmann
sdutions to the onelimensional, tweregion Stefarproblemin a finite slab are presented in
detail, followed by an application of tlamalyticsolutionto two representative caseaqueous

and cyclohexanbased NePCM with variousetaland metal oxid@anopatrticles.

4.1 OneDimensional Two-Region StefanProblem

4.1.1 Fundamental assumptidios the Stefan problem

The Stefan problem ipart of a broadfamily of partial differential equationéPDE) with
moving boundarigswhich is named after Joseph fatewho introduced this problem in relation
to the study ofice formation in 1890 Gupta 2003) The Stefan problens set upto model
transientheat conduction/diffusion involvinmelting/freezing Due to the existence of a moving
boundary, the Stefan prlgm is inherently nonlinear and involves an unknown that is the region
to be solvedi.e., the location of the phase interfaBebibliography of research activities on the
Stefan problem is given by Tarzia (2000).

The mathematicaformulation of the posedStefan problem is based on some fundamental

assumptions, which are listed as follows:
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1) The phase change process is governed by conservation of enertpe ammdy transport
mechanismis due to heat conduction in both phases. Fluid flow associated with
conwection is excluded.

2) The thermophysical properties of the PCM are condtahtdistinctly differentin both
phasesincluding density, thermal conductivigndspecific heat capacityl helatent heat
of fusionreleased at the interface is also constant

3) Thefreezingtemperaturef the PCM is fixed and isnly associated with thBCM.

4) The moving phase interface is sharp and is of zero thickness mathematically.

5) The supercooling and nucleati@ssociated witlfreezing are neglected.e., freezing
happens immadtely after the temperature has gone below the freezing. ateling
of supercooling effect upon solidification of PCM has bestemptedby many
researcherse.g., Gintheret al. (2007).

6) The surface tension effect and curvature of the phase intefacdso disregarde&or
example, for a ondimensional freezing process, the phase interface is planar.

The simplest case is theDl.oneregion Stefan problentor freezing, fiit is assumed that the
initial temperature is athe freezingpoint (no subcoling) of the liquid PCM the problem is
reduced to oneegionsuch that the liquiavill remainisothermal. Therefore, no heat conduction
will happen in the liquid and only conduction through the frozen lagedsto be consideed,
for whichan exacStefan solution is available.

Consideringheat conduction in botiphasesthe problem involvedwo regionsthat are
described byhe F o u r egeatiagnsvith distinct propertiefor each phase~or thetwo-region

problem ina semiinfinite slab, an explicit dation is available, i.e., the Neumansolution. If
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the slab has a finite thicknesdjowever, no explicit solution $ available and an

approximatéumericaltechniquds required to solve the problem.

4.12 Physicalmodelfor freezing oNePCM

The 1D, two-region Stefan problem in a finite slab was considered in the present study.
Although the Stefan problem formulation is applicable for both melting and freezing, the effort
was only dedicated to investigation of freezing of NePCM, because naturattonvs always
accompanied with melting, however, it is generally neglected during freezing. Therefore, the
Stefan model that excludes natural convection would be more realistic for modeling a freezing
process. Moreover, an experimental investigationardactiondominated freezing of NePCM
was planned to validate the Stefan model.

The physical model ofthe 1-D heat conduction of NePCM with unidirectional freezing is
schematically shown ifrigure 41. An NePCM inits liquid phase occupies an infinitely large
space of fi nixO®B. Thehnitia knifoenstempdradurd is above the freezing
point of the NePCMT), which is assumed to be identical to that of the base PCM.>0y the
boundary ak = 0 is held at a constant temperaturg (hat is belowTl;, whereas the boundary at
x =bis kept insulated.

As shown inFigure 41a, freezing of the NePCM is initiated tae left boundaryx = 0) and
the solidliquid interface will sweep through the slab toward tight insulated boundaryAs
mentioned beforehe phase interface is assumed to be planar and of zero thicknesgction
driven by density variation in the liquid due to the presence of tempergiadesnt is also
neglectedThe instantaneous position of the interfa(®, which is the thickness of the frozen

layer, is an unknown in this moving boundary problem. The frozen layer is subcooled except for
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the phase interface that is at the freeziom{p A portion of the heat that is transferred from the
region of interest is used to cool tekrinking liquid regon. In effect, the temperature of the
insulated boundary at = b will decrease, whereas the liquid at the interface is cooled to the
freeang point and latent heat of fusion is remov&de remaining portiof heat leaving ax =
0 serves to subcool the growing frozen layer. A typical transient temperature profile in both
phasesat an early phase durintpe freezing process is presentedFigure 41b, where the
dimensionless quantities involved will be definedhe following sectionNote that the left and
interface temperatures aatways T, and T;, respectively, whereas the temperature of tgbtri
interfacewill be continually lowered from its initial value @i after a certain time instant

In this model, the NePCMias t r eat edp lass ead Ailedmaggdeneous mat
the introduction of nanoparticles into the base PCM only altersffieetive thermophysical
properties. The dynamic diffusion of nanoparticles and their interaction with the moving phase

interfacewere not taken into consideration.

4.13 Mathematical formulation
The Stefan problem is mathematically formulated as fdlokirstly, the heat conduction

equationfor thesolid frozen layer is given by:

2
HTS(;(’t) =a TS()Z(’t) ,for 0<x<s(t) andt >0, @D
H HX

subject taheboundary condition:
T.(x,t)=T,,atx=0andt>0. (4.2

Concurrenly, the governingequationfor the liquidlayerandthe boundary condition are:

2
uﬂ(?’t) =a uT,(>2<,t) , for s(t) <x<b andt >0, 9
H HX
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MY _ ¢ atx=b andt >0. (4.4)
X

In the governing equationshé thermal diffusivities of both phaséss and a;) are assumed
to be constant. The initial condition, which is only applicable for the liquid layer, is:
T,(x,0 =T, for 0<x<b. (45)

In addition, thetemperature continuity and the Stefan condi@brihe solidliquid interface

aregiven by
TGO =T(xD) =T, atx=s(t) andt >0, (46)
K HT(x1) K HT (X, t) _ rL ds(t) ,at x=s(t) andt >0, (4.7)
ux ux dt

Definitions of the symbols and subscripts are given in the Nomenclétisenoted that the
density forthe solid phase is used in the Stefan condition, i.g.,(E.7), as an approximation for
considering the density variation at the interface upon freezing. The density for liquid phase
should be used if a melting problem is considered. Details of the derivation of the Stefan
condition have been presented by #P09).

Prior to nondimensionalization of the above equations and the associated conditjipogpa
of dimensionless quantities is defined at the outset:

,S:E,t:a—st andq:T_TO. (4.8)

X = >
b T-T,

O x

Consequently, e dimensionlesgoverning equation anthe boundary conditionfor the

frozen layerare given by:

2
WX, - Wa(X) for 0< X <S(¢) and? >0, 4.9
pX W
q.(X,t)=0,at X =0andt >0. (4.20
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Similarly, the dimensionlesgoverningequation and the boundary condisdor the liquid

layerare:
2
HaX,1) - 3 G040 o 5y < X <1 and >0, (411)
pX a W
%zO,athlandr >0. (4.12)

Thedimensionlesitial conditionis:
g (X,0) =1, for 0< X <1. (413
In addition,the dimensionless interfacial conditions:a

q.(X,t)=q(X,t)=¢qg ,at X =5(¢t) andt >0, (4.149)

HC/S(XJ)_ ﬁlifﬁ(x'f) =1M at X =S(¢) and¢ >0 (4.15)
Wk pX  Ste dr ’ |

where the Stefan number is defined as S&s&+ i To)/L, whichis the governingdimensionless
guantity for the rate cdifreezing process.

The above model depends on the thermal conductivity ratlg)( thermal diffusivity ratio
(alas), Stefan number (Ste) and dimensionless free@ngperatur€g). Therefore, he nodel is
capable of handling the variations of thermophysical properties of Ne®tChbth sides of the
liquid/solid interface Because the exact soluticannotbe obtainedor the above equations, an
approximate or numerical solutidms to besought In the following sectionsthe solutions

based orboththe integratechniqueandlattice Boltzmann method (LBMyill be attempted

4.2 Combined Analytic and Integral Method
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Utilizing a combined analytic/integral methodology will lead to an approximatdi@olto
this 1-D, two-region Stefan problenm a finite slab as presented by Cho and Sunderland (1969).

The details of the approach following the symbols adopteéibye k € k ( 1980) ar e

4.2.1 Analyticsolution in the frozen layer
Following the M umannoés si mi ¥a®©ik®kansxglidit@solutiondor the

governing equation in the frozen layer is obtained

g(X.1) _erf(X/2t)

(4.16)
G erf(/)
and the location of the interfa&t) is assumed to take the following form:
S(t)=2/t , (4.17)

where the parametéris to be determined.

4.2.2 Integral solution in the liquid layer

No exact solution is available ftne temperature distribution the liquid phaseunless an
infinite slab is considered hus, an integal method is adopted in order to assist in evaluation of
the quantity/. In effect a thermal layerd(¢) that is measured frond = 0, as shown irfrigure
4.1b, is introduced for applying the integral methdtdis assumed that theemperature in the
liquid zonebeyond the thermal layeK ¢ dt)) remainsunaffected, i.e.isothermal athe initial
temperatureThe validity of thermal layer over the entire freezing process is questionable since
when dt) reaches 1the dimensionless temperature at the right boundary will drop below the
initial value. Thus, the thermal layer idea is just a convenient approach to detéri@inen the

above reasonindheboundary conditions at treglgeof the thermal layer are:
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g(X.1)=1 and%m,atx:d(r). (4.18)

By integrating the dimensionleg®verningequation for the liquid phase, E4.X1), from X
= Y(¢) to X = (f) and applying the conditions at the interfgdeqgs. 4.14) and @¢.15), anintegral

equation is obtained:

LY G
JAakgnp o ddr) o dS0) gﬁql(x £)dxg. (4.19)
a, IX |y Of dt dt 0

=0
In order to solve this integral equation, a temperature distribution that satisfies all the

boundary conditions is postulated as:

ed(t) - X(t)ro'

q(X,t)=1- (1- g f)ed(l‘) s¢) U

for S(t)< X <d(t) (4.20)

wherenO 2 i s ta be spediftedit gvas observed that the results are nearly independent
of the value of indexh andn = 3 was usedin all the calculationsSimilar to Eq. 4.17), the
expression off¢) is assumed to be:

a(t) =2b4t, (4.21)

where the parameteéris to be determined.

4.2.3 Numericasolutionfor the interfacial condition
Substituting the proposed temperature distribytiea (4.20),nto the integral equatioriq.

(4.19),yields:

p-1 =%, 22028 (4.22)
2 ge n+la 9

Then, sibstituting both the exact and postulated temperature distributions into the interface

condition, Eq. 4.15), and eliminating the parametetead to
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e’ K iqf-ll_/\/'_:
erf(/) k\a ¢ Z Ste

0, (423

where

n+1€ a aa. 0 2n 9
Z=——6&/ [Z==+ [[*’gsa+—. 424
n\/'_é Va é%_lg n+1y (429

Since Eq. (23) is a transcendealt equation, e parameter hasto be determined by
numerical rootfinding. Once/ is found, the dimensionless location of the interf§a® and the
temperature distributions both liquid and solid layerare obtained as well. Consequently,
based on Eq.4(17), the dimensiolesselapsed times for the freezing front to reach a given
positionSis predicted by:

SZ
4/*°

(4.25)

If the thermophysical properties of the NePCM and thermpeaters associated with the
problem, e.g., the initial and boundatgmperatureconditions, are given,this approximate
solutioncan be readily used:he MATLAB codethat emplog a numerical roefinding routine
based on the NewteRaphsoralgorithm (Quateroni et al., 2007or solving Eq. (4&3) is given
in Appendix A.Overall smplicity of the aboveformulation and ease of implementation stand

out as the greatest advantages & dpproximate solutian

4.3 Lattice Boltzmann Method (LBM)

4.3.1 Prinaple of the LBMror fluid flow
An emerging computational fluid dynamics (CFD) technique, nbe-continuumbased

lattice Boltzmann method (LBMhas found broad applications in fluid flow and heat transfer
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problems The LBM has been proven to be a powerditernativeto the conventional CFD
techniques, e.g., finite volume and finite element methbadsareused forsolving macroscopic
continuum governing equations, e.g., Nax&okes equations.

Originated from the lattice gas autom@t&A), the LBM is ilfilled based on mesoscopic
kinetic evolution equations (Wolf-Gradrow, 200Q) i.e., the Boltzmann equation. The
macroscopic characteristics of a physical system under consideration are simulated by the
evolution of the particle distribution functions @screte particles (latticesh the systemThe
principle and implementation of the LBM in fluid mechanics problemsaagglable in the
literature (e.g., Chen and Doolet998 Wolf-Gradrow, 2000, and Succi, 200The classical
continuum Boltzmann equati, which is in the form of an integrdifferential equation, for a

single particle distribution functiori(, t)) is given by
M+v®f (x,t) =W(f), (4.26)
M
wherex is the particle position vector,the particle velocity, andVthe collisionintegral.

The Bhatnaga6GrossKrook (BGK) approximation(Succi, 2001has been the mopbpular

scheme to simplify the collisicierm on the righhand side of Eq. (4.26\vhichleads to
&1(’0+v®f (x,t):-/i[f(x,t)- fExb), (4.27)
i
where/ is the relaxation timeral f=%(x, t) is the equilibrium distribution function that satisfies
the MaxweltBoltzmann distribution.If the particle distribution is considered to evolve in

uniform lattices with finite discrete velocity directioristal number ofm), the equdion for each

direction is given by

_“fﬁ(’t) re F (x1) =- /l[fi (xt)- £, (4.28)
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where subscript denotes theth-direction of discrete velocity componefit=" 0, mi 1)¢ ,
andethe lattice velocity vector
Discretization of the Eq. (4.28) ipace(dk) and time(d) leads to

LOGt+at)- fo0h) , o of(xreattran)- fogt+at) 1
at | edt /

Eooh)- £9xn)], (4.29)

where the relatiomk = e d has already been used. The above equéiturther simplified to
f(x+edtt+at)- f(xt)=- ;—L[fi x0)- £E), (4.30)

wheret = //d is the dimensionless relaxation time.

The aboveequation Eq. (4.3), is called the LBGK equation that is the lattice Boltzmann
equation with BGK approximétn for the collision term.This equation igxpressedh the form
that consists of distinct parts dioth sides. The lefthand side stands for the streaming step,
whereas the righhand side denotes the collision stepthe computer algorithm, these two steps
only require explicit operati@ which stands out as th@imary advantageof the LBM over
classical CFD methods.

A number of geometric lattice moddiave ben proposedh the literaturelt is customary to
denote the modelas IhQm, with n and m being the spatial dimension and the number of
velocity directions at each lattice, respectiveDpviously, for the simplest-D case, the D1Q2
model is therational option. However, when it comes to higher dimensions, many candidate
geometries are available as long as the symmetry is satisfied. Due to the simplicity and ease of
formulation, square and cubic models hdeeninatedn 2-D and 3D cases, respectivelis an
example, the widely usetiD model, D2Q?9, is presented schematicall¥igure 42.

It is shown that in the square lattice three types of particles exist, which are the rest particle

(0) in the lattice kernelfour particles moving along horizontal and vertical directions (1,,2, 3
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and 4) andhe other fouparticles moving along diagonal directions (5, Gard 8). The velocity

vectorfor this D2Q9 modeis thus defined as

?(O’O), i :O,
€ =‘l(° g0),0r(0,° €), i =1,2,34, (4.31)
tCec o), i =56,78.

where thdattice speee is defined ae = dd/ d.
To represent fluid flow problems, the particle distribution function is assigned the physical
meaning as density distribution function. The conservatios tdwnass and momentum lead to

the followingrelaionshipbetween the lattice variablasdmacroscopic physical quantities

r=3 f(x1), (4.2)
and
ru= Z{ f (x.t)e, (4.33)

i=0
wherer andu are macroscopic density and velocity vector, respectividig.thermodynamic

presure is given by

p=%r, (4.34)

and the kinematic viscosity is related to the dimensionless relaxation time as

2 o ~

= ade- 1§ (439)
3 ¢ 2=+

where the relaxation time must be greater than 1/2 to give rise to postosity.
In addition, the equilibrium distribution function in this casexpressed as
A 3 . 9 . 3 .9
fE9(x,t :wr§l+—e®|+ e d)’- = u?? 4.36
i ( ) i e2 i 2e4( i ) 2e2 H ( )

wherew; is the weighting factor at each direction, as given by
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&4/9, i =0,
1/9 i=1,234, (4.37)

w =;1/9,
1/36, I =5,6,7,8.

—_——) —/—)

It is noted that the summatiof the weighting factors over the subscripts is equal to unity.
As such, the LBGK model to simulate® fluid flow problems with Newtonian fluids is
establishedThe recovery of the &lierStokesequations from the LBGK equation has been
shown by usinghte Chapmaiienskog expansionHpu et al., 199b To apply theLBM, the
knowledge of boundary conditions also neededThe most common neslip conditionon a
wallused in LBMisthesa al | e d -bfalcckwn deoundary condition.

various types of boundary conditions ailablein the literaturge.g., Zou and He, 19%7

4.3.2 Thermal LBM (TLBM)

Furthermore, hermal LBM (TLBM) that is applied to solve nerothernal fluid flow and
thermodynamigroblems has also been propoged), Chen et a].1995). There have been two
main approaches for TLBM models: the nmustieed and multiple distribution functiolhe
former introduces additional discrete velocities in lattices to simulate energy conservation,
whereas he latteruses an indidual particle distribution functiorih(x, t)) to represent energy
The multiple distribution function approadtas stoodout as it providesational stabilityand
requires the same effort as that for implementation of isothermal LBM.

Obviously, the mulple distribution function approach assumes that the energy distribution
function is subjeced to the same evolution equation for density distribution funcfidns is
verified if the viscous heating and compression work effects are neglected in thecopiro

energy equation. The TLBM is thus able to recover to the macroscopic energy equation with
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temperature as the transport scalar, analogous to density for isothermalhBNILBM for the

energy distribution functiosubjecedto BGK approximations gven by
h(x+edtt+at)- h(x,t)=- =[n(x0)- D), (4.38)
s

wheres is the dimensionless relaxation time for energy.

The temperature at each lattic®s/ioudy evaluated as

T:gh@@, (4.39)
and the thermal diffusivity is given by
a‘t% - -0 (4.40)

In combination with the relation for kinematic viscosity, Eq. (4.35), the Prandtl number for a

Newtonian fluid is defined as

pr="-%-1 (4.41)
a 2s-1
which apparently becomes a tunable variable.
Moreover, the equilibum energy distribution function becomes
A 3 . 9 .. 3 .9
Ea(x, t :WT§L+—e D+—(e @)~ -2 u?2. 442
h ( ) i ez i 2e4( i ) 2e2 H ( )

It is noted that the TLBM could be implemented on separate lattice model with the
isothermal LBM. Furthermore, if the problem under consideration reduces to a pure heat
conductiam problem, i.e., convection is absent, the TLBM works individually and the equilibrium

distribution function is simplified to

h®(x,t) =wT. (4.43)
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In this casethe heat conductiorequation without & energy source termwill be recoverd
from the TLBM model by using the ChapmBnskog expansionAdditionally, there are two
types of boundary conditions for heat conduction problems: specified wall temperature and wall
heat flux. The adiabatic boundary condition is absorbed in the laierefo wall heat flux is
applied. The application of these two types of boundary conditions will be presented below as

both appear in the-D Stefan model.

4.3.3 Extended TLBM for heat conduction with phase change

The moving boundary problems have beelved numerically on fixed grids kadopting the
enthalpybased formulation of thermal enerfyhyy et al., 1996)The enthalpy formulation to
solve the Stefan problemas been presented in the literature (a/dhite, 1982and Cesari,
1992). In the entHpy-based framework, th&-D transient heatonduction equation, e.g., Egs.

(4.1) and (4.3), may be written as

2
,Ezk“Tz, (4.44)
pt X

where he total enthalpyfor a PCM undergoing soktiquid phase changes defined as the

summation of bth sensile and latent heat (of fusion), gwenby:

H=pC,dT+7L. (4.45)

wheref is introduced as the fraction of liquid phase and its veduies between 0 and 1.
By substituting Eq. (4.45) intRq. (4.44) it is manipulatedo

2
GC£+rL“—f:kuT, (4.46)

pit it px?

which is further rearranged to
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2
ML _ W1 Ly (4.47)

o px C, ut

It is noted that the latent heat of fusion appears in Eq. (4.47) as a source term and the rest of
the equation recovers the heat conduction equatissuming thathe PCMpossessea fixed

freezing pointtherelationship between thenthalpyand temperature is established by

&H
TC_’ H<Hf(:Cp-rf)7
? p
T=iT, H, ¢HCH, +L, (4.48)
I H-
Tu, H>H, +L.
i G

whereHs is the enthalpy corresponding to tREM at its freezing pointHence, the congtitive

relationship between the liquid fraction and temperature is given by

€0, T<T,
1
peiH-Ho T=T, (4.49)
L
|
i1, T>T.

Given the above relation, tlgoverningequatiors are closed and the liquid fractiocan be
solved simultaneously with temperature as pathehumerical solution.

Recall that the thermal LBGK equation is able to recover the heat conduction equation
without a source termin view of this, an extension of the LBGK equation to represent heat
conduction with a source term, e.g., Eq. (4.47), besomstraightforward. The extension of
LBGK equation to solve phase change heat conduction was first proposed by Jiaung et al. (2001)
and the application of the extended TLBM to solv® &and 2D melting/freezing problems was
presented. Chatterjee and Chaékndy (2005) demonstrated the application of such extended
LBM model tosolve 3-D conductiordominated phase change probleiMsre recently, Huber

et al. (2008) presented the utilization of such method in cooperation with isothermal LBM to
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solve melting hat transfetinvolving natural convection. In theresent studyattentionwas only
paid to heat conduction with phvassused. Filtstathegge an

extenetd LBGK equationwith an additional source terf reads
rux+qmi+d0-hOuj:-lhuxU-h@@Jﬂ-MF“ (4.50)
s

where the discrete source term satisfies

F. =wF. (4.51)

Jiaung et al. (2001) showed that this extended LBGK equation is able to recomerathe

conduction equatiorkq. (4.47)only if the source terri takes tle form as

F=—5X, (4.52)

The final discretized form of the extended LBGK equation is given by

h(x+eatt+at)- h(xt)=- si[h (x.t)- hE(x,b)]- wici[f<t+dt)- ), (4.53)

p
After specifying the boundary conditions, the above equati@olised as usual. However,

due to the pmrsence of the additional source term, an internal iteration procedure is required

during each time step to solve for the local liquid fraction at all the lattices. The detailed solution

procedure was outlined by Jiaung et al. (200Hgre the pseudo codehat demonstrates the

solution procedure in the computer algorithm is presentedjure 43.

4.3.4 The LBM solutiorfor the 2D Stefarproblem
In the previous section, the extended LBGK maoalas presented baseah the D2Q9 model
for 2-D applications. To apply the LBM solution for the proposedd $tefan model, the D1Q2

lattice model shoulde usedThe schematic diagram of a D1Q2 model with uniform lattice is
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presented irFigure 44. It is noted that in this model, there is no rest particle and the particles
will have equal possibility to movie bothdirections, i.e., the two weighting factors are equal to

each other
1

W ==, 4.54
> (4.54)

In addition,the thermal diffusivity forthe D1Q2 modeltakes a different form than that for
the D2Q9 model (Eq. (4.40)), which is given by

a=cads - 2§ (4.55)
9 —_—

In order to capture the property jump of PCM upon freezing, respective thermal dyfusiv
valuesshouldbe used for PCM in solid and liquid phases, and hence the corresponding thermal

relaxation timesreinput into the LBMsolution, which are obtained as

a 1
S . =—2 4=, 4 56
et 2 ( )
and
a 1
- + 4.57
| ez ;I 2 ( )

The LBM is readyfor implemening if the boundary conditions are properly applied. On the
one hand, the application of the fixed wall temperature boundary (Dirichlet type) in the D1Q2
model is very straightforward. An exampletbe application of such badary condition on a
left boundary(x = 0 in Figure 41), which is given the wall temperatufig, is schematically
shown inFigure 45. As thequantityhy at the wall latite is propagated from the next internal

lattice, the unknowih; is determined as

h =T,- h,. (4.58)
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On the other hand, the application of the prescribed wall heat flux boundary condition
(Neumann typeecomesmuch more complicated. sAproposed by Jiaung et al. (2001), a
controlvolumetype methodwas used to derive the boundary conditiés schematicallyshown
in Figure 46, an examplas given forthe right boundaryx(= b in Figure 41), wherethe wall
heat fluxq is given The control volumeccupies the half lattice next to the wall. The heat flux

gin flowing into the control volume through the right wall is equal to the prescribed wall heat flux

(o} whereas the heat flux flowing out i's esti ma
qomzm_ (4.59)
ax

Taking an energy balance over the control volume leads to

at UT

rC, iy —dtdx=§" (g, - G,)dt. (4.60)
ut

which isnumerically integratetb

rC, ax

t+at t k
— / -TH=a- (T -T.). (4.61)

For ease of implementation, an explicit treatment on the-nghtl side of Eq. (4.61) yields

rC ax arc ax k@ k
Tt+dt — p QI' _|__'['t + , 462
2t " Boct ax3 Tax (4.62)

which is reduced to the adiabatic boundary condition vgheamishes.

As presentedefore, he LBM solution based on D1Q2 lattice moaes established for
solving the 1D Stefan modelAs an example, the LBM modelas used to solve aice
formation problemwhich was also solved by using the aforementioned integral technique for
comparson. The MATLAB code that implements the LBM solution feD lfreezing heat

corduction is given in Appendix BThe ice formation process in a 2 mm thick slab was
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considered with the physical model following exactly as that showrrigure 41. The
parameters including the initial and boundary conditions of the problem under consideration are
listed inTable 41.

By implementing the MATLAB code given in Appendix B, the dynamomparison of the
solutions was obtained. For the LBM solution, the lattice interval and time step size were set to
be ¢k = 10° m and & = 10“ s, respectively. There were 201 uniform lattice grids in the
computational domain and the computation proedefibr 10,000 time stepgfter marchng
1,000 time steps, the comparisons of the dimensionless temperature profile and location of
freezing front between both solutions are presentegigare 47. It is clearly $iown that the
results of both solutions agree well with each other. Little deviation is only found right at the
phase interfaceg(= 2/3), because the integral solution assumes ath@mimess interface but the
LBM solution would take one grid to accomnatd the interfaceverwhich the value of liquid
fraction is between 0 and 1 (see Eq. (4.49)).

As freezingproceeds, the thermal layer will reach the right insulated bouregdathgrthan
the phase interface does. It is noted thatitibegral solution wold becomeinvalid while the
thermal layer has reached the insulated boundary. Beyond that time instant, the integral solution
is no longer able to solve for the temperature profile in the remaining liquid Byeever, it is
noted that the exact solution the frozen layer always waskFor this specific problenthe
thermal layerwas found to arrive athe right boundaryafter 9,745 time steps and the
comparisons athis time instantare presented ifigure 48. Excellent agreement is observed
except for the grid at which the phase interface is located. The applicability of the LBM solution

to the 1D Stefan problem was therefore justified.
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4.4 Prediction of the Effective Thermophysical Properties of NePCM

The analyticand LBM solutions to the -D Stefanproblemwere obtained in the previous
sections.Utilization of both solutionsfor solving unidirectional freezing of NePCkquires a
knowledge ofthe thermophysical propertiesf both phasesThe effective themophysical
properties otthe NePCM are directly related tine constituents of the matrand the relative
fractions as well. The density, specific heat capacity, and latent of heat of fusion can be
determined byhesimple mixture theory. The density @i NePCM is given by:

re=@-f) eam oo I o (463

PoM
with 7,0 being the volume fraction of nanoparticles. ®itective specific heat capacity of the
NePCM is foundutilizing:

(rC)c=(A- 7,)(rC)ecy 7116 (/C)) e - (4.64)

Since the nanoparticles are assdmet tocontribute to latent heathe effectivelatent heat
of fusion of the NePCM is evaluated as:

(rL)e =@ 7)) (FL)ecn- (4.65)

For predicting the effective transport propertiescofloids with spherical particles, the
Ma x we | | 0 sasleng beart dopted (Progelhof et al., 1976), amals also beewverified by
abundant experimental datacluding the previous findings in ChapterRgure 39). Here the
Maxwellés equationto predict theeffectivethermal conductivity of NePCMolloids (Eq. (3.6))
is given again

— é,kNP +2kPCM B 2fv0l (kPCM B kNp)g
© e g kNP +2K +fvo| (kPCM - kNP) H

PCM

K

(4.66)

Consequelty, the effectivethermal diffusivity of the NePCM is obtained:
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Ke
(GC)C .

(4.67)

ac=

It is noted that the above equaticare applied to both liquid and solid phases. For a given
volume fraction of nanoparticles, tabovementionedeffectivethermophysicaproperties of the
NePCM can be readily predicted.

As discussed earliethe LBM provides a humerical solution that velivays be valid during
the entire freezing process. However, use ofaih@ytic solution is easy to obtain the freezing
time of a given thickness of the slab. In this senseatfadyticsolutionwas used to exhibit the
comparison othe rate of freezindor various NePCMNeverthelessif attention is paidn the

transient evolutiosof temperatur@rofilesand freezing front, the LBM solutida preferred.

45 Application of the Analytic Solution

45.1 Thermophysical pperties and parameters

Two representative cased water and cyclohexane 8, as the base PCM with alumina
(Al203), copper (Cu), copper oxide (CuO), and titanium oxide {Ji@anoparticleswere
considered Five (5) different volume fractions(7yo = 0, 1, 2, 5 and 10 vol% of the
nanoparticleswere studied.Given the thermophysical properties of the constituents and the
specified volume fractionsffective thermophysical properties of the NePGidlloids were
readily predictedisingEgs. (463) to (467), which arepresentedn Appendix C.

In the calculations, the initial temperatufewas set to be 300 K, while the cold boundary
temperatureT;) was kept to b&20 € below therespectivereezing poins for water(T; =0 €)
and cyclohexan€T; = 6.5 €). As a result, the Stefan nimers for aqueous NePCM ramge

between 0.12 and 0.14, whereas for cyclohexmsedcolloidsthe rangenvas between 1.11 and
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1.44.The dimensionless initial and boundary temperaturegard and g = 0, respectively. In
addition the freezing time duratis were predicted for a slab thickness lmf= 0.05 m. As
indicated by Egs. (23) and (424), given the Stefan number and dimensionless freezing
temperaturgthe freezing time duration is a function of the liquid to solid thermal conductivity
and diffusiviy ratios of the NePCM. In the following sections, the effects of these ratios on the

freezing time durationwill be presented.

45.2 Effect of the liquid to solid thermal conductivity ratio
If the dimensiomesstotal freezing time for the slab of thickssb (i.e., S= 1) is considered,
Eq. (4.25) is obviously reduced to

1
C-:‘total = 4/2 ) (468)

Given the aforementioned parameteng dredicteddimensonlesstotal freezing timeGga as
a function of the liquid to solid thermal condwdly ratio (k/ks) for agueous N@CM is
presented ifFigure 49. Various colors and symbols are used to identifyvleme fractionsof
nanoparticles Straight lines arealso drawn through the appropriate complitguantities to
identify the specifianaterias of nanoparticles

It is observedthat the variation of the freezing time is almost linearly correlated to the
thermal conductivity ratiok-or a constant volume fraction, the smallest and greatest variafions o
the thermal conductivity ratio are realized by tiwdloids of high (Cu) and low (TiQ thermal
conductivity nanoparticles, respectively. Moreover, for a given type of additive material, as the
loading of nanopatrticles is raised, the thermal conductigtiyg increases.

Similarly, the predicted dimensionletstal freezing times for cyclohexadsmsed NePCM

are presented iRigure 410. Regardless of the base PCM (water or cyclohexane), the smallest
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and greatestariations of the thermal conductivity ratio agsociated withhe NePCMcolloids

with Cu and TiQ nanoparticleswhich possess the highest and lowest thermal conductivity
among the four nanoparticles considene$pectively. The most interesting findiisgthat for a
given base PCMi.g., water inFigure 49 and cyclohexane ifigure 410) and a constant value

of the volume fraction, the dimensionless freezing time islyeanstant ands independent of

the material of the suspended nanopatrticles.

45.3 Effect of the liquid to solid thermal diffusivity ratio

The predicteddimensionless freezg timesof the aqueous and cyclohexdmesed NePCM
are presented ifrigure 411 and Figure 412, respectively,in relationto the liquid to solid
thermal diffusivity ratio &/as). In both figures, symboland straight linessedin Figure 49 and
Figure 410 are adoptedto identify the volume fractia and materialsof nangarticles
respectively

With water as the base PCNFigure 411), the observed trends for the variation of the
dimensionless freezing time with respect to the thermal diffusivity ratio are analogthosé¢o
discussed earlier for the effect of the thermal conductivity ratio. However, for cycloReaseé
NePCM the increasing trends of the thermal diffusivity ratio with greater loading of the
nanoparticles is reversgdsobservedn Figure 412. This is attributed to the opposite trends of
both density and specifiveat capacity when the PCM transforms from the liquid to solid phase.
For water, both its density and specific heat capacity decrease upon freezing, whereas for
cyclohexane these properties increase. It is also noted that various curves for differeot types

suspended nanoparticles collapse onto each athErgure 412. Regardless of the opposite
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trends exhibited by cyclohexane, expedited freezing that is afforded to the suspension of

nangarticles and its direcelation to the volume fraction of tmangarticles are maintained.

45.4 Expedited freezing rate

The average values of the predicted dimensionless total freezing times for a given volume
fraction of the nanopatrticles for both aqueous and cyclohebased NePCM are summarized in
Table 42, in which the relative percentages of expediting in comparison to the case of the
particlefree PCM are also provided. It is shown that regardless of the type of suspended
naroparticles, the aqueous and cyclohexhased NePCM with a loading of nanoparticles of 10
vol% give rise to expedited freezing times by 11.4 and 6.9%, respectively.

As an example, the transient variations of the liquid fraction during the freezing process
(discharging) for agueous NePCM with,@k nanoparticles are presentedrigure 413. Faster
energy discharging rate is clearly exhibited as the loading of nanoparticles is increased. The
expeditedthermal energy discharge exhibited by this representative NePCM padiotsts
potential as a superior thermal energy storage material.

The dimensionless wall heat flux at the cooling boundry Q) can be derived from the

temperaturalistribution withinthe sdid layer, Eq. (4.16), given by

_dg(X,0)] _¢ g @1
dX |, & erf(/)gvt

Q (4.69)

which is obviously a tim@&ependent functionThis quantity is the instantaneous heat flux
leaving the slab region of interest.
For the aqueoul,O; NePCM sampleszomparison othe transient vaations of the wall

heat flux is presented ifigure 414. The heat fluxvalues areextreméy high at the very
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beginning (= 0) anddecayrapidly within U< 1 period Theeafter the curves graduallgecayas
freezing proceeds

In light of the fact thathe five curvesiearlyresemble to one anothean inset isintroduced
in Figure 414 to assistloseobservation of the comparison amahg curvesbetween 0.5 <<
1. It is observedhat at a given time instant, the heat flux is lowered with aseckloading of
nanoparticles. This indicates that less dimensionless total pestenated by the area under the
curve inFigure 414, is required to freeze the entire slab for NePCM with higher concentration of
nanoparticles, consistent with the predicted lowering of both effective specific heat capacity and

latent heat of fusion of theolloidsin the presence of nanoparticles.

4.6 Summary

A 1-D, tworegion Stefan problemwvas formulated to model unidirectional freezing of
NePCM in a finite slab The problem was first solved using a combined analyiitegral
approach. The temperature profile in the growing solid layer was solvetyexdtereas the
integral method was applied to the liquid layer. A numetioat finding algorithm was then
employed to solve the transcendental equation atlitjugd/solid interface. The LBM was
proposed under the enthalpgsed framework. The originaBGK equation was extended by
introducing a source term to consider the variabbratent heat of fusion upon phase change.
The numerical results of the extended LBM was comptaearably tothe analyticsolution for
an ice formation problem and exasit agreement was shown.

By utilizing the analytic solution, unidirectional freezing of both aqueous and cyclohexane

based NePCM with various nanaparticlesre studied andhe following conclusionsvere
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drawn. As the volume fraction of the suspended nambgeswas raised, thdiquid to solid
thermal conductivity ratio for theolloids increasd. Water and cyclohexane exhibited opposite
trends for dependence of theguid to solidthermal diffusivity ratio in relation to introduction of
more nang@articles. Thiswas linked to the opposite trends of both density and specific heat
capacitywhen the PCM undergodseezing For a given base PCM aralconstant volume
fraction, the dimensionless freezing timess nearly constant anwas independent of the
materal of the nanoparticled=reezing beameclearly faster as the loading of nanoparticles
increased and the tremabs found to be almost linear. For the representative aqueous NePCM,

an expediting of freezing up to 11.486s observed by adding 10I% nanoparticles.
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Table 41 Parameters in the ice formation problem for validating the LBM solution

Parameter | Quantity
b 2mm

Ts ocC

T 5€C

To 110 2
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Table 42 Predicted dimensionless total freezing times and the corresponding percentages of

expediting (in parentheses) for aqueous and cyclohexased NePCM

Base PCM Ovol% |[1vol% |[2vol% |[5vol% | 10 vol%
6.8859 | 6.8083 | 6.5706 |6.1711
water 6.9619
(1.1%) | (2.2%) | (5.6%) | (11.4%)
1.5975 | 1.5849 | 1.5507 | 1.4995
cyclohexane | 1.6107
(0.8%) | (1.6%) | (3.7%) | (6.9%)
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Figure 41

Schematic diagrams of (a) the physical model of i@ unidirectional freezing

of NePCM in a finite slab and (b) instantaneous dimensionless temperature profiles
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Figure 44  Schematic diagram of the D1Q2 lattice model
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Figure 45  Schematic diagram of the application of fixed wall temperature bowynda

condition in the D1Q2 lattice model

146



Gout <1 Qin

!
TRETTTTATS .

|<5x
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Figure 47  Comparison of the diensionless temperature profile and location of phase

interface between the LBM and analytic solutions after marching 1,000 time steps
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Figure 48 Comparison of the dimensionless temperature profile and location of phase

interface between the LBM and integral solutions after marching 9,745 time steps
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Chapter 5 Experimental Investigatsoof ExpeditedUnidirectional Freezingf NePCM

In this chapterresults ofexperimental investigations of unidirectional freezing of NePCM
are presentedAn ice formation testusing the original experimeral setup employinga
thermoelecic cooler as the cooling sourcedscused, followed by presentation of the results
on cyclohexandased NePCMuvith stabilized copper oxide nanoparticl&he results of the
refined experimental setup employing a copper cold plate are then presented with an emphasis on

the systemimprovements compared to the previousk.

5.1 Unidirectional Freezing Experiment:A Test Casewith Distilled Water

5.1.1 Expeimental setu@nd instruments

In order to verify the expedited freezing of NePCM due to its enhanced thermal conductivity
and to provide experimental data for comparison with tfiz Stefan model, a unidirectional
freezing experimental setupes designed¢onstructedand tested, as schematically illustrated in
Figure 51. A cooledfrom-bottom arrangementas adopted so as to avgidomotionof natural
convection in liquid during freezing (Boger and Westwater, 19%6g¢e the density of a liquid is
generdl inversely proportional to temperatur& thermally stablearrangementvas therefore
established with the lighter liquid layéwarmer)on top of theheavier layer (colder)The

consequences of thermally unstalalgers on phase change were briefly mentioned in Chapter 2
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in relation to work oiHenze and Humphrey (1984hdareaso discussed in detaily Tan et al.
(2009.

By doing so, he freezing proceswas dominatedonly by conduction, which physically
matcheghe 1D Stefan model, as shown kgure 41. The test cell for containing the NePCM
samplewas fabricated from a glagPyrex)tube with a squarener crosssection (24.8 24.8
mn?). The Pyrex glass possessesharmal conductivity of approximately 1 W/m#t room
temperature(http://www.engineeringtoolbox.com/therradnductivityd 429.htm). The tube
was placed vertically, as shown Kigure 51a, and its bottomwvas seded using a Teflon tape
(Thread seal tape, CFPC, Ningbo, CHINANnd aclear silicone seaant (Loctite, Henkel
Corporation, Avon, OM against a6.7 mm thick Al plate that served as the active cooling
boundary.To provide the cooling source, sguare thermdectric cooler (TEC) (Model No.
81628, FerroTec, Bedford, NH)ith crosssectional area of 22%22.4 mnf was attached to the
bottom of the Al plate andvas supported by aoppercored aluminurfinned heat sink
underneath itA fan was associated with thieeat sink to providecive air cooling.The TEC
was powered by an adjustable DC power suppdel No. 303, Proteck, AIWAN). The
horizontal planar gaps between the Al plate, TEC, and the copper core of the heatesink
filled with thin layers of thenal greaséFerroTec, Bedford, NHjo enhance the thermal contact
conductance. Moreover, in order to establish a queshgat conduction path, a thick insulation
jacket made of Styrofoan{~0.08 W/mK, available athttp://www.engineeringtoolbox.com/
thermal-conductivityd_429.htm) was used to tightly embrace the test cgllfour (4) sidewalls.
The insulation alsoesved to block exchange of heat between the freezing cell and vertical
forcedair flow surrounding the cellt is noted that the insulatidayerwas removed at times to

allow direct visualization of the cell iRigure 51b. A thick transparent lid made of Plexiglas
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(~0.2 W/mK, available alttp://www.engineeringtoolbox.com/thermadnductivityd_429.1ml)

was fabricated to cover the top end of the cell, with an air layer left below it to serve as both the
insulated boundary and a reserved space for accommodating possible volume expansion upon
phase changddeat dissipation from the sides and top endheftest cellwas suppressed, and

hence heatvas only allowed to be extracted through the active cooling boundary at the bottom.

The height of the test celVas approximately 40 mm. The orig{m = 0) of the imaginary
coordinate systerwas placed at theusface of the Al plate, as shown kigure 51b. Moving
upward, six equalkgpaced holes placed approximately 5.5 mm aware drilled along the
central line on one side of the cell to accommodate insertiontgp& thermocouples (TGPN:
TT-K-30, Omega, Stamford, CTBY using a digital calipers, the coordinates for the junctions of
TCs #1 to #6vere measured to b&j = 1.6,X, = 7.3,X3 = 12.6,X4 = 17.9,X5 = 23.6, andks = 29.3
(° 0.3 mm). In addition to th&Cs thatwere mounted on the side wall of the test cell, another TC
(#0) was inserted into the Al plate through a slot to monitor the temperature variation of the
cooling boundaryx, = 0 mm).The TC#7 thatwas not shown irfFigure 51 was used tdrackthe
room temperatureThe TCs were mounted using an epoxyB(Kwik, J-B Weld, Sulphur
Springs, TX that isshown aghe black layer ifFigure 51b.

The eight (8) TCs were cdibrated carefullyprior to mounting on the test cedind the
uncertainty for temperature readingss determined to be £+ 02 € (Appendk D). A 16-
channeldata acquisition (DAQ) unit (NI 9213, National Instruments, Austin,, Tjich has a
built-in cold junction compensation circyivas used to log the TC readinghe DAQ unitwas
connected to a personal computer through a-tmaa& controller (NI cRIG9014, National
Instruments, Austin, TX)and was operated bya LabVIEW-basedvirtual instrument (VI)

(Appendx E). The arrangement of the entire experimental se&ughown inFigure 52. The
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uncertainty analysisf the experimental daia givenin Appendk F. In addition, an estimation
analysis of the time respamsf the TCs is provided in Appendix G.

The experimentadetup waplaced in an aiconditioned room thawas kept at about 25 €.
During the experiments, thEEC was operated at a constant voltgg@ V) and amperagé-2.6
A), thus giving a constant inppbwer(~18.2W). The temperature readinggre logged every 5
seconds, i.e., at a sampling rate of 0.2 Bantinuous temperature recordingsre started
immediately after the instant at which the TB@s turned onThe growth of the frozen layer
wasindirectly determined by means of the temperature variations at various locations along the
freezing direction, subjeetl to an essential assumption that freezing will happen immediately
when the local temperature has gone below the freezing p¥iatographt recordingswere
madeby using a digital camera (C140, Kod&gchester, NY, in order tocapturevisually the

evolutions of frozemayer.

5.1.2 Experimenin ice formation

A testof this unidirectional freezing experimental setuph distilled waterwas performed
prior to conductinghe experimentdor NePCM samplesAbout 22 mL of distilled watewas
poured into the test cell and hence, the liquid lexas approximately 36 mm above the Al plate.
As shown inFigure 53, the junction of the highest TC (#6)»at 29.3 mmwas thus assured to
be submerged in water.

Temperature recordingas started immediately after the water sampés poured ito the
cell. After a quiescent and isothermal initial status waseadd in the cell,ie TECmodulewas
turned onto trigger the ice formation procedsuring the experiment, the insulation baas

removed shortlat timesto allowtaking ofphotograph.

159



5.13 Results and discussion

The transient temperature variatioesorded by all the eigli8) TCs are presented Figure
54. The temperature readings of TC#7 confirm thataimdienttemperatue was maintained at
about 25 €. Since thecompleteice formation procesm this st celltook more than 2 hours,
only the early stage up to 5,400 s (i.e., 90 minutegresentedUpon turning on the TEC
module, the Al plate temperatu(@C#0) decreased t®610 € after about 120 second3he
thermocouple readisgexhibit smoothdecayat an early stage for local temperature greater than
4 €. When the local temperature héallen below4 € , oscillations are exhibitedndicatingthe
onsetof natural convection. As discussed before, the cefvted-bottom desigrwas adopted to
suppressnatural convection. However, in case of watdnsity inversion in the temperature
range between 0 and 4 @ill lead to natural convectionurrents that further progress vertically
within the cell As shown inFigure 55, the density of ater reaches its maximum arouhdC
(http://www.ldeo.columbia.edu/~martins/climate_water/slides/density).t.qgif

For temperaturebelow 4 €, water beamelighter with decreasing temperature. Therefore,
the lighter liquid layemwas under the heavier layer, thus leading to a thermally unstable structure
that in turncause the onset of natural convecticarrents After running for 30 minutes (1,800
s), thelocal temperatures épt going down and thecurves gradually converge togetr,
indicating that the entire cell is approaching an isothermal state atig&@®@ut This is apparently
associated with the supercooling phenoareras discussed by @theret al. (2007) Although
the standardreezing point for water at atmospheric m@® is 0 €, the distilled water in this
casewas supercooled t66 € before ice formation dok place. The sudden junyd the curves

back to O € at around 2,000 s signifies the onset of crystalline ice formaimte. that the TEC
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module could not be nt@ained at a constant temperature in response to the complex phenomena
in the freezing cell. In addition to explaining this phenomendirectly through the temperature
variations of Figure 54, a series of snapets that were taken at every 15 minutesearly
illustrate the ice formation process, as showhigure 56.

In the snapshot takerfter 30 minutes (Figure 56b), the ente cell looks hazy, which clearly
indicates the presence of amorphous ice structures in the supercooled water prior to the
formation of crystalline ice. The growth of the frozen layer (crystalline solid) is demongtrated
theremainingsubfigures, wheréhe distinct solidiquid interface moves upward. Voids are also
found in the fr ozen hdavagyoen veracally donsistent witto themiceo t
formation direction(Chalmers, 1959Moreover, the freezing front is found to hen-planar and
is slightly concavelownward due to the surface tensieffiects

In conclusion, a quasi-ID freezing experimentvas established and the w&thown natural
convectioncurrentsand supercooling phenomena associated with ice formatsoa captured.

The ice fomation test demonstratehat this experimental setup is applicable to conducting

unidirectional freezing experiments of NePCM.

5.2 Experiment on NePCM Using a Thermoelectric Cooler (TEC)

5.2.1 Experimentabetailsand procedure

Upon completing the fezing tests with distilled waterhé¢ experimental setup presented
aboveusinga TEC as the cooling souraeas usedto investigateunidirectional freezing of
NePCM.The details of the experimental setup and instrumentshthat beerpresented in the

previous section are not herein duplicated agaytlohexanebased\ePCM samples with three
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(3) different volume fractions of G nanoparticles, i.e., 0.5, 1add 2.0 vol%corresponding to
about3.8, 7.5 and 1.7 wt%), were prepared along with a partidiee sampleservingas the
baseline casé) vol%). Cyclohexanewas chosen due to itsegligible supercooling, consistent
with the proposed Stefan model in which the supercooling has been disregarded, and
transparency in both phasas well For each of the pacle loadings of interest, a sample of 20
mL was prepared and tested. The sampiese in liquid state at room temperature as the
freezing pointof cyclohexane is approximately 6 After pouring a sample into the test cell,
the liquid levelwas about32 mm above the Al plate, and hence the junction of the highest TC
(#6) atx = 29.3 mmwas submerged in the sample.

Similar to the ice formation testontinuous temperature recordivgere started immediately
after the instant at which the TE®&as turnedon. No visualized observatienof the freezing
procesghroughthe side walls of the test cellas plannedor the particleladen sampledue to
the opaquenature of the samplethat doesnot allow clear observation of the solitiquid
interface(seeFigure 34). In order to indirectly determinthe growth of the frozen layer likie
temperature readingtye freezing poinbf NePCMwas assumed to be unchangeith respect
to the loadingof nanoparticles.This assumtion was justified from differential scanning
calorimeter (DSC) testing on similar hydrocardmased MPCM samples in available literature. For
example, Wu et al. (2010) reported that the melting and freezing points of phesifid NePCM
are only changeby up to 0.6 and 2%, respectivaljgonintroducing copper nanopatrticles up to 2
wt%. As presented by Clary and Mills (2011), the melting point for eicesased NePCM with
the same sodiuroleatestabilized CuO nanopatrticles being used (up to 20 wt%ilig variedby

up to 0.3 €, which isof the same order of the uncertainty of the T€sd in the present study
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5.2.2 Experimental results and comparison with thHe $tefanproblem

The transient variations of the local temperature along the sidefthk test cell that were
recorded by various TCs are presenteBigure 57. At the adopted fixethput power(~18.2 W)
of the TEC it took more than 2 hours to attain complete freezing for each sample and the
freezing rate gradually became slower as the experiments peyrdesice, only the transient
variations at an early stagedd 3 , e&dhd arespresented.

The temperature readings of the two TCs (#5 and #6) are excluéegline 57, as the local
temperatures at both level&l not go below the freezing point within 1 hothe TC#7 hatwas
employed to measure the ambient temperature is also excliiledgeneral trend of the
temperature decay due to growth of the frozen layer is exhibited by all the TC readings
presentedThe recordedsmooth curvesiecaying and falling belowhe freeing point clearly
confirm that the supercooling of cyclohexamas negligible. he elapsed times for the freezing
front to reach variou3C levels were therefore determined by finding the intersectiohshe
temperature curves and the flat line thatespnts the constant freezing goin

For the sake of comparison, an inset that presents theupgodiagram in the vicinity of the
intersections for TC#3 at = 12.6 mm is displayed ifigure 57. It is clear thatfreezing is
somewhat expedited for the 0.5 and 1.0 vol% NePCM samples, as the intersection points move
toward left, i.e., less time is required to freeze ¢b#oids to that height For the 1.0 vol%
NePCM, the curves are steeper than those for the 0% MNelPCM at the early stage of cool
down of the samples before the occurrence of phase change. As the temperature approaches the
freezing point, the decay rate for the 1.0 vol% sample becomes slightly slowegh#hdor the
0.5 vol% sampleMoreover, it & found that the freezing rait® not raised as the concentration of

nanoparticless further increased to 2.0 Yolandfreezing seems to be slightly slowed doas
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compared to the other cas€orresponding to the experimental observationBigfire 57, the
initial and boundary conditions of the freezing experiments are summariZedla51.

By substituting these parameters and the thermophysical properties of cynmlaexbCuO
nanoparticles that are available in Appendix C into tfiz Stefan model, numerical predictions
of the elapsed times for freezifay the operating conditions of the experiment were obtaimed.
order to assess quantitatively the extent of eitipgdafforded by the presence of nanoparticles,
the experimentalipbserved and numericalfyredicted elapsed times for the freezing front to
reach the TC#3 ak = 12.6 mm are compared ihable 52, in which the prcentages of
expediting for NePCM samples relative to the baseline case of pdréeleyclohexane (0
vol%) are given as well.

Since the sampling rate of TC readingss 0.2 Hz, the temporal resolution for the
experimental datawas 5 ®cond The maximum expediting of 8.23% was achieved
experimentally for the 0.5 vol% NRCM, when the freezing frontdok about 1115 second to
reach the height of 12.6 miiatwas 100 s faster than that required for pure cyclohexanl5
second). For the 2.0 vol% NePCMhe freezing timevas slowed down from the case of pure
cyclohexane by 27%. However, unlike this inverse trend observed experimentally, the
numerical freezing timevas almost shortenelthearly with increasing loading of nanoparticles.

In addition to tle comparison among various particle loadings, it is also observed that the Stefan
model overestimates the elapsed freezing times for each of the NePCM samples invebtygated

a factor of 2
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5.2.3 Sources of discrepancies

Given the existing experimentadetp and limitations of the posed Stefan modék
aforementionedliscrepancie®etween the experimental and numerical resudts be attributed
to a number of factors. Firstly, the heat pumping rate by the WBsCdependent on both the
input power andhe thermal loading of the TEC. Although the input power of the We€kept
constant, in the reported experiments the actual boundary condiasn nei t her Acor
temperatur eo nor fiisobeesvedarffigure 87 that laftemaglecayaéeriet( . It
< 1,200 scond, the temperaturat the cold boundarkE 0 mm) convergeto and remaigat a
constant value of approximatelyl5 €, which was used as the boundary condition in the
calculations of the-D Stefan model. However, the constant temperature boundary in the model
was imposedfor t > 0 as a step functiohis mismatch of the boundary conditionxat 0 was
the primary source of the discrepancieBurther effort is requiretio refine the expemental
seup so as to be able to provideodbust anctontrollable constartemperature cold plate.

Secondly, the lack of accurate thermophysical propentassalsoa likely causeresponsible
for the observed discrepanci@he effective thermophysical gperties of the NePCM samples
were estimated by adopting the existing mixture models, i.e., BEGS) o (4.67). The predicted
effective propertiesvere not verified directly by experimental measurements. Therefore, the
actual properties may deviate tnse extent from thadopted quantitieespecially for thermal
conductivity. More importantly, the thermophysical properties for the base PCM in its solid
phase are not well documented. The numerical predicti@ns very sensitive to the thermal
conductivty in solid phase, since heat conduction through the frozen layer dominates the
freezing process. The thermal conductivity for solid cyclohexane has rarely been reported in the

literature. The quantity of 0.1359 W/mK that is availabl&irfredge et al(1993)was adopted
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in the present study. This valugs very questionable as for other hydrocarbons, the thermal
conductivity variations upon freezing/melting are observed to be much greater. For example, the
thermal conductivity for eicosane is increasexhf 0.15 W/mK in the liquid state to 0.42 W/mK
in the solid staté€Stryker and Sparrow, 19907 simple estimation indicates that if a greater
value of thermal conductivity of solid cyclohexarseadopted in the-D Stefan model, the
predicted elapsed timewould be lowered noticeably to be in better agreement with the
experimental data. Thus, in order to improve the numerical predictttmsneasuredhermal
conductivity for thespecificNePCM samples in both liquid and solid phases are requisesad
of using the data available in the literature

For the nommonotonic expediting trend observed experimentally, the major reason
narrowed down tothe inconsistent initial and boundary conditions among individual
experiments. Although these conditiomere nearly identical, as shown Figure 57, any slight
deviation would result in considerable discrepancy. It is noted that for the most concentrated
NePCM sample (B vol%), a localperturbatiorof the temperatureariation is observed around
= 250 £condin Figure 57. In this case, the cooling boundary temperawas slightly greater
thani 15 €, implying that the comparison is not on the same basis of boundary candfiie
freezing process for the®vol% samplewas actually undertaken at a smaller Stefan number,
which is likely responsible for the slowirdpwn phenomena. This defect can be improved if a
well-controlled cooling source issed

Significant precipitaton of the CuO nanoparticles was observed on the bottom of the test
cell, as illustrated by ththick residuelayers inFigure 58, for the 2.0 vol% NePCM after the
conclusion of the freezing process, suggesting tia sample being frozen was actually less

dense than desirell.is noted that volume fractions considered, i.e., 0.5, 1.0 and 2.0 walfé,
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relatively concentratedTherefore, in order to attain a stabilized NePCM with desirable
expediting of freezinga sample with relatively dilute concentration of nanopatrticles is favored.
For individual combinations of base PCM and nanoparticles, the optimized value of loading of
nanoparticles may be found by performing a number of tests.

Furthermore, the establislemt of the 1D unidirectional freezing procesgas imperfect as
minor heat loss through the side walls of the testisalinavoidableDue to the surface tension
effect at the phase interface, mplanar, slightly concave downward freezing frontsreve
obsrved during the freezing procesA&dditionally, pronounced void formatiorwas also
observed irthe solid layer upon freezing, as showrrigure 59.

Discrepancywas also due to the neglected temperature depeadanthe thermophysical
properties and effect of diffusion of nanoparticles in liquid. Such complexities of the freezing
experiment thatvere notaddressd inthe simple 1D Stefan model k& to other disagreements

between the experimental and numericaliitss

5.3 Improved Experiment on NePCM Using a Copper Cold Plate (CCP)

5.3.1 Improvements relative to the previous work

Due to thepronounced discrepancidsat were observed between the numerical predictions of
the D Stefan nodel and the experimehi@ata inthe previous work, improvemenigre made in
order to address the aforementioned shortcominggigesissedbefore, primary reasons for the
discrepanciewserenarrowed down to the mismatch of boundary conditions betitanodel and

experimentJack of accurate thermal conductivity data, as well as significant precipitation for the
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relatively heavy loading of nanoparticles. Therefdine, improvement®n both experimental and
numerical sidegelative to the previous wodkreoutlinedas follows:
1) An improved unidirectional freezing experimansetupwas designedin which a copper
cold platewasemployed as the cooling source insteadsifg theTEC.
2) Cyclohexaneébased MPCM samples with more dilute concentration€ab nanoparticles
were prepard and investigated.
3) The measurethermal conductivity of thee cyclohexanebased MPCM samples, for both
liquid and solid phases, that has been documented in Chapias 8tilized in the

calculations of the-D Stefan model.

5.3.2 Experimental setup amatocedure

As schematically shown ifrigure 510, the experimental setup that has been used before
(Figure 51) was retainedexcept for the cooling source, where the TS replaced with a copper
cold plate (CCP}hat was operatedvith the aid of aconstantemperature batbitculator. A
photograph of the CCRodule(CP25G02, Lytron, Woburn, MA) with a mounting surface of 33
58 mnf is shown inFigure 511, in which the internal channebnsisting of crissrossed finss
displayed schematicallypby a cutview inset (http://www.lytron.com/~/media/lmages/Lytron/
Global/Standard%20Products/Pics/CP25/cold_plate cp25.jpg).

Flow passageays of theCCPwere connected to the inlet and outlet ports of a programmable
bathtirculator (TR502P, Brookfield, Middleboro, MA) with a temperature stability of 0.01 € and
with the pumping rate being adjustalfieom 6 to 15 L/minute)lt is noted that this circulatdras
been used in Chapter 3 as tmmstantemperature bath for controlling the temperature for thermal

conductivity measurementa.water/ethylene glycol 1:1 mixtuseith a freezing point of aboii34
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€ was used as the working fluid in order to attasth temperature belowce point(0 €). In
addition, athick insulation boxwvas fabricated to accommodate thEPwith all the surfaces being
protected except for a square opening that matches the size of the test cell left on the top surface.
Before mountig the test cell on the CCP, a thin layer of thermal greassp@ad on the exposed
square surface of the CCPremluce the contact resistance.

As presented beforéhe coordinate®f the six(6) TCs mounted on theidewall of the test cell
aex; = 1.6 x =7.3,%=12.6,x = 17.9,x = 23.6, and = 29.3 mm (0.3 mm)Unlike the
previous setupnstead of mounting a TC on the top surface of the Al plate, the temperagrelat
mm was monitored by the TE&0 placed underneath th€CP for ease of nstallation. The
arrangement of theodified experimental setup is shownkigure 512.

Cyclohexanewas still chosen as the base PANview of the dense sample3, 0.5, 1.0 and
2.0 vol%, corresponding to 3.8 7.5 and M4.7 wt%, respectively investigatedoefore four (4)
more dilute samples with 0,.d, 2.0 and 40 wt% of the CuOnanoparticlesvere preparedA
volume of 20 mlwas prepared for each of the samplBse experimestwerestill carried out irthe
ar-conditioned room thawas maintained aabout25 €. The boundary conditiowas, however,
different from the previous experimental setup, whteeCCPwas h e | d fa all the Bins A C
performed Comparing to the set point of the circulator, a typical temperature difference of only 1.5
€ was observed on the surface of @€Pby using a pumping rate of about 8 L/minute. This small
temperature differenceas affordedby taking advantage de extremely small thermal resistance
of the platedue tothe purecopperdesign and the patented miarisannel structure inside the plate.
Therefore, i n order to attain aatuceoithecirauator pl at ¢

was s et aThe stability®f thé @late temperatumas observed to bef the same order of
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that inside the circulator (+ 0.03 €)Additionally, the temperature dataere still recorded at a

frequency of 0.2 Hz.e., everys seconds

5.3.3 Results and discussion

Transient temperature variations recorded by #Cto #3 for various NMPCM samples during
the freezing process are presentedrigure 513. It took more than 4 hours tottain complete
freezing of the 32 mm thick samples and the freezing ratamesouch slower at later stages, as
indicated by the less steep temperature decaying rates at higher TC locations. Hence, only the data
up to 1 hour (3,600ex0nd for the four lovest TCs are shown iRigure 513. Comparing to the
significanttime lag (about 20 minutes) of tleold boundary temperature associated with the TEC
adopted in the previous experimental setup, the @G&ulebeing wsedwas able to restabilize to
the set temperature within 2@c®ndafter loading the test celllhis favored feature is clearly
realized by the almost flat temperature variation o#0 @at was mountedunderneath the CCP
module It is also shown that ¢hplate temperatureser e al mo st identi cal (7
different runs, thus providing a consistesnstardiemperaturdooundary condition. The freezing
rate is assessed by calculating the elapsed times to form a given thickness of solid iictygrasvh
determined by finding the intersections of the temperature curves with the flat line that represents
the comstant freezing point (6.5 €)Furthermore, the smooth variations around the phase change
region indicate that the supercooling for cycladmexwas negligible unlike the significant
supercoolinghat was observetbr experiments withdistilled water For ease of comparison, an
inset that presents the data of# 2dx = 7.3 mm) in the vicinity of the freezing point is given in

Figure 513
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In general, freezingvas expedited as more nanoparticleare introduced and the greatest
expeditingwas achieved by introducing@wt% of nanoparticles. However, for the sample with the
highest concentration .Awt%), freezing timewas not further shortened relative to th@ @t%
sample andvas nearly recovered to that of tharesample (0 wt%). Because thé4t% sample
exhibited desirable stability upon freeze/thaw cycling by visual observation, precipieon
unlikely responsible for this anomalous slownigvn phenomenon. The possible reason will be
discussed below in regard to the measured thermal conduofitity NePCM samples

The measurecelapsed timegup to 3,600 second)tilizing the original TEC stup and the
improved CCP setup are presented able 53. Comparison is made at various TC levels for the
case of pure cyclohexane. Since a lower boundary temperature was imposed in the experiments
adopting the EC T, & 115 AC) , t he el aps ehdveincicaseddor ther e c | ¢
improved experiments with the CCP modilg§ 75 AC). Comparison of th
lowest TC (#1) in the test cell, however, exhibits the opposite trend duentmtheshorter time lag
of the boundary temperatuaethe beginning afforded by the CCP module

The elapsed times for the freezing front to reach the2Ta# = 7.3 mm were also predicted
numerically by employing the-D Stefan model presented in ChapterTée thermophysical
properties were estimated via the existing mixture models, except for thermal conductivity. As
presented in Chapter Bigure 37), thermal conductivity values of the cyclohexdr@sed NePCM
samples measured at 10 € were used for the liquid phase, whereas those measbir€dvare
adopted for the solid phase, as gived able 54. Moreover, in theStefanmodelcalculations, the
following parametershat are listed imMable 55 were specified to match the initial and boundary

conditions of the improved freezing experiment.
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The experimentalipbserved and the predicted elapsed times are preseniablm 56, in
which the relative percentages of expediting due to the presence of nanoparticles are given as well.
Notethat because of the sampling rate of the DAQ unit (0.2 Hz), the resolution of the experimental
data was 5. Recallingthe great discrepancibstween experimental and numerical valieserved
in the previous section for the THfased experimental setup, the present predictions were
significantly improved, due to the employment of the measured thermal tongwtata forthe
solid phase and the stabilized boundary condition afforded by the CCP as well.

The experimentallpbserved slowinglown phenomenon for the®wt% samplewas verified
numerically as the measured actual thermal conductivdy used irthe predictionslt seems that
the enhancement of thermal conductiwitgs compromisedvhen the loading of nanoparticles is
greater than .B wt%. Both experimental and numerica¢sults agree that the 2.0 wt% sample
resulted irthe greatest percentage &pediting, which was 5.20% experimentally. In general, fairly
good agreemens exhibited with the numerical predictions being slightly wedtimatedy about
18% whichwas primarily due tadeviation of the experimental setup from th® Btefanmode|

e.g., the imperfelyt insulated walls.

54 Summary

A unidirectionalfreezing cellwas designed to assure a thermally stable qu&ifieezing
procesdree of natural convection currents such a way that theell was cooled from below
with the side whs being insulted. TC readings at different heights along the freezing direction
were collecied continuously, thus allowing determination of the progress of the freezing front.

An ice formationtestwas carried out to test the experimental setup with & B8 the cooling
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source. Natural convection associated with the density anomaly of water and significant
supercooling phenomanwere successfully captured, thus indicating the applicability of the
experimental facilies

As an examplegyclohexandbased\NePCM samplewere prepared and investigatey using
the TECGdrivenexperimental setugexpedited freezing due tive presence of nanoparticless
clearlyobservedThe timedurationto form a 12.6 mm thickozenlayerwas shown numerically
to be almostlinearly shortened with increasing loading of nanoparticles. However, the
experimentallyobserved expediting trendias not monotonic. The maximum percentage of
expeditingwas found to be8.23% for the 0.5 vol% NePCM sample, whereas freeziiag not
further expedited with increasing concentration. Moreover, at constant loading of nanoparticles,
pronounced discrepaies between the experimental and numerical resuéie observed. The
reasons for these discrepancies and routes to improve the current exjaninvestigation and
numerical predictionsvere discussed in relation the mismatctbetwea the experimental sgb
and the physical moddhck of accurate data of thermophysical properties of NePCM, especially
in the solid phase and their dependence@mperature, as well ggecipitation of nanoparticles
for the relatively concentrated samples studied.

In view of the aforementioned shortcomings, an improved experimental wasdgonducted
for more dilute NePCM samples. Better contriotiee cold bourdary temperaturevas achieved by
utilizing a CCPwith the aid of a programmable circulatostead of using the TEQ he quality of
the experimental datevas thus improved. livas shown that freezingvas expedited as more
nanoparticlesvere introduced anthe trendwas still not monotonic. The D wt% sample yieldd
the highest percentage @tpediting (5.20%), where&®ezingwas slightly slowed down when the

loading of nanoparticlewas further increased to 4 wt%. Thigs related to the nemonotonic
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erhancement of thermal conductivity the solid phase. Instead of adopting the questionable
thermal conductivity value available in the literature, better numerical predictmasobtained by
employing thein-housemeasured thermal conductivity dakaily good agreement between the
experimental and numerical resultes exhibited with the numerical predictiobging slightly
underestimatedUpon eliminating the major shortcomings, teenaining sources for discrepancies
between the experime and numecal results seeadto be primarily attributed to the inherent
deviation of the experimental sgt from the physical model due to imperfect thermal insulation.
Other complexitiemassociated witlthe freezing experiment, e.g., nplanar freezing front, vud
formation in solidphaseupon freezing, and diffusion and precipitation of nanoparticles in liquid
which were notaccounted foiin the simple modelcould beother major contributorso the

disagreements.
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Table 51 The expemental parameters of the TEC setup imposed for e Stefan

problem
Parameter | Quantity
S 12.6 mm
Tt 65C
Ti 255C
To 15 A
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Table 52 Comparison of the experimental and numerical results of the elapsed times for the

freezing front to reach the height of 12.6 mm

Volume fraction

Mass fraction

Experimental data

Numerical predictios

(vol%) (Wt%) Time (s) | Expediting | Time (s) | Expediting
0.0 0.0 1,215 o} 2,240 o}

0.5 3.8 1,115 8.23% 2,228 0.%4%

1.0 7.5 1175 3.2% 2,216 1.0®0

2.0 14.7 1,245 T A% 2,193 2.10%
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Table 53 Comparison of the measured elapsed freeaingd (unit: second) for the frozen
layer to reach various TC levels utilizing the original TEC and the improved CCP setups for pure

cyclohexane

TC number | TEC setup | CCP setup
#1 115 95

#2 545 865

#3 1,215 1,920

#4 2,115 > 3,600

#5 > 3,600 o}

#6 0 0
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Table 54 Adoptedthemal conductivity (unit: W/mK) from measurements lodth liquid

and solid cyclohexankased NePCM samples with various loadings of nanoparticles

Mass fraction (wt%) | Liquid (10€ ) | Solid (5€)
0 0.1225 0.2689
1 0.1231 0.2764
2 0.1238 0.2865
4 0.1243 0.2716
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Table 55 The experimental parameters for the improved experimental setup using a CCP

utilized for the 1D Stefan problem

Parameter | Quantity
S 7.3 mm

Ts 65C

T 25¢C

To T5. 2

179



Table 56

thick frozen layer of NePCM

Comparison between the observed and predicted elapsed times to form a 7.3 mm

Mass fraction (wt%)

Experimental data

Numerical predictions

Time (s) | Expediting | Time (s) | Expediting
0 865 o} 708.3 o}
1 835 3.47% 679.5 4.07%
2 820 5.20% 651.0 8.09%
4 860 0.58% 696.6 1.65%
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Figure 51  Schematic diagrams of (a) the unidirectional freezing experimental setup with a thermoelectric cooler (TEC) and (b)

thearrangement ahethermocouples
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Figure 52  Photograph of the arrangement of the unidirectional freezing experimental setup

operated with a thermoelectric cooler (TEC)
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Figure 53  Photograph ba closeup view of the transparent test cell filled with distilled

water prior to an ice formation experiment
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(d) 60 min (e) 75 min (f) 90 min

Figure 56 A sequence of photographs displaying the unidirectional ice formation process

within the test cell with the @water interface identified by dashed lines
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Figure 5.7  Comparison of transient variations of the temperature at various locatpon$ (TC#0),x; = 1.6 (TC#1)x, = 7.3

(TC#2),x3=12.6 (TC#3) andy = 17.9 mm (TC#4) fothe TEC setup
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Figure 58  Photographs of (a) the top and (b) side views of the test cell with the most
concentrated cyclohexafmsed NePCM sample (2.0 vol%) after the freezing experiment,

showing significant precipitation @uO nanoparticles on the bottom
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Figure 59  Photographs of (a) the side view of the test cell showing widerslender voids
formed in the frozen pure cyclohexane and (b) top view of a frozen cyclohbaaed NePCM

sample(2.0 vol%)with the holes indicating the formed voids of various sizes
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Figure 510 Schematic diagrams of (a) the unidirectional freezing experimental setup with a CCP and (b) the arrangement of

thermocouples
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Excellent thermal uniformity as water flows
beneath the entire cold plate surface

Ali-copper construction is
compatible with water

Intermal microchannel construction

t or beaded
connector available

Ultra-low thermal resistance
due to internal criss-crossed fin

Figure 511 Photograph of the CCP used as the cooling source in the improved experimental

setup for unidirectional freezing of NePCM
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perature
bath/Circulator

Figure 512 Photograph of the arrangement of the improved unidiredtidneezing

experimental setup with a CCP
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Figure 513 Comparison of transient variations of the local temperature at various locatien®: (TC#0),x; = 1.6 (TC#1)x, =

7.3 (TC#2) antks = 12.6 mm (TC#3) for the CCP sptu
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