
•Review•

SCIENCEFOUNDATIONINCHINA　　Vol．２７,No．１,２０１９ ４３　　　

Fundamentalaspectsofphasechangeslurries:
ThermoＧfluidiccharacteristics
ZHANGPeng(张鹏)∗ & MAFei(马非)

InstituteofRefrigerationandCryogenics,ShanghaiJiaoTongUniversity,Shanghai２００２４０,China
ReceivedOctober１０,２０１８;acceptedNovember２６,２０１８

　　∗ Correspondingauthor(Tel．/Fax:＋８６Ｇ２１Ｇ３４２０５５０５;Email:zhangp＠sjtu．edu．cn)

Abstract　Thermalenergystorage(TES)isanattentionＧgainingtechnologywhichisusefultoimprovethe
energyefficiencyaswellastobalancetheenergysupplyanddemand．Untilrecently,thelatentheatTES
(LHTES)technologyhasbeenpromotedquitefastmainlyduetothelargeheatstorage/releasecapacity
thattakesplaceatnearlyconstanttemperature．Thephasechangeslurry(PCS)preparedbydispersing
phasechangematerials(PCMs)intocarryingfluidcanservenotonlyastheenergystoragemedia,butalso
astheheattransferfluid(HTF)．ComparedwiththeconventionalPCM whichneedsadditionalHTF,the
PCSprovidessuperiorperformanceandhasthegreatpotentialtoupgradethecurrentTESsystems．This
paperreviewsthelatestinvestigationsofthemicroＧencapsulatedPCM (MPCM)andshapeＧstabilizedPCM
(SSPCM)slurries．A briefintroductionofthepreparation methodsofthetwotypesofthePCSsis
summarized．Andacomprehensivereview oftheflowandheattransfercharacteristicsofthePCSs,
particularlyinvarioustubeＧbasedgeometriesandheatexchangers,isconductedforabetterunderstanding
ofthemechanismandfurtherutilizationofthenextＧgenerationTESsystems．
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１　Introduction

Withtherapideconomicdevelopmentandincreasingenergydemand,energystrategyhasbeenoneofthe
mostimportantfactorswhichrelatetothesocialstabilityandnationalsecurity．Presently,thelarge
consumptionofconventionalfossilfuelsresultsinseriousnegativeeffects,e．g．,environmentalpollution,
globalwarmingandshortageofenergyreservoirsforthenextgenerations．EnergyＧsavingandemission
controlcan effectivelyimprove the energy efficiency and reduce the discharged pollutants． The
developmentofrenewableenergyisalsoaviablesolutionto mitigatetheincreasingenergycrisis．
However,therenewableenergysources(e．g．,solar)areoftenintermittentandseasonＧoriented．Thisisa
seriousfactduetowhichcommercializationofrenewableenergyisnotyetcomparabletoitscounterpart．
Therefore,themostfeasibleroutetoaddresssuchissuesistoutilizetheenergystoragetechnologies．
Amongstthem,TEStechnologyhasplayedasignificantroleinenhancingtheenergyefficiencyof
renewableenergysources．Consequently,theimbalancebetweenenergysupplyanddemandcanbesolved
throughtheTES．Inprinciple,theexcessiveenergycanbestoredatlowenergyloadthroughtheTES
systemandthenbereleasedathighenergyloadsothattheproblemofpeakＧvalleydifferenceforelectric
gridcanbesolved[１]．

PhaseＧvariantenergystoragesystems(i．e．,LHTESdrivenbyPCMs)aresuperiortootherenergy
storagesystems(i．e．,sensibleheatTESandthermochemicalTES)[２]duetoalargelatentheatstorage
densityandnearlyisothermalcharacteristicsduringthephasechangeprocess,providing morestable
temperaturetotheenergyconsumers．AlthoughtheheatstoragedensityofthethermochemicalTESis
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higherthanthatoftheLHTES,thecomplexthermodynamicsofchemicalprocesses,highoperational
temperatures,intricatedesignparametersofthereactorandhighprojectcostrenderthethermochemical
systemslesscompetitive．However,therearealsosomedisadvantagesofthePCMslimitingtheextensive
applicationoftheLHTES．Forexample,theorganicPCMssuchasparaffinhavelowthermalconductivity
andareflammable,andtheinorganicPCMssuchashighmeltingtemperaturemetallicalloysandmolten
saltsarecorrosivetothecontainer．Furthermore,theconventionalPCMsusuallyneedadditionalHTF
suchaswaterandoiltofacilitatetheenergycharginganddischargingprocesses,whichcomplicatesthe
systemandoperationoftheTES．

PCSasafunctionalfluid,whichcanovercometheaforementionedproblems,hasbeenfoundtobemuch
moreattractiveintherecentyears[３]．ThePCSmainlyconsistsofthePCMandthecarryingfluidwhich
alwaysretainstheliquidstateandhelpstosuspendthePCMparticles．Inaba[４]reviewedthesensibleand
latentheatＧtypethermalfluids,andmadeaclearclassificationaboutthePCSbasedonthetypesofthe
PCMandcarryingfluid:(１)１Ｇcomponentslurry,suchasslushhydrogen,slushnitrogenandiceslurry,in
whichthereisonly onecomponentintheslurry;(２)Clathratehydrateslurry (CHS),suchas
tetrabutylammonium bromide CHS (TBAB CHS),trimethylolethane CHS (TME CHS),and
tetrabutylammoniumfluorideCHS(TBAFCHS),inwhichthePCMisclathratehydratecrystalandthe
carryingfluidisthecorrespondingsolution;(３)Phasechangeemulsion (PCE),in whichthesmall
particlesofinsolublePCM suchasparaffinareuniformlydistributedinthecarryingfluidthroughthe
emulsifyingagent;(４)Micro/nanoＧencapsulatedPCM (M/NPCM)slurry,inwhichthePCM coreis
encapsulatedbythepolymershellandthendispersedinthecarryingfluid．ThedifferencebetweenthePCE
andM/NPCMslurryiswhetherthereisashellembracingthePCM．(５)SSPCMslurry,inwhichthe
shapeofthePCMisstabilizedthroughthepolymermatrixorothersupportingmaterialstoavoidthe
leakageinliquidstate．ThesefivetypesofthePCSscanbesimplydividedintotwogroupsbasedon
whetherthePCMdirectlyorindirectlycontactsthecarryingfluid．ThePCMparticlesinthefirstthree
kindsofthePCSscandirectlycontactthecarryingfluid．ThePCMchangestocarryingfluidwhenthe
PCMparticlesmeltcompletely,whichenhancesthecomplexityofrecyclebecausethepreparationofthe
PCSisusuallybundledwithitsapplication．Inaddition,thedropletformofPCMinthePCEabovephase
changetemperatureisnotstablebecausethedropletsofthePCMcaneasilymakelargeclusters,which
badlyaffectsthehomogeneityoftheslurry．However,thereisnosuchproblemforthelasttwokindsof
thePCSs．TheshelloftheM/NPCMandthesupportingmaterialoftheSSPCMplayimportantrolesin
isolatingthePCMfromtheexternalenvironmentsothattheleakageandclusterＧformationproblemscanbe
overcome．ThecorrosivenessofsomePCMs,suchasinorganicsalthydrates,tothemetalcanalsobe
avoidedthroughtheshellsorsupportingmaterials．Therefore,thelasttwokindsofthePCSs,especially
theMPCMslurryhaveattractedmuchmoreattentionamongdifferenttypesofthePCSsoverthelast
decade．

ThePCSshowssignificantlyexcellentperformanceoverthepureHTFandconventionalPCMduetothe
followingadvantages．ThePCScanbestoredintheconventionaltank,pumpedthroughthepipelinesand
dischargeddirectlywithoutadditionalHTFduetothefluidityofthePCS．Meanwhile,theheatenergy
storagedensityofthePCSisapparentlyhigherthanthatofthepureHTFbecauseofthelatentheat
storagecapability．Therefore,thePCSsarenotonlyusedastheHTF,butcanalsobeusedastheenergy
storagemedia．ThePCSshowsbetterperformancethanthatofthesingleＧphasefluidinenergytransport．
ThepumpingpowercanbereducedbecausethemassflowratedecreaseswhenusingtheHTFwithhigh
energystoragedensitytotransportthesameamountofenergy．Further,thelargeheatcapacityofthePCS
alsocontributestotheenhancementofheattransferoftheHTF,andthedecreaseofthePCStemperature
comparedwiththeconventionalHTFisinfavorofthecoolingperformanceoftheheatsinksandheat
exchangers．Inaddition,thespecificsurfaceareaofthePCMgreatlyincreasesinformofparticles,which
impliesthattheheattransferbetweenthePCMandthefluidisimproved．

AccordingtotheadvantagesofthePCSandbroadphasechangetemperaturesofdifferentPCMs,the
PCScanbeusedinavarietyoffieldstoimprovetheenergyefficiency．Forexample,theslushhydrogen
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wasproposedasthecryogenicpropellantinaeronauticandastronauticengineering [５]．Ithasbeen
reportedthattheslushnitrogenwasadoptedinthehightemperaturesuperconductingsystem [６]and
cryopreservationofcells[７],whichshowedbetterperformancethantheliquidnitrogenandwasmuch
morecompetitive．Theiceslurrywaswidelyengagedincoldenergystorageduetothelowtemperatureand
highenergystoragedensity．Itshowedexcellentperformanceonthefoodcooling [８],airＧconditioning
system [９]andfirefightingtechniques[１０]．ThephasechangetemperatureoftheCHScanbeadjustedin
thetemperaturerangeof０—１２℃bychangingtheinitialconcentrationofthesolution,makingitapplicable
fortheairＧconditioningsystemasamediumofsecondaryrefrigeration[１１]．ThePCEwasusuallyapplied
forcoldenergystorageincomfortＧcoolingapplications[１２]orasacoolingmediumformultichipmodule
[１３]．
Inaddition,theMPCMslurryasthemostattractivePCShasbeenwidelyappliedinthethermalenergy

storageandtransportationsystemsduetothediversityofthePCMsasthecorematerial．KaszaandChen
[１４]proposedtheconceptofusingthePCSinthewasteheatrecoverysystems,andtheypresenteda
system modeltoanalyzetheenergysavingpotentialofthePCS．ThePCSworkedbetweenaheatsource
andaheatsinkwhichwereatconstanttemperatures,anddecreasingthetemperaturedifferencebetween
thesourceandsinkwashelpfultoenhancingtheusefulnessofthermalenergy．Theresultsshowedthatthe
PCScouldeffectivelydecreasethetemperaturedifference,andevenwhenthePCSwasnotunderthephase
changeprocess,theheattransfertemperaturedifferencewasalsosmallerbecausethemicroＧconvectionof
particlesimprovedtheeffectivethermalconductivityoftheslurrycomparedwiththesingleＧphasefluid．
Thelargelatentheatcouldfurtherdecreasethetemperaturedifference．Theyfoundthattheflowrate,
pumpingpowerconsumptionofthePCSandthevolumeofthestoragetankweresmallerthanthoseofthe
singleＧphasefluidatthesametemperatureriseofthefluid．WangandNiu[１５]adoptedtheMPCMslurry
inbuildingengineeringanddesignedanewcooledＧceiling(CC)systemcombinedwiththeMPCMslurry
storagetank．Amathematicalmodelwasbuilttoanalyzetheenergyefficiencyofthreedifferentsystems:
CCwithwater,CCwiththeMPCMslurryandCCwithicestorage．ItwasindicatedthatthesystemofCC
withtheMPCMslurryshowedthemostexcellentperformanceinimprovingtheenergyefficiency．Also,
theCCsystemwiththeMPCMslurrywascostＧeffectiveatlowday/nightelectricitytariffratios．Wuetal．
[１６]experimentallyinvestigatedtheperformanceoftheNPCMslurryappliedforjetimpingementand
spraycooling．ThevolumefractionoftheMPCMplayedanimportantroleinthepressuredropandheat
transfercoefficientoftheNPCMslurry．Therewasapeakvalueofheattransfercoefficientwhentheinlet
temperaturewasclosetothepeakmeltingtemperatureofthePCMasdemonstratedbytheDSCcurve．
ThemaximumenhancementofheattransfercoefficientoftheNPCMslurrycomparedwiththatofwater
couldachieve５０％ and７０％ forjetimpingementandspraycooling,respectively．Chenetal．[１７]
employedtheMPCMslurryasthecoolingmediuminthethermalmanagementsystemofaprotonexchange
membranefuelcell (PEMFC)．The MPCM slurrydemonstratedsignificantlylargecoolingpotential
comparedwithwater．ThelargeheatcapacityoftheMPCMslurrywashelpfultoreducingtheweight,
volumeandpumpingpowerofthecoolant,leadingtothereducedsystemsizeandincreasedoutputpower
ofthePEMFC．Kongetal．[１８]investigatedtheMPCMslurryastheHTFinagroundsourceheatpump
(GSHP)．TheMPCMslurryhadbetterthermalperformancethanwaterandwassuitabletobeappliedin
heatingandcoolingapplications．TheheatloadＧtoＧpumpingpowerratiooftheMPCMslurrywasabout
３４％higherthanthatofwater,andthecoefficientofperformanceoftheGSHPsystemusingtheMPCM
slurrywasintherangeof３．２—４．０．Zhangetal．[１９]employedtheMPCMslurryloopforthermal
managementofbatteriesofelectricvehicles．TheycomparedtheMPCMslurryloopwiththeconventional
methods:directcabinairblowandrefrigerantcirculationthroughtheanalysisof１stLawand２nd Lawof
thermodynamics．Theresultsdisplayedthatthemethodofdirectcabinairblowwouldleadtomuchmore
heatloadfortheairＧconditioningsystemthantheothertwomethodsifthecabinventilationeffectwasnot
takenintoaccount．TheMPCMslurryloopbroughtthesameheatloadwiththerefrigerantcirculation,
butitshowedhigherexergyefficiencythantherefrigerantcirculation．Seraleetal．[２０]designedasolar
energystoragesystememployedinthelowＧtemperatureapplicationusingnＧeicosane/water＋glycolMPCM
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slurryastheHTFandstoragemedia．Twoprototypeswithdifferentloopswereanalyzed,andthedetails
ofthesystem includingeachcomponentandthermoＧphysicalpropertiesofthe MPCM slurry were
introduced．Theyindicatedthatthedesignedsystem withthe MPCM slurrycouldprovidedesirable
enthalpyevenatlowtemperatures．

ItisapparentthatthePCShasbeenextensivelyusedinmanyfieldsofindustry,andFigure１showsa
collectiveillustrationofthefundamentalresearchandapplicationsofthePCS．NomatterwhetherthePCS
isadoptedastheHTForastheenergystoragemedium,theflowandheattransfercharacteristicsofthe
PCSplayapivotalroleintheperformanceofthesystem,whichisapparentlyworthyofinvestigation．
TherearemanydifferentparametersaffectingthethermoＧfluidicofthePCS,suchassolidvolumefraction,
particlediameter,meltingtemperatureandsoon．Thedifferenteffectsoftheseparametersonthe
performanceofthePCSshouldbesummarized．Thispapermainlyfocusesonthe MPCM slurryand
SSPCMslurry,andpresentsacomprehensiveliteraturereviewabouttheinvestigationsoftheflowand
heattransfercharacteristics,especiallyintubeandheatexchangers．Thepreparation methodsofthe
MPCMandSSPCMarealsobrieflydiscussed．

Figure１　ApplicationsandfundamentalresearchofthePCS．Thephasechangeslurriescanbeutilizedasboththeheattransfer
fluidandenergystoragemediumduetotheexcellentheattransferperformanceandlargeheatcapacity．Differentphasechange
slurriesarewidelyappliedinavarietyoffields:cryogenicpropellant(slushhydrogen),cryopreservation(slushnitrogen),air
conditioner(iceslurryandclathratehydrateslurry),chipcoolingandsolarenergy(phasechangeemulsionandmicro/nanoＧ
encapsulatedphasechangeslurry),etc．Thefundamentalresearchonpreparation,characterization,flowandheattransferof
thephasechangeslurriesisthereforepracticallysignificant．

２　Micro/nanoＧencapsulatedPCMslurry(M/NPCMslurry)

２．１　Preparation
ThepreparationoftheMPCMslurriesmainlyincludeshowtoencapsulatethePCMatthemicroＧscale．

Manyapproacheshavebeen proposedto producethe MPCM slurries．Inrecentyears,thenanoＧ
encapsulatedPCMs(NPCM)werealsodeveloped．ThepreparationmethodsoftheMPCMandNPCMare
classifiedtogetherbecausethepreparationmechanismsarenearlythesameforthem．Therearemainly
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threetypesofpreparationmethods:physicalmethod,chemicalmethod,andphysioＧchemicalmethod．The
chemicalmethodsincludeinＧsitupolymerization,interfacialpolymerization,suspensionpolymerizationand
emulsionpolymerization．IntheinＧsitupolymerizationmethod[２１],thereactivemonomerandcatalystare
addedinthecontinuousphase,inwhichthemonomerissolublebutthepolymerisimmiscible．The
continuousphasehereisusuallythewaterwhichisimmisciblewiththePCM．Themonomerspolymerize
inthecontinuousphasetoformthepreＧpolymers．ThesizesofthepreＧpolymersincreasecontinuouslyand
thepreＧpolymerswilldepositonthesurfaceofthedispersedparticlesordropletswhicharethecore
materials．Intheinterfacialpolymerization method [２２],thecore materialsarefirstdispersedina
continuousphasewhichcontainsthefirstmonomeroftheshellmaterial．Then,thissolutionisemulsified
inanimmisciblecontinuousphase,whichcoulddissolvethesecondmonomer,toformtheO/WorW/O
emulsion．The solution with the second monomeris addedin the emulsion and theinterfacial
polymerizationofthetwotypesofmonomersoccursonthesurfaceofthecorematerialstoformtheshell．
ThedifferencebetweentheinＧsitu polymerizationandinterfacialpolymerization methodsisthatthe
polymerizationofthemonomeroccursonlyinthecontinuousphasefortheinＧsitupolymerization,butit
occursontheinterfaceofthetwophasesfortheinterfacialpolymerization．Thesuspensionpolymerization
method[２３]isbasedonthefreeradicalpolymerizationandsuitablefortheconditionthatthereactive
monomerandtheinitiatorareinsolubleinthecontinuousphase．Theoilphasecontainingthecore
material,monomerandinitiatorissuspendedinthecontinuousphaseandemulsifiedbyaddingsurfactants．
Thenthefreeradicalisreleasedbytheinitiatorbecauseofatriggersuchasheating．Theradical
polymerizationoccursandformstheshellofthecorematerial．Theemulsionpolymerizationmethod[２４]
issimilartothesuspensionpolymerizationmethod．Thedifferenceisthattheinitiatorhereissolubleinthe
continuousphase．Therefore,thedropletsintheformedemulsiononlycontainthecorematerialand
monomer．The MPCM and NPCM havebeenfabricatedviatheinterfacialpolymerizationandinＧsitu
polymerizationmethods．Thecorrespondingscanningelectron microscope (SEM)imagesareshownin
Figure２．Itcanbeseenthattheparticlesaresmoothsphereswithuniformdiameters．

Figure２　SEMimagesof(a)MPCM [２２]and(b)NPCM [２１]．

ThephysioＧchemicalmethodsincludethecomplexcoacervationmethod,simplecoacervationmethod,
solＧgelmethodandmicrofluidicmethod．Inthecomplexcoacervation method [２５],theshellmaterial
containstwotypesofpolymerswithoppositecharges．Thecorematerialsaredispersedintothesolution
containingtheshellmaterials,andthentheelectrostaticinteractionbetweenthetwotypesofpolymers
occursduetothechangeoftemperatureorthePH valueofthesolution．Thetwotypesofpolymers
coalesceonthesurfaceofthecorematerialstoformtheshell,andthephaseseparationoccursduetothe
reductionofthesolubility．So,thismethodisalsocalledthephaseseparation method．InthesolＧgel
method[２６],acolloidalsolution(sol)isfirstpreparedthroughthepolycondensationreactionofprecursor
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compoundsandthenitisaddeddropwiseintotheemulsioncontainingthecorematerial．Thecolloidal
solutionisthenconvertedtotheoxidenetwork(gel)onthesurfaceofthecorematerialastheshell．The
emulsionshouldbestirredconstantlytopreventtheformationofcontinuousgel．Therearealsosome
otherphysioＧchemicalmethodssuchasthesimplecoacervationmethod [２７]andthemicrofluidmethod
[２８],whicharenotintroducedhereforbrevity．Thephysicalmethodsincludethespraydryingmethod
[２９],airsuspensioncoatingmethod[３０],electrostaticmethod[３１],vacuumimpregnationmethod[３２]
andsoon．Mostofthephysicalmethodsareusedinfoodandpharmaceuticalfieldsandthespraydrying
methodisusuallyadoptedtoencapsulatethePCM．Inthespraydryingmethod,thecorematerialsare
dispersedinasolutioncontainingtheshellmaterial．Then,themixtureissprayedathightemperatureso
thatthesolventevaporatesrapidlyandtheshellformsonthecorematerial．
２．２　Flowandheattransfercharacteristics

M/NPCM slurry has been found advantageous to modify the thermoＧfluidic characteristics of
fundamentalflowregimes(laminarandturbulentflows),aswellastoimprovetheperformanceofheat
sinksandheatexchangers．Thissectionhasbeensystematicallydividedintoexperimentalandtheoretical
studies．

２．２．１　Experimentsinlaminarregime

Figure３　LocalheattransfercoefficientsoftheMPCMslurryatvolumefractionof０􀆰１２and０􀆰２５．Re＝７３６０—８６５０(v＝
１􀆰２５m/s)forvolumefractionof０􀆰１２．Re＝１６９６—２１８３(v＝１．２２m/s)forvolumefractionof０．２５[３４]．

Goeletal．[３３]investigatedtheheattransfercharacteristicsofthenＧeicosane/waterMPCMslurryina
circulartubewithaninnerdiameterof３．１４mmandalengthof０．３m．Theresultsshowedthatthe
dimensionlesswalltemperatureofthetubewassignificantlydecreased whenusingthe MPCM slurry
insteadofthesingleＧphasefluid．TheyfoundthatthebulkStefannumberandinlettemperatureplayed
importantrolesintheheattransferoftheMPCMslurry．ThelowStefannumber,whichcanbeachieved
byincreasingthesolidvolumefractionofthe MPCM slurryordecreasingthediameterofthetube,
depictedpositiveeffectonthereductionofthewalltemperature．Yamagishietal．[３４]conductedthe
laminarflowexperimentsoftheoctadecane/waterMPCMslurryinalongtubewithaninnerdiameterof
１０．１mmandalengthof８．０matconstantheatflux．Theymeasuredthebulktemperaturebycollectingthe
MPCMslurriesflowingthroughdifferentheatinglengths．Theresultsshowedthatthepressuredropof
theMPCMslurrywashigherthanthatofwaterandincreasedwiththeincreaseofsolidvolumefraction．
TheheattransfercoefficientoftheMPCMslurryinlaminarflow washigherthanthatestimatedbythe
empiricalcorrelationundertheconditionofnomelting,butsmallerthanthatoftheMPCMslurrywith
lowervolumefractionwhichhasbeeninturbulentflowatthesamevelocity,asshowninFigure３．Inaba
etal．[３５]investigatedtheflowandheattransferofaMPCMslurrycontainingdifferentPCMparticles．
TheyfoundthatthelocalNusseltnumberoftheMPCMslurrywashigherthanthatofthesingleＧphase
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fluid(withoutPCM)becauseofthecombinedeffectsoflatentheatandmicroＧconvectionoftheparticles．
TheresultsshowedthattheheattransferenhancementoftheMPCMslurrywasmoresignificantthanthe
increaseoffrictionfactorinthelaminarregime．

Raoetal．[３６,３７]studiedtheflowbehaviorandheattransferofnＧoctadecane/waterMPCMslurryin
therectangularminiＧchannels．ItwasreportedthatthepressuredropoftheMPCMslurryincreasedwith
theincreaseofthemassconcentration．Also,thetransitionofReynoldsnumberfromlaminartoturbulent
flowincreasedwiththeincreaseofthemassfraction,becausetheexistingMPCMparticlescouldsuppress
thegenerationofturbulence．Further,increasingthemassfractionoftheMPCMcoulddecreasethewall
temperatureandincreasetheNusseltnumberatlowerflowrates．Athigherflowrates,themassfraction
hadnoeffectontheheattransfercoefficientandNusseltnumber,andthecoolingperformanceofthe
MPCMslurrywasclosetoorworsethanthatofwater．Wangetal．[３８,３９]investigatedthehydraulic
andheattransferperformanceofthe１Ｇbromohexadecane/waterMPCMslurryinahorizontallycircular
tubewithaninnerdiameterof４mmandalengthof１．４６matconstantheatflux．Theresultsshowedthat
theMPCMslurrycouldbeconsideredastheNewtonianfluidevenwhenthemassfractionwasupto２７．６
wt％．TheFanningfrictionfactorsoftheMPCMslurryinlaminarflowweresmallerthanthoseestimated
bytheequationof１６/Rebecauseoftheentranceeffect．ThelocalheattransfercoefficientsoftheMPCM
slurrywerehigherthanthoseofwateratthesamevelocityinlaminarflowduetothelatentheatand
microＧconvectionoftheparticles．TheheattransfercoefficientoftheMPCMslurryincreasedwiththe
massfractionofthePCM．Chenetal．[４０]investigatedtheheattransferperformanceoftheMPCMslurry
inacirculartube．TheheattransferrateoftheMPCMslurryincreasedsignificantlycomparedwiththatof
water,andthedimensionlesswalltemperaturecouldreduceabout３０％ asshowninFigure４．Theheat
transferenhancementratioincreasedbyenhancingthemassfractionoftheMPCMslurry．Thepumping
powerconsumptionoftheMPCMslurrydecreasedsignificantlycomparedwiththatofwateratthesame
heattransferrate．Hoetal．[４１]comparedtheheattransferperformanceoftheAl２O３/waternanofluid
andnＧeicosane/waterMPCMslurryinacirculartubeatconstantheatflux．TheyfoundthatbothHTFs
couldincreasetheheattransfercoefficientanddecreasethedimensionlesswalltemperaturecomparedwith
water,buttheMPCMslurryshowedbetterheattransferperformancethanthatofnanofluidduetothe
largerheatstoragecapacity,especiallyonlyaftertheonsetofthemeltingprocessofthePCM．However,
inthepreＧmeltingzone,theMPCMslurrycouldnotoutperformthenanofluid．

Figure４　DimensionlesswalltemperatureversusdimensionlessaxialdistancefortheMPCMslurrywithmassconcentration
of１５．８wt％ [４０]．

Delgadoetal．[４２,４３]studiedtheparaffin/waterMPCMslurryinacirculartubewithadiameterof１０
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mmandalengthof１．８２mm．Theheattransferperformanceoftheslurrywasinvestigatedwithvarying
themassfractionofparaffinfrom１４wt％to３０wt％．Generally,theaverageheattransfercoefficientof
theMPCMslurrywashigherthanthatofwater,andparticularly,thebestheattransferperformance
appearedatthemassfractionof２０wt％becauseofthelargerheatcapacitythanthatof１０wt％andlower
viscositythanthatof３０wt％．AndtheratiooftransportedheattopumpingpoweroftheMPCMslurry
wasfoundhigherthanthatofwater．Theyalsofoundthattheaverageheattransfercoefficientofthe
MPCMslurrywashigherwhentheoperatingconditionwasadjustedtomakethephasechangeprocess
occurintheheattransfersection．Huangetal．[４４]preparedanovelmagneticnＧoctadecane/waterMPCM
slurrybydispersingtheironnanoparticlesintheMPCMandinvestigatedtheheattransfercharacteristics
inacirculartubewheretheexternalmagneticfieldwasimposedatdifferentlocations．Themagneticfield
causedthe MPCM particlesto movetowardthetube wall,bringingasuddenreductioninthe wall
temperature．Besides,thelocalheattransfercoefficient wasincreasedontheaccountofincreasing
magneticfieldintensity．Theeffectofmagneticfieldontheheattransferwasmuchmoreapparentatlower
massflowratesandvolumefractions．

Sabbahetal．[４５]studiedtheheattransferperformanceoftheMPCMslurryflowingthroughacircular
tubewithaninnerdiameterof４．３mmandalengthof１０１６mm．Theyfoundthatthedimensionlesswall
temperatureofthetubewasreducedbyabout４０％ whenusingtheMPCMslurryinsteadofwater．The
localheattransfercoefficientoftheMPCMslurrywashigherthanthatofwateratthesameflowrateand
increasedwiththeincreaseofthemassconcentration．Theenhancementofaverageheattransfercoefficient
wasmoreapparentwhentheinlettemperaturewasclosetothephasechangetemperature．WangandLin
[４６]worked onthe nＧoctadecane/water MPCM slurryin arectangulartube．The heattransfer
performanceoftheMPCMslurrywasbetterthanthatofwateratlargerdimensionlessaxialdistances．
Theyfoundthatthewalltemperaturewasreducedwhenusingthesmallaspectratiorectangulartube
insteadofthecirculartubebecauseofthesmallerhydraulicdiameter．Songetal．[４７]proposedanovel
eicosanebasedMPCMslurryusingliquidmetal(gallium)asthecarryingfluidandinvestigatedtheheat
transfercharacteristicsinacirculartubeatconstantheatflux．ItwasindicatedthattheMPCMslurry
showedtheNewtonianbehavior．Thepressuredropincreasedwiththeincreaseofsolidvolumefractionof
theMPCManditwashigherthanthatofpureliquidgalliumatthesamevelocity．Incomparisonwith
liquidgallium,theMPCMslurryresultedinreducedwalltemperatureandhigherheattransfercoefficient
atthesameReynoldsnumber．Furthermore,thelocalheattransfercoefficientincreasedwiththeincrease
ofsolidvolumefractionoftheMPCMslurryandReynoldsnumberasshowninFigure５．Liuetal．[４８]
preparedaparaffinbasedMPCMslurryusingthewater/alcoholasthecarryingfluidandinvestigatedthe
heattransferperformanceoftheMPCMslurryflowingthroughacirculartubeimmersedinawaterbath
withconstanttemperature．TheresultsshowedthattheheattransfercoefficientandNusseltnumberofthe
MPCMslurrywerehigherthanthoseofthecarryingfluidatthesameReynoldsnumber,andenhanced
withtheincreaseofmassconcentrationoftheMPCM．

２．２．２　Experimentsinturbulentregime
Yamagishietal．[３４]alsoinvestigatedtheconvectiveheattransferoftheMPCMslurryinturbulent

flow．ThemeasuredbulktemperatureoftheMPCMslurrywasclosetotheestimatedvaluebythethreeＧ
regionmodelproposedbyChoietal．[４９]．ThelocalheattransfercoefficientoftheMPCMslurryfirstly
increasedwhenthePCMbegantobemeltedandthendecreasedwiththeincreaseofmeltedPCM,sothere
wasamaximumvalueforthelocalheattransfercoefficientanditwasaffectedbythesolidvolumefraction
oftheMPCM,theReynoldsnumberandtheheatingrate．TheheattransfercoefficientoftheMPCM
slurrywashigherthanthatofslurrywithoutphasechangeunderthesameconditionduetothelatentheat,
butworsethanthatofwateratthesamevelocitybecauseofthelargeviscosity．Inabaetal．[３５]extended
theirexperimentstotheturbulentflowstoanalyzetheMPCMslurrycontainingpluraltypesofMPCM
particles．TheyfoundthatthegenerationofturbulenceintheMPCMslurrywassuppressedbytheMPCM
particlesinturbulentflow．Thefrictionfactorreductionratiowasmoresignificantthantheheattransfer
enhancementratio,demonstratingthatthe MPCM slurry was moresuitableifemployedastheheat



•Review•

SCIENCEFOUNDATIONINCHINA　　Vol．２７,No．１,２０１９ ５１　　　

Figure５　ThelocalheattransfercoefficientoftheMPCMslurryversusflowdistance[４７]．(a)Atdifferentsolidvolume
fractions;(b)atdifferentReynoldsnumbers．

transportmedium．Wangetal．[３８,３９]conductedtheexperimentsoftheMPCMslurryunderthelow
turbulentconditioninacirculartube．Theyshowedthatthepeakvalueofthelocalheattransfercoefficient
appearedearlierathighheatflux．TheNusseltnumberoftheMPCMslurrywashigherthanthatofthe
singleＧphasefluidestimatedbytheempiricalcorrelation．Alvaradoetal．[５０]conductedacomparative
studytoverifytheeffectoftheMPCMslurryinvarioustubes,namely,regulartube(noextendedfins)
andenhancedsurfacetube(extendedmicroＧfins)．TheheattransfercoefficientsoftheMPCMslurryin
bothtubeswerelowerthanthatofwateratthesamevelocityduetothesuppressioneffectofparticleson
turbulence,asshowninFigure６．Meanwhile,theenhancedsurfacetubeshowedbetterheattransfer
performancethanaregulartubebecauseofthehelicalmicroＧfins．Particularly,theeffectoftheenhanced
surfacetubewasmoresignificantatlowermassfractions．Itfurthersuggeststhatdesignguidelinesof
practicalsystemsshouldconsidertheimpactoftheinnersurfaceofflowchannelsaswellastheroleofthe
MPCMslurries．

Figure６　HeattransfercoefficientoftheMPCMslurrywithmassconcentrationof７．０wt％indifferenttubes[５０]．

Tumulurietal．[５１]studiedtheheattransfercharacteristicsofthemultiＧwalledcarbonnanotubes
(MWCNT)nanofluid,octadecane/waterMPCMslurryandMWCNTＧMPCMblendinacirculartube．The
resultsshowedthatthepressuredropoftheMWCNTnanofluidwashigherthanthatofwaterduetothe
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higherviscosity,andthepressuredropoftheMPCMslurrywaslowerthanthatofwaterbecauseofthe
dragreductioneffect;whereasthe MWCNTＧMPCM blendwasstillinlaminarflowatthesameflow
condition．ThelocalheattransfercoefficientoftheMPCMslurryincreasedduringthemeltingprocessdue
totheincreaseoftheeffectivespecificheatcapacity,andtheheattransferperformance was more
significantlyaffectedbytheflowratethanbytheheatflux．Theyfoundthattheheattransfercoefficient
graduallydecreasedintheorderoftheMWCNTＧMPCMblend,MPCMslurry,andMWCNTnanofluidat
thesame Reynoldsnumber,anddecreasedintheorderof MWCNT nanofluid,MPCM slurry,and
MWCNTＧMPCMblendatthesameflowvelocity．Taherianetal．[５２]testedvariousPCMtypesandthe
durabilityoftheMPCMslurryinacirculartubewithaninnerdiameterof１１mmandalengthof１０．５m．
Evenafterthousandsofcycles,theMPCMslurrywasstilldurable．Moreover,theyfoundthattheheat
fluxandvariousPCMtypes(PCMswithsimilarmassfractionandlatentheat)hadfeweffectsontheheat
transferperformanceoftheMPCMslurry．Theheattransfercoefficientdecreasedwiththeincreaseof
massfractionoftheMPCMandincreasedwiththeincreaseoftheflowrate．

Kongetal．[５３]investigatedthehydraulicandheattransferperformanceofthebutylstearate/water
MPCMslurryinthehelicalＧcoiledtubeatconstantheatflux．Itwasdepictedthatlargeviscosityofthe
MPCMslurrywasthemainreasonforpoorheattransferperformancecomparedwiththatofwateratthe
samevelocity．While,theincrementinNusseltnumber,especiallyduringthemeltingprocessofthePCM,
wasbeneficialtoensuringthebetterthermalperformance．Further,theNusseltnumberoftheMPCM
slurryincreasedwiththeincreaseofthemassfractionatthesameDeannumber．Also,therewasan
apparentsecondaryflowintermsofthevariationsofheattransfercoefficientsattheoutsideandinsideof
thecoiledtube．Therefore,theheattransferofthecoiledtubewasimprovedduetotheenhancedmixing
effectofthefluidalongtheradialdirectioncausedbythesecondaryflowcomparedwiththatofthestraight
tube．Lietal．[５４]preparedanovelparaffin/graphene/watercompositeMPCMslurry．Thegraphenewas
addedintotheshelloftheMPCMasathermalconductivityenhancer．Theytestedthatslurryinacircular
tubewithaninnerdiameterof８．０mmandalengthof１．２m．Theresultsshowedthatthepressuredropof
thecomposite MPCM slurrywashigherthanthatofthe MPCM slurrywithoutgrapheneatthesame
velocityandthepressuredropsofbothofthemwerehigherthanthatofwater,asshowninFigure７(a)．
Thefabricatedslurriescouldreducethepumpingpowerconsumptioncomparedwithwater,asdisplayedin
Figure７(b),andthecompositeMPCMslurrywithmassfractionof２０wt％ wasrecommended．

Figure７　(a)Pressuredropversusvelocityforslurriesat８８°C;(b)pumpingconsumptionratiosofslurriestowater[５４]．

２．２．３　Numericalinvestigationsofflowandheattransfercharacteristicsinlaminarregime
Duetothelimitofexperiments,itishardtoobtainmoreinformation,suchasthetemperatureandsolid

volumefractiondistributionsaboutthePCS．Andthisproblemcanbeovercomethroughthenumerical
simulation,whichcouldprovidemorecomprehensiveunderstandingabouttheflowandheattransferofthe
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PCS．Charunyakornetal．[５５]proposedanumericalmodelconsideringlaminarflowoftheMPCMslurry
inacirculartubeatconstantheatflux．Intheenergyequation,theheatgeneration(orabsorption)during
thephasechangeprocessofthePCM wassupposedtobeaheatsource．ThereductioninStefannumber
andincrementinsolidvolumefractionoftheMPCMslurrysimultaneouslyenhancedtheNusseltnumber,
depictingbetterheattransferandeffectivelysustainingthefluidtemperature．ZhangandFaghri[５６]used
thetemperaturetransformingmodel,inwhichthephasechangeprocessoccurredinatemperaturerange,
insteadofthequasisteadymodel[５５]．Theresultsshowedthatnumericalresultsagreedwellwiththe
experimentalresults [３３]withtheconsiderationofmicrocapsule’crustandsubＧcoolingoftheinlet
temperaturecomparedwiththephasechangetemperature．Also,theheattransferenhancementofthe
MPCMslurrywasfoundtobereducedwhenthephasechangetemperaturerangewasenlarged．Alisetti
andRoy[５７]adopteddifferenteffectivespecificheatfunctions,suchassinecurve,leftandrighttriangle
functions,inthenumericalmodelbuiltforthePCSflowingthroughacirculartubeatconstantwall
temperature．ThesefunctionshadslighteffectonthemeanNusseltnumberofthePCSinthesamephase
changetemperaturerange．Thesupercoolingdegreeoftheinlettemperaturegreatlyinfluencedtheheat
transferofthePCS,andconsequently,themean Nusseltnumberincreased withthedecreaseofthe
supercoolingdegree．RoyandAvanic[５８]carriedoutthelaminarflowheattransferofthePCSina
circulartube．Theeffectivespecific heat model,in whichthelatentheat wasconsidered asthe
temperatureＧdependenteffectivespecificheatofthePCM,wasadoptedintheenergyequation．Theyfound
thatthemostimportantparameteraffectingtheheattransferofthePCSwastheStefannumber．The
dimensionlesswalltemperatureofthetubedecreasedwiththedecreaseoftheStefannumber．Huand
Zhang[５９]andZhangetal．[６０]adopteddifferentfunctions,suchassinecurveandrectangular,to
describethevariationofeffectivespecificheatofthePCMduringthephasechangeprocess．Theresults
showedthattheNusseltnumberwassignificantlyaffectedbythespecificheatfunctions．Andincreasing
thesolidvolumefractionoftheMPCMordecreasingtheStefannumbercouldimprovetheheattransfer
performanceoftheMPCMslurry．TheheattransferenhancementoftheMPCMslurrydecreasedwiththe
increaseofthesupercoolingdegreeofinlettemperatureandthephasechangetemperaturerange．The
MPCMslurrywithlargerparticlesshowedbetterheattransferperformance．Theyfoundthattheheat
transferenhancementoftheMPCMslurrywasmoresignificantinthethermalfullydevelopedregionthan
thatinthethermaldevelopingregion．BaiandLu[６１,６２]proposedanumericalmodel,whichnotonly
consideredtheheattransferbetweentheMPCMslurryandthetubewallbutalsotheheattransferbetween
thecarryingfluidandtheMPCMparticles．Themodelwassolvedbythefinitedifferencemethodandthe
dualreciprocityboundaryelementmethod．Increasingtheparticlesize,volumefractionoftheMPCMand
ReynoldsnumberordecreasingtheStefannumbercouldfurtherreducethewalltemperature．

Hoetal．[６３]andHo[６４]usedamixturecontinuummodeltoinvestigatetheheattransferofthePCS
inacirculartubeunderconstantheatflux,anddifferentparameterswereconductedinthesimulation．The
PCSgreatlycontributedtosuppressingthedimensionlesswalltemperature．Besides,theaxialconduction
alongthetubecannotbesimplyneglected,especiallyatahighratioofthewallthicknesstotheinner
diameter,orahighratioofwallＧtoＧfluidthermalconductivity．Theaxialconductioneffectwasmore
apparentatlowPecletnumber．WangandZhang[６５]investigatedthelaminarflowheattransferofthe
MPCMslurryinacirculartubewiththeexternalconvectionboundarycondition．Thedimensionlesswall
temperatureincreasedwiththeincreasesoftheBiotnumberandtheStefannumber,anddecreasedwith
theincreaseofthesolidvolumefractionofthe MPCM．Zhaoetal．[６６]studiedtheheattransfer
performanceoftheMPCMslurryinacirculartubeatconstantwalltemperature．Differentparameters
wereinvestigatedandtheyfoundthattheStefannumber,solidvolumefractionandtheparticleＧtoＧtube
radiusshowedmoresignificanteffectontheheattransferenhancementthantheinitialsubcoolingdegree,
phasechangetemperaturerangeandtheReynoldsnumber．Theenhancementoftheheattransferincreased
whenincreasingthesolidvolumefractionandparticleＧtoＧtuberadiusordecreasingtheStefannumber．
Theyconcludedthattheeffectoftheparticlesizeontheimprovementofheattransferwasmainlycaused
bythemicroＧconvectionoftheparticles．Ravietal．[６７]investigatedtheheattransferoftheMPCM
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slurryinlaminarflowinaninternallyfinnedtubeunderconstantheatfluxandconstantwalltemperature．

Figure８　Thedimensionlessbulktemperatureθx,dimensionlesswalltemperatureθw andlocalNusseltnumberNux ofthe
MPCMslurryalongthedimensionlessaxialdistance[６８]．

TheresultsshowedthattheStefannumber,finheightandthermalconductivityofthefinplayedimportant
rolesintheheattransferperformanceoftheMPCMslurry．TheNusseltnumberoftheMPCMslurry
increasedwhenincreasingtheheightratio (ratiooffinheighttothetuberadius)andthefinthermal
conductivity．Zengetal．[６８]adoptedtheenthalpymodeltoinvestigatethelaminarflowheattransfer
characteristicsoftheMPCMslurryinthethermalfullydevelopedregioninacirculartubeatconstantheat
flux．TheydividedthevariationoftheNusseltnumberwiththedimensionlessaxialdistanceintofour
stages,asshowninFigure８:(１)ThelocalNusseltnumberincreasedwiththemeltingofthePCM．The
walltemperatureachievedthephasechangetemperatureandthebulktemperaturewasstillbelowthe
phasechangetemperature,sothetemperaturedifferencebetweenthe wallandtheslurrygradually
decreased．(２)ThelocalNusseltnumberdecreasedwiththemeltingofthePCM．Thebulktemperatureof
theslurryachievedthephasechangetemperatureandincreasedslowly,sothetemperaturedifference
betweenthewallandtheslurryincreasedgradually．(３)ThelocalNusseltnumberincreasedalongthe
dimensionlessaxialdistance．Thebulktemperatureofthe MPCM slurrywasabovethephasechange
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temperatureandincreasedquickly．Thetemperaturedifferencebetweenthewallandtheslurrydecreased
inthisstage．(４)ThelocalNusseltnumbernolongerchangedwhenthecentraltemperatureoftheMPCM
slurry wasabovethe phasechangetemperature．Theresultsshowedthatthe dimensionless wall
temperaturewasreducedduetothelatentheatofthePCM．TheyfoundthatthevariationoflocalNusselt
numberwassignificantlyaffectedbytheStefannumberandthedimensionlessphasechangetemperature
range．Thedimensionlesswalltemperaturedecreased withtheincreaseofthesolidvolumefraction,
particlesizeandReynoldsnumber．

Kousksouetal．[６９]investigatedtheheattransferoftheMPCMslurryduringacoolingprocesstaking
intoaccounttheeffectofstochasticcrystallization onthesupercooling breakdown．However,the
probabilityofcrystallizationneededfurtherinvestigation．Theresultsshowedthatthewalltemperatureof
thetubeincreasedwiththeincreaseofthesolidvolumefractionoftheMPCMorwiththedecreaseofthe
Stefannumber．Theparticlesizealsohadslighteffectonthewalltemperatureduetoitseffectonthe
effectivethermalconductivityoftheMPCMslurry．Sabbahetal．[７０]investigatedthelaminarflowheat
transferofthe MPCM slurryinthecirculartubeatconstantheatflux．Theresultsshowedthatthe
developmentofthethermalboundarylayeroftheMPCMslurrywasimpededduetothephasechangeof
thePCM andthethicknessofthethermalboundarylayerwasrelatedtothelocationofthe melting
interface．TheyfoundthattheheattransfercoefficientoftheMPCMslurrygraduallydecreasedwhenthe
meltinginterfacemovedfromthewallbanktothecenterofthetube．While,theheattransfercoefficient
oftheMPCMslurryincreasedwiththeincreaseoftheslopeofPecletnumber．Chenetal．[７１]conducted
thenumericalinvestigationofthelaminarflowheattransferoftheMPCMslurryinacirculartubeat
constantheatflux．Theresultsshowedthatthewalltemperaturewasconstantduringthephasechange
process．ItwasindicatedthattheStefannumberandmassfractionshowedmoresignificanteffectsonthe
heattransferoftheMPCMslurrythanthephasechangetemperaturerangeandReynoldsnumber．The
heattransfercoefficientoftheMPCMslurryincreasedwiththedecreaseofthephasechangetemperature
range．Scottetal．[７２]proposedahomogenousmodeltoinvestigatethelaminarflow heattransfer
characteristicsoftheMPCMslurryflowingupwardinaverticaltubeatconstantheatflux．Theydefined
thebulktemperatureoftheMPCMslurrybasedonthebulkspecificenthalpytoavoidtheeffectofsharp
variationofeffectivespecificheatwithtemperatureduringthephasechangeprocess．Thenumericalresults
agreedwellwiththeexperimentalresultsbasedonthe walltemperature．Theyfoundthatthe wall
temperatureofthetubeusingtheMPCMslurrywasclosetoorevenhigherthanthatofwateratcertain
heatingpowers．Kurniaetal．[７３]investigatedtheflowandheattransferoftheMPCMslurryincoiled
squaretubewithdifferentconfigurationssuchasconicalspiral,inＧplanespiralandhelicalspiralunder
constantwalltemperature．Theresultsshowedthattheheattransferratewasenhancedwiththeincrease
ofthevolumefractionoftheMPCM．ThesecondaryflowoftheMPCMslurrywasalsochangedduetothe
variationofsolidvolumefraction．TheyfoundthattheinＧplanespiraltubeshowedthebestheattransfer
performanceamongthedifferentconfigurations．Buttheoverallperformanceofthe MPCM slurrywas
worsethanthatofwaterwhentakingintoaccountthepumpingpowerconsumption．Lenertetal．[７４]
studiedthelaminarflow heattransferofthe MPCM slurrythroughaparallelplatechannel,where
particlesconcentratenearthebottomwallthatwasatconstantheatflux,whilethetopwallwasadiabatic．
Thehomogeneousflow wasfirstcalculatedtovalidatethemodelandthevariationofthelocalNusselt
numberwasfoundsimilartothatreportedbyZengetal．[６８]．ThentheMPCMparticlesconcentrating
neartheheated wallatdifferentheightswerestudied．TheresultsshowedthattheNusseltnumber
increasedwiththeenhancementofthemassfractionandlatentheatoftheMPCM．Inaddition,decreasing
thephasechangetemperaturerange,channelheightand heatfluxalso had positiveeffectonthe
enhancementoftheheattransferperformanceoftheMPCMslurry．TheyfoundthattheMPCMslurry
showedbetterheattransferperformancewhentheMPCMparticlesconcentratedwithin３０％ofthechannel
height．

Songetal．[７５]investigatedtheheattransferoftheMPCMslurryusingtheliquidmetalasthecarrying
fluidinacirculartubeatconstantheatflux．Theheattransferperformanceofthe MPCM slurrywas
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reportedtobeenhanceduponincreasingtheReynoldsnumberandmassfractionordecreasingtheStefan
number,phasechangetemperaturerangeandinitialsupercoolingdegree．TheStefannumberandthemass
fractionwerethemostinfluentialparameters．Inaddition,theMPCMslurryusingtheliquidmetalasthe
carryingfluidprovidedbetterperformancethanthatofwaterasthecarryingfluid．Songetal．[７６]also
conductedtheinvestigationof１ＧbromoＧhexdecane/waterMPCMslurryinacirculartubewithtwistedtape
insertstostudythelaminarflowheattransfercharacteristics．Andtheheattransferperformanceofthe
MPCMslurryinthetubewithtwistedtapeinsertswasbetterthanthatoftheMPCMslurryinasmooth
tubeorthatofwaterinatubewithtwistedtapeinserts．Besides,thefrictionfactorincreasedwhen
increasingtheReynoldsnumberordecreasingthetwistedratio．TheNusseltnumberoftheMPCMslurry
increasedwiththedecreaseoftheStefannumberandtwistedratio．Theperformanceratiowhichindicated
theratiooftheNusseltnumberenhancementtofrictionfactorenhancementwassignificantlydependenton
theReynoldsnumber．Seyfetal．[７７]investigatedthelaminarflowheattransferoftheNPCMslurry
flowingthroughanisothermalunconfinedsquarecylinderinaparallelplatechannelundertheadiabatic
condition．ByincreasingtheReynoldsnumberandsolidvolumefraction,theheattransfercoefficientand
shearstressoverthecylinderblockwerealsoincreased．While,decreasingthephasechangetemperature
rangecouldenhancetheheattransferoftheNPCMslurryasshowninFigure９．However,theeffectof
thephasechangetemperaturerangewaslessthanthatofthevolumefractionandReynoldsnumber．

Figure９　Localheattransfercoefficientfordifferentmeltingrangesatthesolidvolumefractionof１０％ (a)and３０％ (b)
[７７]．

Luetal．[７８]applieda２DnumericalmodelontheNPCMslurryflowingthroughabackwardＧfacing
step．Thetopwallandupstream bottom wallwereadiabaticandthedownstream bottom wallwasat
constantheatflux．TheheattransfercoefficientoftheNPCMslurryhasbeenshowntobesignificantly
higherthanthatofwater,andcorrespondingly,thepressuredropwasalsoincreased．Moreover,the
incrementsinsolidvolumefractionandReynoldsnumberimprovedtheheattransferperformanceofthe
NPCMslurry．TheheattransfercoefficientoftheNPCMslurryfirstincreasedwiththeincreaseofthe
heatfluxandthenchangedslightly withtheheatflux whentheheatfluxachievedacertainvalue．
KhakpourandSeyedＧYagoobi[７９]implementedthevolumeＧofＧfluid(VOF)modelontheevaporationof
theliquidfilmcontaining MPCMslurryflowingthroughaheatedplate．Thevariationofsolidvolume
fractioncausedbytheevaporationofliquidfilmwastakenintoaccount．UsingtheMPCMslurryinsteadof
watercouldeffectivelysuppressthedeclineoffilmthicknessduetotheenhancedPecletnumber．Theheat
transfercoefficientoftheMPCMslurrywashigherthanthatofwater,anditincreasedwiththeincreases
ofsolidvolumefractionandmassflowrate．ItwasindicatedthattheMPCMslurryshowedlargepotential
todelaythedryＧoutofliquidfilm．Rhafikietal．[８０]usedtheheatsourcemodeltodescribethephase
changeofthe MPCM slurryinacirculartubeunderconstantheatflux．ThewaterandNH４ClＧH２O
aqueoussolution wereadopted asthe PCMsinthe numericalsimulation,respectively．The wall
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temperatureofthetubehasbeeneffectivelyregulatedbymeansofMPCMslurry．Furthermore,thewall
temperaturewasaffectedbytheheatflux,Stefannumber,solidvolumefraction,Reynoldsnumberand
particlediameter．Theyfoundthatthebinarymixture (iceＧwaterＧNH４Cl)showedbetterheattransfer
performancethanwaterasthePCM．AndtheheattransfercoefficientofthebinarymixturebasedMPCM
slurrywasrelatedtotheinitialmassfractionofthebinarymixture．Liuetal．[８１]investigatedtheMPCM
slurryinarectangulartubeatconstantheatflux．TheresultsshowedthattheStefannumberandthemass
fractionwerethemostimportantparametersaffectingtheheattransferperformanceoftheMPCMslurry．
Decreasingthethicknessoftheshellofthe MPCM particlecouldalsoboostuptheheattransfer
performanceoftheMPCMslurry．Inaddition,theheattransferoftheMPCMslurrywasimprovedwhen
increasingtheaspectratiooftherectangulartube．

２．２．４　Numericalinvestigationsofflowandheattransfercharacteristicsinturbulentregime

Figure１０　Ratioofthetransportedheattothepumpingpowerconsumption[８３]．(a)AtdifferentheatfluxesatRe＝７８６５;
(b)atdifferentReynoldsnumbersatheatfluxof１００kW/m２．

RoyandAvanic [８２]usedtheeffectivespecificheatcapacitymodeltoinvestigatetheheattransfer
characteristicsofthePCSinacirculartubeatconstantheatflux．Thenumericalmodelwasvalidated
throughtheexperiments．Theresultsshowedthatthewalltemperatureofthetubedecreasedwhenusing
thePCScomparedwiththepurecarryingfluid．Thereductionofthewalltemperatureincreasedupon
decreasingtheStefannumber,phasechangetemperaturerangeandthesupercoolingdegree．Maetal．
[８３]adoptedtheEulerianＧEulerianmodelandthekinetictheoryofgranularflowtoinvestigatetheMPCM
slurryinacirculartubeatconstantheatflux．Owingtotheincreaseoffrictionalloss,thepressuredropof
theMPCMslurryincreasedwiththedecreaseoftheparticlediameteratthesamevelocityandsolidvolume
fraction．Also,theheattransfercoefficientoftheMPCMslurryincreasedwhendecreasingtheparticle
diameter．Particularly,theparticlediameterintherangeof１０—１００μmwasrecommendedbecauseofthe
relativelygoodheattransferperformanceandrelativelysmallincreaseofthepressuredrop．Therewasan
apparenttemperaturedifferencebetweenthe MPCM particleandthecarryingfluidatlargerparticle
diameterscausedbytheweakenedheattransferbetweenthesolidphaseandliquidphase．Inaddition,a
ratioofthetransportedheattothepumpingpowerconsumptionwasestablishedastheperformanceindex
toevaluatetheenergytransportcharacteristicsofthe MPCM slurry．Theresultsshowedthatthe
performanceindexincreasedwiththeincreaseoftheheatfluxanddecreasedwiththeincreaseofthe
Reynoldsnumber,asshowninFigure１０．TheenergytransportperformanceoftheMPCMslurrywas
betterthanthatofwateratsmallheatfluxandhighReynoldsnumber．Langurietal．[８４]studiedthe
flowandheattransfercharacteristicsoftheMPCMslurryinahelicallycoiledtubeatconstantheatflux．
TheNusseltnumberofthe MPCM slurrywasreportedtobedecreasedwiththeincreaseofthemass
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fractionduetotheincreasedviscosity．TheouterNusseltnumberwashigherthantheinnerNusselt
number,especiallyatlowermassfractions,whichwasattributedtotheeffectofthecurvatureofthe
helicallycoiledtube．

２．２．５　Flowandheattransfercharacteristicsinmicrochannel
HaoandTao[８５]proposedatwoＧphasemodelwhichtookintoaccounttheinteractionbetweentwo

phasestoinvestigatethelaminarflowheattransferofthePCSinamicrochannelundertheconditionsof
constantheatfluxandconstantwalltemperature．Therewasanapparenttemperaturedifferencebetween
theparticlesandthecarryingfluidduringthephasechangeprocess,andtheheattransferperformanceof
thePCSwassignificantlyenhancedduringthisprocess．Theheattransfercoefficientincreasedalongthe
flowdirectiontoapeakvalueandthendecreasedalongthemicrochannel．Xingetal．[８６]alsousedatwoＧ
phasenonＧthermalequilibriummodeltostudytheheattransferperformanceofthePCSinamicrochannel
atconstantheatflux．Inthisstudy,twokindsofratioswereintroduced:theratioofheattransferrateof
thePCStothatofthesingleＧphasefluidastheeffectivenessfactortoevaluatetheheattransfer
enhancement,andtheratioofheattransferratetothepumpingpowerbetweenthePCSandthesingleＧ
phasefluidastheperformanceindex．Theresultsshowedthattherewasanoptimumheatfluxtoachieve
themaximumeffectivenessfactorandperformanceindexatthesameReynoldsnumberandsolidvolume
fraction．Theeffectivenessfactorandperformanceindexdecreased withtheincreaseoftheReynolds
numberintherangeof１００—６００,thereforethelowReynoldsnumberwasrecommendedtoobtainbetter
heattransferenhancementunderthelaminarcondition．Taoetal．[８７]usedthesimilar modelto
investigatetheheattransferperformanceofthePCSwithhighsolidvolumefractioninthemicrochannelat
lowReynoldsnumbers(＜５０)．Theyalsofoundthattherewasanoptimumheatfluxtoobtainthebest
effectivenessfactorandperformanceindex．However,therewasapeakvaluefortheeffectivenessfactor
whenchangingthe Reynoldsnumber,whichindicatedthatthe Reynoldsnumberalsoneededtobe
optimized．Inaddition,thedecreaseoftheparticlediameterleadstotheenhancementofheattransferof
thePCS．Kuravietal．[８８,８９]numericallyandexperimentallyinvestigatedtheheattransferperformance
oftheMPCM andNPCM slurriesinamanifoldmicrochannelatconstantheatflux．Theexperimental
resultsshowedthattheheattransferperformanceoftheMPCMslurrywasworsethanthatofwateratthe
samemassflowrateduetothelargeparticlediameterandlowthermalconductivityoftheMPCMslurry．
Theyadoptedthe NPCM slurryinthenumerical modelandfoundthermalconductivityplayingan
importantroleintheheattransferofthePCS．Inthemicrochannelwithalargerhydraulicdiameter,the
heattransferperformanceofthewaterＧbasedNPCMslurrywasworsethanthatofwater,whereasthe
performanceofthepolyalphaolefin(PAO)ＧbasedNPCMslurrywasbetterthanthatofPAO．Besides,the
heattransfercoefficientofthewaterＧbasedNPCMslurrywasalwayshigherthanthatofwateratdifferent
massconcentrationsinthemicrochannelwithasmallerhydraulicdiameter．Theheattransfercoefficientof
theNPCMslurryincreasedwiththeincreaseofthemassfraction．

Alquaityetal．[９０,９１]adoptedthediscretephasemodel(DPM)andhomogeneousmodeltoinvestigate
theflowandheattransferoftheNPCMslurry．TheyfoundthatthepressuredropoftheNPCMslurry
wasclosetothepuresingleＧphasefluidwhenusingtheDPM,whichindicatedthattheDPMfailedto
predicttheflowbehavioroftheNPCMslurry．ThenthehomogeneousmodelwasusedtostudytheNPCM
slurryflowingthroughamicrochannelatconstantheatfluxonthebottomwall．Theresultsshowedthat
therewasanoptimum heatfluxto massflowrateratiotoachievethemaximumeffectivenessratio,
performanceindexandtheMeritnumber．Thesethreeparametersincreasedwiththeincreaseofthesolid
volumefractionoftheNPCM．Kondleetal．[９２]numericallyinvestigatedtheheattransferofthePCSin
themicrochannelunderthreedifferentboundaryconditions:constantheatfluxwithconstantperipheral
temperature (H１),constantheatflux withvariableperipheraltemperature (H２)andconstantwall
temperature(T)．ItwasindicatedthattheheattransferperformanceofthePCSunderH１conditionwas
betterthanthatunderH２andTconditionsduetotheeffectofwalltemperatureonthetemperature
gradientofthePCS．TheNusseltnumberofthePCSwashigherthanthatofthesingleＧphasefluidandthe
variationduringthephasechangeprocesswassimilarfortheH１andH２conditions．TheNusseltnumber
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firstincreasedatthebeginningofthemeltingprocessandthendecreasedattheendofthemeltingprocess．
TheyalsonumericallyinvestigatedtheflowandheattransferofthePCSflowingthroughamicrochannel
withstaggeredcircularpinsandsquarepins[９３]．TheresultsshowedthatthepressuredropoftheHTF
inamicrochannelwithcircularpinswaslowerthanthatwithsquarepins,andtheNusseltnumberofthe
HTFwaslargerwhenusingcircularpins．TheNusseltnumberwasenhancedusingthePCSinsteadofthe
singleＧphasefluidandtheenhancementwasmoreapparentundertheconstantheatfluxconditionthanthat
undertheconstantwalltemperaturecondition．Petrovicetal．[９４]numericallycomparedtheflowand
heattransferperformancesofwater,NPCMslurryandCuＧwaternanofluidinlaminarflowinacircular
tubeatconstantheatflux．TheresultsshowedthattheNPCMslurrywithlowphasechangetemperature
hadbetterheattransferperformancethanthatwithhighphasechangetemperature．Theheattransfer
coefficientoftheNPCMslurrywithlowphasechangetemperaturewashigherthanthatofwaterwhenthe
solidvolumefractionoftheslurrywashigher(３vol％),anditwassimilartothatofwaterwhenthesolid
volumefractionoftheslurrywaslower(１vol％)．Thenanofluidshowedbetterheattransferperformance
thantheNPCMslurryandwateratthesameReynoldsnumberorpumpingpowerduetotheenhanced
thermalconductivity．Wangetal．[９５]experimentallyinvestigatedthelaminarflow heattransfer
characteristicsofthe MPCM slurryatdifferentsolidvolumefractions (≤２％)ina microchannelof
０．３５mm×０．３５mm×０．４４mm (width×depth×length)atconstantheatfluxonthebottom．Thepressure
dropoftheMPCMslurrywasconcludedtobehigherthanthatofwateratthesameReynoldsnumberand
increasedwiththeincreaseofthesolidvolumefraction,aswellasdecreasedwiththeincreaseofthe
temperature．Further,theNusseltnumberoftheMPCMslurrywasalsohigherthanthatofwaterdueto
themicroＧconvectionoftheparticleandtheeffectofparticlemotiononthethermalboundarylayer．Itwas
indicatedthathighheatfluxwasneededfortheMPCMslurrywithhighsolidvolumefractiontoensurethe
meltingofthePCMforbetterheattransferperformance．Robertsetal．[９６]experimentallyinvestigated
theflow and heattransferperformanceofthe MPCM slurry withand withoutshellinacircular
microchannelatconstantheatflux．ItwasfoundthattheheattransfercoefficientoftheMPCMslurrywas
higherthanthatofwateratthesameReynoldsnumberandincreasedwhenincreasingthemassfraction
andflowrate．Becausethethermalconductivitywasimprovedbythemetalshell,the MPCM slurry
showedbetterheattransferperformancethanthenonＧcoatedPCMslurry,asshowninFigure１１．

Figure１１　HeattransfercoefficientversusReynoldsnumberforwater,nonＧmetalcoatedandmetalcoatedMPCMslurries
[９６]．

２．２．６　Naturalconvectionheattransfercharacteristics
Inabaetal．[９７,９８]useda２DsingleＧphasefluidmodeltoinvestigatetheheatstorageandnatural



•Review•

６０　　　 Vol．２７,No．１,２０１９　　SCIENCEFOUNDATIONINCHINA

convectionheattransfercharacteristicsoftheMPCMslurryinahorizontallyrectangularenclosureheated
fromthebottomandcooledatthetopunderconstanttemperature．Theresultsshowedthattheheat
storagetimeoftheMPCMslurryincreasedduetotheincreaseoftheheatcapacity．Withinvolvementof
thelatentheat,theheattransfercoefficientoftheMPCMslurrywashigherthanthatoftheslurrywithout
phasechange．IncreasingtheRayleighnumberhadpositiveeffectontheNusseltnumberandtherewasa
peakvalueofthelocalNusseltnumberduringthephasechangeprocess．Theheattransfercoefficientof
theMPCMslurryincreasedwiththeincreaseofthemassfractionatlowermassfractionsanddecreased
withtheincreaseofthemassfractionathighermassfractionsbecauseoftheincreasedviscosity．In
addition,theonsetpointofthenaturalconvectionofthe MPCM slurryshiftedtoearliertimewhen
decreasingthemassfractionoftheMPCM．Besides,increasingtheheightoftheenclosureatafixedwidth
ledtotheincreaseoftheheatstoragetimeandthedecreaseoftheheattransfercoefficientoftheMPCM
slurry．Diaconu etal． [９９,１００]experimentallyinvestigatedthe heatstorageand heattransfer
characteristicsofthe MPCM slurryinacylindricaltank．Ahelicallycoiledtubecontainingwaterwas
immersedinthetanktoheatthe MPCM slurry．Theresultsshowedthatthenaturalconvectionheat
transfercoefficientoftheMPCMslurrywas５timesthatofthewateratthesametemperatureinthephase
changeintervalof２—６℃．Zhangetal．[１０１,１０２]experimentallystudiedtheheatstorageandnatural
convectionheattransferoftheMPCMslurryinrectangularenclosureheatedatbottom．Increasingthe
massfractionoftheMPCMandtheheightoftheenclosureledtotheincreaseoftheheatstoragetime．
Themaximumlocalheattransfercoefficientoccurredduringthephasechangeprocess,andincreasingthe
massfractionenhancedtheNusseltnumberoftheMPCMslurryatthesameRayleighnumber．Theheat
transfercoefficientoftheMPCMslurryincreasedwiththeincreaseofthetemperaturedifferencebetween
thebottomandthetopplates,andthendecreasedwiththeincreaseofthetemperaturedifference,which
wasdependentonthephasechangeofthePCM．

Sabbahetal．[１０３]numericallyinvestigatedthenaturalconvectionheattransferoftheMPCMslurryin
arectangularcavityheatedandcooledfromtheleftandrightsidesatconstanttemperature．Theresults
showedthattheheattransfercoefficientoftheMPCMslurrywassignificantlyhigherthanthatofwater
duetothehighervolumetricthermalexpansionoftheMPCMparticleschangingfromsolidtoliquidand
thelatentheatofthePCM．Increasingthemassfractionledtotheincrementofheattransfercoefficientof
theMPCMslurryatlowerfractions,buttheheattransfercoefficientdecreasedwiththeincreaseofthe
massfractionathigherfractionsduetothesharplyincreasedviscosity．Wangetal．[１０４]conductedthe
experimentsofnaturalconvectionoftheMPCMslurry,inwhichthehotwaterflowedthroughacircular
tubehorizontallyimmersedintothe MPCM slurry．Theresultsshowedthattheheatstoragecapacity
increasedandthetemperaturerisewaseffectivelysuppressedwiththeincreaseofthemassfractionofthe
MPCM．ButtheheattransfercoefficientoftheMPCMslurrywaslowerthanthatofwateranddecreased
withtheincreaseofthemassfractionduetothelargeviscosity．Theydividedthenaturalconvection
processintothreeregimes:thepureconduction,quasiＧsteadyanddecayperiods,asshowninFigure１２．
ThequasiＧsteadyperiodwasprolongedduetotheeffectofphasechangewhenincreasingthemassfraction
oftheMPCM．Inaddition,theyfoundthatthenaturalconvectionheattransferperformanceoftheMPCM
slurrywasimprovedwhenthetemperatureorflowrateoftheHTFinthetubewasincreased．

２．２．７　Flowandheattransfercharacteristicsinheatexchangerandheatsink
ThePCSareusuallyadoptedintheheatexchangerand heatsinktoimprovetheheattransfer

performanceutilizingthelargerheatstoragecapacitycomparedwiththeconventionalsingleＧphasefluid．
Hasan[１０５]numericallyinvestigatedtheflowandheattransfercharacteristicsoftheMPCMslurryasthe
coolantinacounterflowmicrochannelheatexchanger．Theeffectivenessoftheheatexchangerwasdefined
astheratioofactualheattransfertothemaximumpossibletransferheat,andtheoverallperformanceof
theheatexchangerwastheratioofeffectivenesstothepressuredrop．Theresultsshowedthatthe
effectivenessoftheMPCMslurrywashigherthanthatofpurefluidandincreasedwiththeincreaseofthe
solidvolumefractionoftheMPCM．However,theoverallperformanceoftheheatexchangerwaslower
thanthatofpurefluidanddecreasedwiththeincreaseofthesolidvolumefractionduetothesignificant
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Figure１２　Effectofmassfractiononthenaturalconvectionheattransfer
coefficientoftheMPCMslurryattheexternalofthetube[１０４]．

increaseofthepressuredrop．Lower
velocity was demonstrated asthe
possibleoptiontomakefulluseof
thelatentheatofthePCM．Wuet
al．[１０６]experimentallyinvestigated
theheattransferperformanceofthe
polyalphaolefin(PAO)basednanoＧ
PCSin which the PCM particles
were with or withoutshellin a
microchannelheatexchanger．The
results showed thatthe pressure
dropofthenanoＧPCSwithshellwas
lowerthanthatofthe nanoＧPCS
withoutshell;however,the heat
transfercoefficientsofthetwotypes
ofslurriesweresimilar．Importantly,
theheattransfercoefficientofthe
nanoＧPCS washigherthanthatof
purePAOatthesameflowrateand
increased withtheincreaseofthe
massfraction．Thethermalperformancesofthetwotypesofslurrieschangedlittleafterthousandsof
thermalcycles,anditwasindicatedthattheshellusedtoavoidthecoalescenceofparticleswasnot
necessary．Kongetal．[１０７]experimentallystudiedtheflowandheattransfercharacteristicsofthe
MPCMslurryinacoilheatexchangerwithdoubletubes．Thewaterflowedthroughtheoutertubeandthe
MPCM slurryflowedthroughtheinnertubewithacorrugatedsurfacetoenhancetheheattransfer
performance．Theresultsshowedthatthepressuredrop,overallheattransfercoefficientandthe
effectivenessoftheMPCMslurrywerehigherthanthoseofwaterandincreasedwiththeincreaseofthe
massfractionofthe MPCM atthesameflowrate,asshowninFigure１３(a)．Buttheperformance
efficiencycoefficient(PEC)oftheMPCMslurry,whichtookintoaccountthepressuredrop,increased
withthedecreaseofthemassfraction,ascanbeseeninFigure１３(b)．

Figure１３　(a)OverallheattransfercoefficientsfortheMPCMslurriesandwater;(b)PECsfortheMPCMslurrieswith
differentmassfractions[１０７]．

Sabbahetal．[１０８]numericallyinvestigatedthehydraulicandheattransferperformanceoftheMPCM
slurryinarectangularmicrochannelheatsinkunderconstantheatfluxatthebottomwall．Itwasindicated
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thattheMPCMslurrywithlowermassfractionsshowedbetterheattransferperformancethanthatof
water,andthe heattransferenhancementincreased whenincreasingthe massfraction．Butthe
enhancementindex,whichrepresentedtheratioofbottom walltemperaturereductionfactortothe
pumpingpowerincreasefactor,washigheratlowermassfractionsoftheMPCMbecausetheviscosityof
theslurrysignificantlyincreasedwiththemassfraction．Further,thewalltemperaturedecreasedwhen
usingtheMPCMslurryinsteadofwater,andalso,thepumpingpowerwasreducedforthesameheatsink
temperaturecomparedwiththatofwater．Hoetal．[１０９—１１１]experimentallyinvestigatedthecooling
performanceoftheMPCMslurryandnanofluidinaminichannelheatsink．Theresultsshowedthatthe
MPCMslurryhadbetterheattransferperformanceandhighertemperaturecontroleffectivenessthan
water,especiallyatlow Reynoldsnumbers．IncreasingtheflowrateandthelatentＧsensibleheatratio
(massfractiontotheStefannumber)ledtothedecreaseoftheheattransfereffectivenessoftheMPCM
slurry．Itwasindicatedthattheflowratewasthemostimportantparameteraffectingtheheattransfer
performanceoftheMPCMslurryandnanofluid．AddingthenanoparticlesintotheMPCMslurrycould
furtherenhancetheheattransferperformancecomparedwithwater．Meanwhile,thefrictionfactorwas
significantlyincreasedduetotheadditionof MPCM particlesandnanoparticles．Seyfetal．[１１２]
numericallystudiedthehydraulicandheattransferperformanceofthePAObasedNPCM slurryina
microtubeheatsink．TheresultsindicatedthatthethermalperformanceoftheNPCMslurrywasbetter
thatthatofpurePAO,whichwasfurtherenhancedwiththeincreaseofthemassfraction,theReynolds
numberandthemeltingtemperaturerangeofthePCM．Inaddition,theMPCMslurrycouldeffectively
reducethemaximumtemperaturedifferenceofthewallandtheentropygenerationrate．Rajabifar[１１３]
conductedthenumericalsimulationsoftheNPCMslurryandnanofluid,actingasthecoolantsandflowing
throughadoublelayermicrochannelheatsink．WiththeNPCM slurryandthenanofluid,thecooling
performanceoftheheatsinkwasenhancedcomparedwiththatofwater,buttheincreaseofthepumping
powercouldnotbeavoided．Theyrecommendedthefeasibleoperatingconditionsbyoptimizingthesolid
volumefractionsoffluidsduringflow,suchas４vol％ofthenanofluidintheupperlayerand２０vol％of
theNPCMslurryinthebottomlayer．Rajabifaretal．[１１４,１１５]numericallyinvestigatedtheperformance
oftheNPCMslurryflowinginamicrochannelheatsinkwithpinfinatconstanttemperatureonthebottom
wall．TheresultsshowedthattheNusseltnumberoftheNPCMslurrywashigherthanthatofwaterand
increasedwiththesolidvolumefraction．ThevariationofthetipclearanceeffectivelymadetheNPCM

Figure１４　Overall heat transfer coefficient varies with
porosity[１１６]．

slurryachieveahigherNusseltnumberwithalowerpumpingpower．Dengetal．[１１６]usedthefinmodel
andporousmodeltoanalyzethecoolingperformanceoftheMPCMslurryinamicrochannelheatsinkat

constantheatfluxonthebottom wall．They
foundthatthe overall Nusselt number was
overestimatedusingthefin modelduetothe
overＧsimplification,thentheporousmodelwas
usedtoinvestigatetheheattransferperformanceof
theMPCMslurry．Theheattransfercoefficient
ofthe MPCM slurry first increased when
increasingtheporosityoftheheatsinkandthen
decreasedwiththeporosity,asshowninFigure
１４．The Nusseltnumberdecreased withthe
increaseoftheparticlediameter,buttheoverall
heattransfer coefficientincreased with the
increase ofthe particle diameter．The heat
transferenhancement wasimproved,andthe
temperaturerise ofthe HTF decreased by
increasingthesolidvolumefraction．
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３　ShapestabilizedPCMslurry(SSPCMslurry)

３．１　Preparation
ApartfromthepromisingfeaturesofPCMs,theleakagethreatonphasechangecompletionisoneofthe

engineeringproblemsthatshouldbecontrolled/minimized．Utilizingtheporousscaffoldsintowhichthe
PCMcanbeeffectivelyadsorbed/absorbedisthemostviableapproachofrecentandcurrentera．These
scaffoldsareoftentermedassupportingmaterials,whichcanbeclassifiedintotwotypes:polymeric,
e．g．,polymethylmethacrylate(PMMA),highdensitypolyethylene(HDPE),lowdensitypolyethylene
(LDPE)andlinearlow density polyethylene (LLDPE);andinorganic,e．g．,activated carbon,
mesoporouscalciumsilicateandexpandedgraphite．AlkanandSari[１１７]preparedthefattyacidsbased
compositePCM usingthePMMAasthesupportingmaterial,whichretainedtheshapeofthePCMin
liquidphase．ThemicrographsofthepreparedSSPCMaredisplayedinFigure１５,whereakindofwellＧ
coalescedstructure with a unified appearancecan beseen．Şentürk etal． [１１８]used different
biodegradablepolymers such as cellulose,agarose and chitosan asthe supporting materials and
polyethyleneglycol(PEG)asthePCMtopreparetheSSPCMthroughthesolutioncastingmethod．The
maximummassratioofthePCMtosupporting materialtopreventtheleakageofthePCM wasalso
quantified．Chenand Wolcott[１１９]adoptedtheHDPE,LDPEandLLDPEasthestructuralmatrixto
supporttheparaffin,separately,usingaparallelcoＧrotatingtwinscrewextruder．Itwasindicatedthatthe
HDPEbasedSSPCM hadlittleleakagecompared withtheLDPE orLLDPE basedSSPCMs．Other
polymers,suchasstyrenemaleicanhydratecopolymer[１２０]andpolyaniline[１２１],couldalsobeusedas
thesupportingmaterialsfortheSSPCM．Asfortheinorganicscaffolds,Khadiranetal．[１２２]employed
theactivatedcarbontoprepareashapestabilizednanocompositePCMthroughtheoneＧstepimpregnation
method．ThethermalconductivityofthecompositeincreasedandnosignificantleakageofthePCM was
observed．Qianetal．[１２３]adoptedthePEG asthePCM and mesoporouscalcium silicateasthe
supporting materialto prepare composite PCM through a directimpregnation process．Different
measurementsshowedthatthecompositePCMhadexcellentchemicalcompatibilityandreliability．Kimet
al．[１２４]preparedtheSSPCM byimpregnatingtheoctadecaneintotheexpandedgraphitebyakneader
mixingmethod．Inaddition,thereweresomeotherinorganicmaterials,suchastheporousbuilding
materials[１２５]andtitaniumdioxide[１２６],adoptedasthesupportingmaterials．
３．２　FlowandheattransfercharacteristicsoftheSSPCMslurry

Royonetal．[１２７,１２８]preparedtheSSPCMusingthewaterasthePCMandatriＧdimensionalnetwork
ofpolymerasthesupportingmaterial．TheydispersedtheSSPCM particlesinoiltoformtheSSPCM
slurry,andexperimentallyandnumericallyinvestigatedtheheattransferoftheSSPCM slurryinan
agitatedtankwithconstantexternaltemperature．TheresultsshowedthattheSSPCMslurryhadsimilar
propertiestothatoficeslurry．TheheatcapacityincreasedduetotheadditionofthePCM．Andalimited
suprecoolingphenomenonwasobservedwiththedecreaseoftheparticlediameter．Itwasindicatedthatthe
simplifiedmodelwasabletoestimatethefreezingtimeofthePCM duringthecrystallizationprocess．
TherewasanapparentplateauforthetemperaturevariationoftheSSPCMslurryduetothesolidification
ofwater．Thedurationoftheplateauincreasedwiththeincreaseofthemassfraction．Ionescuetal．[１２９]
experimentallyinvestigatedtheheattransferperformanceoftheice/oilSSPCMslurry,duringthemelting
andsolidificationprocesses,flowingthrougharectangularchannelinlaminarandtransitionalflows．They
foundthattheheattransferperformanceoftheSSPCMslurrywassignificantlyimprovedcomparedwith
pureoil．TheheattransfercoefficientoftheSSPCMslurrywashigherthanthatofoilandincreasedwith
theincreaseofthemassfractionoftheSSPCM．RoyonandGuiffant[１３０]proposedamodelforice/oil
SSPCMslurryconsideringtheturbulentregimeinacirculartubeatconstantwalltemperature,whichwas
setbelowthephasechangetemperature．Anapparentplateau wasfoundforthedimensionlessbulk
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Figure１５　Micrographsoffattyacid/PMMA (８０/２０wt％)SSPCM [１１７]．(a)Stearicacid/PMMA;(b)palmiticacid/
PMMA;(c)myristicacid/PMMA;(d)lauricacid/PMMA．

temperatureoftheslurryduetothephasechangeofthePCM．Theresultsshowedthatthelengthofthe
plateauincreased whenincreasingthe massfractionordecreasingtheStefannumber．Itwasfurther
indicatedthattheminimumlengthofthetubetomakealltheparticlesfreezecompletelyincreasedwiththe
increasesofthemassfraction,theReynoldsnumberandthewalltemperature．Theyalsoprepareda
paraffinbasedSSPCM slurryusingthestyreneＧbutadieneＧstyreneblockcopolymerasthesupporting
materialandinvestigatedthephasechangeprocessoftheslurryinanagitatedbath [１３１]．Theresults
showedthatthecompletemeltingtimeincreasedwiththeincreaseoftheparticlediameter．Royonetal．
[１３２]experimentallyinvestigatedtheflowbehavioroftheSSPCMslurryinacirculartube．Theresults
showedthatthepressuredropoftheSSPCMslurryincreasedwhenincreasingtheflowrateanddecreased
whenincreasingthetemperature．Thepumpingpowerwassignificantlyreducedcomparedwiththatof
chilledwaterforthesametransportedheat,ascanbeseeninFigure１６．Boujaddainietal．[１３３]
numericallystudiedtheheattransfercharacteristicsoftheSSPCM slurryinthelaminarregimeina
verticallyrectangularchannelatconstantwalltemperatureusingtheEulerianＧmixture model．Itwas
indicatedthattheheattransfercoefficientoftheSSPCMslurryincreasedwiththeincreaseoftheReynolds
numberandthemassfractionoftheSSPCM．TheheattransferperformanceoftheSSPCMslurrywas
significantlyhigherthanthatofwater．
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Figure１６　PumpingpowerconsumptionsNvarywiththeheattransportationrateΦforchilledwaterandtheSSPCMslurry
[１３２]．

４　Conclusion

Abriefintroductionofthepreparationmethodsandacomprehensivesummeryoftheflowandheat
transfercharacteristicsofthe M/NPCM andtheSSPCM slurrieshavebeencarriedoutinthepresent
study．ThepreparationsoftheM/NPCMslurryandSSPCMslurryhavebeenfoundtobestillatlabＧ
scales,andthemethodsforlargeＧscaleproductionarenecessarytofacilitatefurtherinvestigationand
applications．ThePCSusuallyshoweddifferenthydraulicandheattransfercharacteristicsfromthepure
singleＧphasefluidduetotheinvolvementofthelatentheatofthePCM．Meanwhile,thePCScanbe
consideredasthe Newtonianfluidiflower massfractionsofthePCMsareused．Itcanbehaveas
homogenousfluidforsmallerparticlesofthePCMs,andtheflowpatternchangeswiththevariationofthe
flowrate,solidvolumefractionandparticlesize．ThepressuredropofthePCSishigherthanthatofpure
carryingfluidinthesameflowregimeduetothepresenceofsolidparticles．ThepressuredropofthePCS
increaseswhenincreasingtheReynoldsnumberandthemassfraction．Becauseofthelargeheatcapacityof
thePCS,thepumpingpowerconsumptionofthePCSissignificantlyreducedcomparedwiththatofpure
carryingfluid atthe same transported heat．The parameters mainly affecting the heattransfer
characteristicsofthePCSincludethe massfractionofthePCM,theStefannumber,theReynolds
number,meltingtemperaturerange,supercooling degreeoftheinlettemperature,etc．The most
importantparametersaretheStefannumberandthe massfractionofthePCM．Theheattransfer
performanceofthePCSinlaminarflowisusuallybetterthanthatofpurecarryingfluidduetotheeffectof
thelatentheat,whichcanbefurtherenhancedbydecreasingtheStefannumber,phasechangetemperature
rangeandsupercoolingdegreeorincreasingthemassfractionandtheReynoldsnumber．Theeffectof
particlesizecannotbepredictedaccuratelybecauseofthecontroversialresults．Therefore,further
investigationisstillneededtoclarifytheperformancesofthePCSscomparedwiththepurecarryingfluid
andoptimizetheoperatingconditiontomakefulluseofthePCM．Besides,thestabilityofthePCSfora
longＧtimestorageisapracticalproblemwhichneedsthoughtfulactionsinthefuture．
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