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THE INFLUENCE OF EXTRUSION PROCESSING AND FORMULATION
ON FORM-STABLE PHASE CHANGE MATERIAIS

Abstract

By Gregory Dale Estep, M.S.
Washington State University
August 2010

Co-Chairs: Donald A. BendeandLong Jiang

There is a need in lightame wood construction to develop mechanisms for thermal
storage to lower energy demand and/or shift pea&rgy consumption to oeffeak energy
consumption times. Phase change materials (PCM) have the ability to store significant latent
thermal energy with minimal volume and mass requirements. One technical challenge is to
contain the PCM during the liquidhpse. Form stablePCMs have been suggested as one
solution.In form stable PCMs, the PCM is blended with a polymer, of a higher melting point,
that adds structural stability to the blend and encapsulates the PCM melt to prevent leakage.

The objective of his study is to determine the effect of processing method on the
morphology and thermomechanical properties of three formulations of HDPE/pdksifid
Form stable phase change matsr@nsisting of 75/25, 60/40, and 50/50 blends of paraffin
(octadecae)/high density polyethylene (HDPE) were produced at three diffexeintision
processing speeds and tested for leakage, thermal conductivity, latent heat storage capacity,
storage modulus and dispersion. Paraffin with a melt temperature of 28°C was abkdben

PCM with HDPE as the containment polymer with higher melt temperature of 130°C.



Thermal conductivitymeasured by a KDPro, of the blends increased (.330, .336, .358
W/mK at 100 rpm) with increasing amount5, 40, 50% respectivelygf HDPE (the more
thermally conductive material), attributing to good dispersion between the two materials. As
characterized by DSQatent heat storage capacity of the blends within the desirable rari§e (25
to 35°C) increased98, 116, 153 J/gyvith increasing amount$50, 60, 75% respectivelyof
paraffin. Leakage of paraffin was measured by placing form stable PCM samples in solvent
baths, recognizing that situleakage in building applications would be much less. Samples that
were submerged for 10obrs showed percentage of total paraffin losses to be 38%, 36% and
28% for the formulations of 75/25, 60/40 and 50/50 paraffin/HDPE, respectively. While the
morphology of the blend does allow pathways for some paraffin movement in a solvent bath, the
pracical amounts of leakage that might occur in a building product application have yet to be

determined.
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1. INTRODUCTION

A typical residential home in th&nited States (USuses about 56% of total energy
consumed for heating and cooliQOE). In order to lower energy demand and/or shift peak
energy consumption to off peak energy consumption times, different technologies are being
studied for the storage of thermal energy in the walls, floors and ceilings of light frame

construction buildings.

Light-frame wood construction is common fesidential buildings in the UShese building
envelope assemblies can achieve relatively Reglalues, or resistance to heat flowut they
lack thermal mass due to the lightweight nature of the sy3teennext logical step is to not only
slow the heat transfer, bstorethe thermal energy in the wall itsétir later use By storingthe
thermal energy, the temperature fluctuations in the interior of a dwelling can be decreased
Studies have shown favdne results of limiting this heat exchange by the usphaechange
materials PCM) in walls, floors and roofs (Zhang et al., 2006 ; Zhou et al., 2007 ; Medina et al.,
2008 ; Kosny et al.ORNL). Furthermore, by using an energy storage material sueGMs the
thermal energy that is consumed will later be released, further stabilizing the temperature of the

area it encompasses.

There are three ways to stahermalenergy reversiblechemicalreactions sensible heat and
latent heat. Of these threejtdat heat isbests ui t ed f or i ncreasing a
efficiencies due to its ability to capture and release large amounts of energy per unit mass of a

material during its phase changatent heat of fusion is the amount of energy needed to fully



change the phase of a material from a solid to a liquid. The higher the latent heat of fusion is, the
more energy the PCMan absorb and contairAs thermal energy is introduced a PCM it

starts to absorb the energy and begmnselt During this phasé&ansition, the temperature of

the material remains nearly constant until the phase transformation is complete. As the ambient
temperature surrounding the material drops below the phase transition zone, the material begins
to solidify and therefore releiag the stored thermal energy at a nearly constant temperature
until the phase change is compldte.other words, the PCM functions asheermal battery A

major obstacle in using PCM as latent heat energy storage systentasmmentvhile in liquid

form.

Various types of encapsulation methods have been studied for cogt&@Ms in their
molten forms;however, there areome disadvantageghen compared to gorm stablePCM
blend The absorption of paraffin was early introduced as an effective wiagdgporateup to
24-wt % of thePCM into gypsum wallboardhereby increasing its thermal m#Bsldmanet al,
1995).Thi s however | owered the gypsumdés functi on
releasd during a fireand therefore did not meet #lle requirements set by the National Building
Code (Banu et al., 1998). Macro encapsulaigotiie containment of a PCM in a sphere (75mm
in diameter) andhas been shown asviable solution to increasing the thermal mass of a concrete
slab(Farid & Kong 2002), but could suffer rupture if placed in an area prone to drilling, nailing

or cutting

Micro encapsulation is yet another method being stuiemntain PCMs in the melt phase

Micro encapsulation ofPCM can be achieved by the addition of formaldehyde based



thermosetting resins at high (2000 rpm) mixing rg#sanget al. 20@). A capsule is formed
around the PCM and cured as the temperature of the solution is decr&msedof the great
advantages omicro-encapsulation is their siz€.21 5.6 micro meters)therefore they do not

have to be protected from damage while in use (puncture from nails or screvame@lgo that

they can be directly incorporated, with little change, to the productmeeps of some materials

such as gypsum boarHlowever, some disadvantages of this material are the destease in
thermal conductivityanddurability of the encapsulating material. PCMs such as paraffin have
been shown talimple the encapsulating, foraldehyde based, spheres due to the difference in
volumetric expansion and contraction between the PCM and the encapsulating material (Zhang

et al. 20@).

Recently, copolymer blends containing polyethylene glycol (PEG) as the phase change
material have beesuggested as a solution for containing thermal energy through asslidid
phase change (Meng & Hu 2008, Xi et al. 2008, Hu et al. 2006& %iu 2006). These
copolymers utilize a phase change that occurs from the crystalline structure to the amorphous
structure of the polymer to absorb thermal eneaggl therefore do not have the issue of
containing the PCM while in molten stat&n earlystudy suggested low entropy of this type of
material(27 J/g Hu et al 2006), however more recent research indicates entropy achiewsments

high as120 J/g (Meng and Hu 2008).

Form-stable PCMsutilize a polymeric matrix to inhibit to the loss of the phase change
material, while providing structural stabilityn theseblends the PCM is evenly dispersed

through a polymeric (or other type) matrix material. The matviih its higher melt



temperatureacts as the supporting material that prevents leakage &GNewhile in its liquid
state.Immiscibility betveen the two materials allows the formation of PCM pockets, therefore
containing the material while above its melting pokirthermore, the small size-8® microns)

of the paraffin pockets encapsulated in this material will minimize leakage of the P@ i

event of piercing or cutting of tH#dends(Lee & Choi 1998).

PCMs being studied for latent heat storaggry between organic, inorganic and eutectics
(Tyagi & Buddhi, 2007). Acommonselection of organic phase change material is paraffin.
Unlike salt hydrates, paraffin does not have the problem of incongruent melting, therefore
retaining its heat storage capacity after many phase change (yessnohrl 2009)Paraffin
also is well known for its high heat of fusion (189 kJ/kg) when compared otligr organic

PCMs (140200 kJ/kg) in the same melting rangfel9 to 29 degrees C (Pasupathy et al. 2008).

High density polyethylene (HDPE) is a low co$$0.750.76 per pound; Plastics News Feb.
2010) highly available polymer used 6.5 million metric tonsin 2008 American Chemistry
Council) and recycled417 thousand metric tons 2007; Miller 2007) widely throughout the
US. This polymer is chemically inednd has a relatively low melting point (~130 C) as
compared to similar thermoplastic polymessch as polypropylene(~176 C) or polystyrene

(~240 C) (Gerdeen et al. 2006

In form stable PCMs some latent heat storage capacity, in the applicable temperature range,
is sacrificed by the amount of supporting material in ifend In form stable pase change

materials, formwtions containinghe supporting material styrene maleic anhydride copolymer



(SMA) andas much as 85% of a PCf¥atty acids such as stearic acid (SA), palmitic acid (PA),
myristic acid (MA), and Lauric acid (LA)pave been achved with no reportedeakagewhen
the blendwas heated above the melting point of the PCM (Sari et al. 28@8)tional leakage
tests or repeat freeze thaw cycles were not mentioned as further testing to confatemtis®

ability to contain the PCMuring service life applications.

In addition to the amount of PCM intdend several other parameters should be known to
fully capitalize on the value dform stable phase change materig@se key attribute is to
containthe PCM during the phase chasg@here isa ceath of technicaliterature onleakage
characteristics ofform stable PCMs. One study measured weight loss of paraffin in a
HDPE/paraffinblend by cyclical heating (Lee & Choi 1998Jlhes a mp| ed6s wei ght I
estimated after wiping theudace of the sample, following each cychdter the fifth cycle,
wei ght sd6 of t {HBPEdesemrg With mcreassg ayaes, indicating the remaining
paraffin was trapped insideAnother way to predict the leakage of a P@Mndis through
Optical Microscopy (OM) or Scanning Electron Microscopy (SEM). By OM or SEM, PCM
dispersion can be qualified and investigated for encapsulation (Sari 2004 ; Cai et al. 2008 ; Lee
& Choi 1998 ; Cai et al. 2007 ; Inaba & Tu 199nterconnection of theematerals in the blend

is difficult to characterize tough microscopy alone.

Other important characteristics to test include thermal conductivity and latent heat of fusion.
High thermal conductivity allows the thermal energy to flow quickly througlblied reaching
t he PCM. However, it is important that the PC

the material to completely change phase and utilize it full thermal energy storage capacity before



allowing additional thermal energy to pass through ploé/meric matrix that surrounds it.
Therefore, the addition of materials with high thermal conductivity, such as expanded graphite,
have been studied withpod resultgXiao, Feng &Gong 2002 Fang& Zhang 2006 ; Zhang et
al. 2006 ; Karaipekli, Sari &aygusuz 2007).

Little specific information appears in the technical literatuvath respect to processing
methodsof form stable PCMsResearch is needed on processing methods to encourage

commercialization of PCMs



1.1  Objective statement

Blends of paraffin and HDPE have shown good promise as form stable phase change
materials (Inaba and Tu, 1997; Lee and Choi, 1998; Sari 2004; Zhang et al., 2006; Cai et al.
2008). However, it is unclear how different processing methods will affect agtilsuich as:
dispersion of the paraffin in an HDPE matrix, containment of the paraffin, thermal conductivity
and mechanical properties (in the paraffin melt phase). As-$tabvle phase change materials
move towards commercialization, higfroughput procesng methods and subsequent thermal

molding methods need to be explored.

The objective of this study is to determine the effect of processing method on the

morphology and thermomechanical properties of three formulations of HDPE/péateffdas
Processingnethods to be investigated include:

1 Parallel cerotating twin screw extrusion #iireescrew speedwith a base temperature

profile*
Formulations

1 25% HDPE (Bamberger HPED)75% paraffin (Octadecane, melting point 28.2 C)
1 40% HDPE (Bamberger HPED) 60%paraffin (Octadecane, melting point 28.2 C)

1 50% HDPE (Bamberger HPED) 50% paraffin (Octadecane, melting point 28.2 C)

Thermomechanicalrpperties

! vacuum was applied during the extrusion of the formulation containing 75% paraffin and 25% HDPE



1 thermal conductivity, melt temperature, heat of fusion

1 storage moduli before and after paraffin melt

Morphdogy and paraffin containment will by studied by

1 SEM and OM (reflective) imaging
9 Paraffin loss from freslout surfaces

1 HDPE network characteristics determined by solvent extraction of the paraffin



2. MATERIALS AND METHODS

2.1  Materials andprocessing parameters

Threeformulaions of paraffin/HDPE were investigated ovlreeextrusionspeeds. The
PCM selected to be used was technical grade Octadecane (paraffin) with an average melting
point of 28 C. This melting point wagudged to be reamable for use in an interior building
envelope The polymer added twontain the PCMvashigh-densitypolyethylene (HDPE)inoes
HP5460 with a 0.5 melt flow index (MFI)HDPE was chosen due to wsdespreadavailability
both as virgin and recycled matdy acceptablenelting point, low cost and structural integrity.
The paraffin was purchased from Roper Thermals and the HDPE was purchased from

Bamberger Polymers.

Specificformulations of the form stabPCM and HDPEblendsincluded
1 75% Paraffini 25% HPDE
1 60% Paraffin 40% HDPE

1 50% Paraffinn 50% HDPE

Ideally, the highest possible percentage of paraffin PCM would be preferable; however,
previous research (Sari 2004, Inaba 1997, Xiao 2002, Zhang 2006) indicated an upper limit of

approximately 7580%.

Each formulation was processed at the three different extrusion speeds as follows:

1 80rpm(vacuum assisted)



1 100 rpm

1 150 rpm

The HDPE (in powder form) and the paraffin (in liquid form) were premixed by weight
percentage (%) in preparation fextrusion. During extrusiolf each formulation batchthe
remainingpremixed slurry of HDPE and paraffin was continuously stipgdr to entering the
extruderto ensuregood dispersion. Extrusion was performedth a Leistritz (ZSE18HP) 1
parallel, cerotating, twin-screwextruder. The temperature profile of the seven heating zones
from the intake of thebarrel to the output were set at 140/165/170/170/170/170(,70
respectivelyto initiate then completéhe melting of the HDPE (13Q). A prescriptivemethod
for processing these blends is located in the Appendiss. temperature profile was used in all
formulations and production speeds of this study. Upon extruding the samples, the melt was
collected ina casting dieand allowed to cool naturallgt oom temperaturentil the samples

solidified.

Due to therelativelylow viscosity of the paraffin/HDPE blend in the formulation containing
75% paraffin, a vacuum was applied to the vent of the extruder to remove air voids in the
mixture that would havéeen otherwise passed through the machine and into the final product

samples.

2.2  Testing and Evaluation
Samples from each of th@ combinations of formulationand processingpeeds were

observed through the use of&ld Emission Scanning Electron Microscopy (FE SEM, Quanta

10



200F)at magnifications of 500x, 1000x, and 2000x for each sanipile samples were produced

via a microtome and then submerged in a chloroform bath for approximately 90 seconds to
remove paraffifrom the surface of the samplesreveal the HDPE straee According to the
Merck Index(Mereck 200}, chloroform is a suitable solvent for the parafffesearchy Lyu

et al. (2000) confirmed thahloroformdid not dissolveHDPE at room temperature

Thermal conductivity was measuredsing a KD2 PRO Thermal Properties Analyzer
developed by Decagorhis device utilizes a transient line heat source method and has an
accuracy of 10% when testing thermal conductivity. Thaepesfrom each combination of
formulation and processing spewdreplaced in a conditioning room at a constant temperature
of 20° C (+# 2° C) thenpredrilled to accommodate the length and diameter of the testing probe.

The testingprobe was inserted into theamples and allowed to equilibrate to the samples
temperature before taking readings. Reagliofptained as watts per meter Kelvin (w/Mkgre

taken 20 minutes apart (5 minutes longer than the manufexctire r e commended mi ni
time) to ensure thermajradients hd dissipatedirom the previous test. The probe was lightly

coated in Arc Silverhighly conductive thermal greade, ensure maximum contact between the

probe and the test samples.

Three smples(approximately 17.8mm x 11mm x 2.5mmkere cutfor each of the 9
combinations of formulation and processing spe&lmamic nechanical propertiesf the
sampleswere then obtained using a TA&)0 dynamic mechanical analysis (DMA) machine.
The reason for this test is to follow the storage modulus ehaftipe blends during the solid and

liquid phases of the PCMwithin the range of temperatures anticipated for wall envelope

11



applications Strain was kept constant at 0.05%ithin the linear viscoelastic region of the
samples)throughthe oscillatory force of single cantilever jig headhile temperature was
increased at Z/min, from -10° C to +40 C. Measurementsf storage modulusvere taken

throughout this temperature range and comptréde other samples

Melting point andlatent heat of fusion were themeasuredusing a Mettler DSC822
differential scanning calorimeter (DSChhree amples between 5 and 10 micrograms were
obtained from each of th® combinations of formulations and processing spesdscrimp
sealed i40 ¢ laluminumcrucibles The testing profile used, initially cooled the sample %G 0
and remained isothermal for 1 minute. The sample was then heated at a rat€ @e20ninute
to 150 C and remained isothermal for 2 minutes. The sample was then coolesteabf20 C
per minute to ©C and remained isothermal for 2 minutes. The sample was once again heated at
a rate of 20 C per minute to 150C. Uponreachingthis temperature, the sample was cooled to

room temperature and removed.

The samples were hieal twice from O C to 150 C. The initial heating was performed to
allow the blend to melt and completely cover the bottom of the testing contantets remove
thermal history This allowed shger entropy peaks to be observed during the second heating

due to a more uniform heating of the sample.

Leakage tests were devised to investigate the degree of interconnectivity of the paraffin
and HDPE phases in the blenthe testswere designed tosubjectthe samples to a harsher

environment than they wouldormally be subjected to during situ applications. Rectangular

12



cubes were cuby razor blademeasuredapproximately 12mm x 8mm x 8mmapd weighed for

each of the 9combinations of formulations and processing speadd submergedin a
chloroformbath. Samples were held under the surface of the chloroform by stainless steel mesh.
Then hey wereremovedat 2, 4, 6, 8, and 10 hours, respectively. The samples were allowed to
dry under a fume hoodor 72 hours before being weigh¢d allow the chlorofem time to
evaporate from the cavities of the samples. Thdrtime periodwasjudgedto besufficient by
repeated measurements until the sample weights stabiPerdent loss of the paraffin, as

normalized by formulation, was calculated using theofelhg formula:

L=(Wsi Wy /(W:*F)

Where:

L = Percent paraffin leakage of the blend

W, = starting weight of sample

W, = ending weight of sample

F, = percent of paraffin in formulation

13



3. RESULTS AND DISCUSSION

3.1 Observations duringxtrusion

Extrusion of the two formulations containing 40% and 50% HDPE resultelemas that
appeared to beomogeneouandair void freeby visual inspectionThe formulation containing
25% HDPEhowevershowedvisible, well-dispersedair voids in thematerial as it exited the
extruder. A vacuum was attached on the vent of the extruder to draw the air voids from the blend
in the extruder barrelThe applied vacuurappeared to solve the air void problem as judged by
visual inspectionThese air voids, ifeft in the blend, would decrease the density of the material

and thereforéower the thermal conductivity and thermal storage capatityeblend

Viscosities of the different formulations rose with an increased amount of HDPE in the
blends. This wsievident by the increase in torque applied by the extruder, relative to the increase
in HDPE content, to process the blends. Those of a higher viscosity could have an advantage in
commercialized manufacturing processes such as sheet orepénsion, wiere the additional

melt strength could be beneficial to maintaining the product shape until the material solidifies.

3.2 Morphology analysis of the PCM/HDPE blend

Fig. 1 shows representative SEM micrographs for formulations containing 50, 60, and
75% paraffin respectivelgrocessed at 150 rprithe formulation containing 75% paraffin has a
slightly rougher surface of HDPE, attributing to the homogeneoulsgributed parafin
throughout the blendAs the percentage of paraffin decreases, the HDPE surface on the

micrographs becomes smoother, indicating a lesser degree of paraffin dispersion. The

14



micrographs of these formulations are similar to those found by other resegizhang et al.
2006) however neither the formulations nor materials were fully described in their arfide.

2, 3 and4 show SEM micrographs for the three formulations prepared using 80, 100, and 150
rom speeds, respectivelfhere is no visual evisee of a relationship between the blend

morphology and the processing spbeded orthese micrographs.

It is difficult to determine the microstructures, i.e-@mtinuous or matrbinclusion, of
the PCM/HDPE blends solely based on the obtamexlographs. However, we believe that the
blends form a c@ontinuous phase structyreneaning both materials form interconnected
pathways with each other throughout the blahgjng extrusion. This will be further discussed

in later parts of this paper.

3.3 Thermal Conductivity

In this study, paraffin was used as the PCM with no additives to increase its thermal
conductivity (0.325 W/mK, measured by the KBFZ0). Researchers (Xiao et al. 2002, Zhang et
al. 2006)explored addingxpanded graphite or carbon fiberintgrease théhermal conductivity
of paraffin. The purpose of having a higher thermal conductivity is to ensure the full efficiency
of the PCM in the blend. When thermal energy is traveling through the PCM blend, it is
important that all of the PCM has undergone complete phase change before the thermal energy
continues to pass through the material. If the thermal conductivity of the supporting material is
higher than that of the PCM, thermal energy will continue thrabgtsupporting material before

fully charging the PCM.

15



Fig 5. illustratesthe average measured conductivity values for each formulation to the

values calculated based on a rule of mixtures equation:

k -_p*kaIElh*kh

Where:

k =thermalconductivity d the material blend
0, = weight percentage of paraffin

k, = thermal conductivity of the paraffin

U, =weight percentage of HDPE

k, = thermal conductivity of HDPE

The experimental and calculated valum® in good agreemenindicating anearly
homogeneous mixture in all tested sampkag.6. shows thermal conductivity results for neat
HDPE, neat paraffin and for each of the three formulations at three different extrusion speeds.
Results qualitatively indicate a slight increase in thermal cdivilycwith higher screwspeed.
This may be due to better dispersion of the HDPE phase, the more thermally conductive
component in the blend, at higher processing speeds. Analysis of variance was performed
through the statistical software Minitab and cadleld that processing speed with a probability
value (6pb6 value) of 0.025 did have anateffect
a significance level of 5 percertlthough small variations were found in thermal conductivity

results betweeprocessing speeds within a formulation, these differences are of little practical
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importance Furthermore, it was the formulations themselves that had a significant effect on the
t her mal conductivities of lesd than(hidlt (Appandix). s  wi t |
Formulations increased in thermal conductivity with increasing amounts of HDPE, the more

thermally conductive material.

3.4 Evaluation of Mechanical Properties by DMA

One key attribute of a forretable PCM is its ability to maintain form whithe PCM is
in liquid state. In this study HDPE is used as the supporting material to maintain the structural
integrity of the PCMFig. 7 compareshe average storage modulus of neat HDPE and the three
formulations. The three formulations show subst#igtiawer modulus than does neat HDPE
because of their inclusion of lemodulus paraffin.  Between the three formulations, the
modulus differences appear to be small over the whole temperature range. The modulus
differences between neat HDPE and the fdathons increases with increasing temperature due
to the softening and melting of the paraffin in the formulations. The formulation samples
maintain theirsomestructural integrity after the melting of paraffin af@8which indicates that
HDPE phasdorms an interconnected structure capable of withstanding load when the paraffin

phase is in molten state.

Extrusion speewasalso found to affect the storage modulus. ResulEBgn8, 9and10,
indicate the storage modulus of different formulatiombtevary with respect tscrewspeed.
Further studies are needed to determine a reasonable trend associated with storage modulus and

processing speeddowever, the differences fourghould not affect the pradtcal use of this
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material as it is not designddr structural support application but rather, only needs to support

its own weight and form.

3.5  Evaluation of Thermal Properties by DSC

A typical DSC curve for the paraffin/ HDPE blend can be sedagnll. The first peak
indicates the phase change of the paraffin while the second peakciydtadline meltof the
HDPE. In this figuremelting temperature s denoted by an 6x6 at the
Heat of fusion wasleterminedoy first normalizingthe data to the sample weight. Then the area
enclosed by the curvendicated by the straight line above the curve, was integrated. Beginning
transition temperaturgOnset) and ending transition temperature (Endset labeled for the
paraffin and the HBE on the thermogram. These are the beginnings and ends (from left to right)

of the lines used to calculate the heat of fusidrermal storage capacity of the blend is equal to

the heat of fusion of the paraffin phase in the blend.

As shown inFig. 12, processing speeds seem to hagenall effecton the thermaénergy
storagecapacitiesof the blendgarticularly at 80 rpm. These fluctuations could indicate larger,
localized pockets of paraffin by result of lower dispersion when compared to those of higher
processing speeds. Energy storage capacities, however, were influenced greatly by the weight
percentage of paraffin in the blend. Analysis of variance was performed through the statistical
software Minitab and concluded that processi.t
0.027 did have an effect on the thermal storage capacities of theldtionsat a significance
level of 5 percent Furthermore, it was supported that the formulations themselves had a

significant effect on the ther mal s fesstharge cap
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0.00L (Appendix). By increasing the weld percentage of PCM in the blend, the PCM/HDPE

blend consequently increases in its thermal energy storage capacity.

In Fig. 13, the DSC curve shows that the melting point of HDPE shifts to lower
temperatures with increasing paraffin content, indicaticgréain degree of miscibility between
the paraffin and HDPE during extrusion. Krupa et al (2007) observed similar phenomenon in
paraffin/low density polyethylene (LDPE) blend$ie miscibility between paraffin and HDPE is
an important finding because igsificantly influences the phase structures of paraffin/HDPE
blends.The shift in melting point could be due to the paraffin acting as a plasticizer of the
HDPE. This indicates a great iaity between the two materials and facilitates econtinuous

structure even at 75 weight percentage of paraffin, allowing form stability of the blend.

3.6  Evaluation of Morphology by Solvent Extraction

To be a viable thermal ergy storagematerial the PCM in the paraffin/HDPE blend
should not leak during its liquid phase. Several studies (Sari et al. 2008, Sari 2004, Inaba et al.
1997, Alkan et al. 2008) of form stable PCMs have indicated little or no loss of the PCM when
exposed to temperatures abahe melting point of the PCM, but there are no published results
of PCM leakage amounts or confirmation of interconnectivity for extruded form stable PCM.
Therefore, this test was designed to determine gheapsulationof the paraffin in the
PCM/HDPE llend by subjecting it to a known paraffin solvent (i.e. chloroform) that does not
dissolve HDPE under the testing conditiobe solvent bath is a much more stringent test of

leakage that would be expected in field conditidhewever, it is necessary tetermine the
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interconnectivity of the paraffin phase to establish if the PCM could eventually seep from the

material in longterm usage through interconnected passages.

Fig. 14, 15and 16 compare percentage leakage of the paraffin after different imoners
times for the three formulations prepared using three processing speexgears that the
samples prepared at 80 rpm show the highest leakage, and the leakage differences between the
samples prepared at 100 and 150 rpm are small. Analysis of \eanascperformed on samples
with submerge times of 10 hours through the statistical software Minitab, and concluded that
processing speed with a probability value (6p
leakageat a significance level of Sepcent The lowest processing speed, 80 rpms, caused the
highest leakage in all formulations. This may be due to coarser paraffin dispersion throughout
the blend at low processing speed (eegerinterconnected paraffin channels), which allows for

easie chloroform extraction.

Fig. 17 compares paraffin leakage across the three formulations. Tests were performed
for up to 386 hours of submersion of the samples in the chloroform bath. Results show an
increasing amount of leakage with time throughout all formulations. Initial weighttosdbe
explained from solvent extraction of surface paraffin and the shallow connections that are tied to
the surface. This, as seen from the FE SEM pictures can occur within only a couple of minutes.
Paraffin leakage is also found to increase with irgirgaparaffin content. Statistical analysis
proved that paraffin content had a significal

value ofless thar0.00L (Appendix).
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Majority loss of the paraffin throughout all formulations, with respect t@ tsuggests
little paraffin encapsulatiorthroughout theblend These open pathwayscould prevent the
material blend from achieving leak free performancémgterm applications. Extrusion is an
efficient and economical method to produce PCM blendsrgelacale. However, to reduce or
stop the leakage of PCM from the blend, further research on extrusion process and/or
formulation of the blend is needed to achieve leakage free microstructures suotngsdetely

encapsulated PCM phase.

Both DMA and leakage tests indicate that HDPE and paraffin forrnontnuous
structure in the blends despite the large viscosity disparity between the two phases and high
paraffin contents. DSC results shaav shift in theHDPE melting point, an indicatiomf
miscibility between paraffin and HDPE in their molten state. During the cooling phase, HDPE
crystallizes and separates from the paraffin matrix and eventually formscantiouous
structure with the paraffiphase. This structure is the reason forddmple structural integrity in
DMA tests at raised temperatures and for thejority loss of the paraffin inlong-term

chloroform extraction tests.
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4. CONCLUSIONS

In this study, three different formulations of a paraffin/HDPE blend were extruded at three
different processing speeds and investigated for morphology, thermal conductivity, storage
modulus, thermal storage capacity, dedkagecharacteristics of the paffin from the blend.
Results conclude that variations in formulation haigmificanteffect in all of the previously
mentionedpropertiesexcept for storage modulus where only slight effects were observed
Blends containing higher contentspzfraffin showed lower thermal conductivity, higher thermal
storage capacity and highgaraffin leakag@amounts.

Furthermore, processing speed also is shown to have an effect on all of the investigated areas
but to a lesser degree than the formulation changes.e&Jpritcessing speeds chosen for this
study, 80 rpm shoedthe least desirablesults for the thermal conductivity and extraction tests
likely due tothe lower degree of dispersion between the two materials. The higher mixing speeds
likely decreased thez@ of the paraffin pathways throughout the blend, giving the blend a more
homogeneous distributiort is therefore suggested that the processing speed for this type of
blend mixed by extrusion, be 100 rpm or higher to achieve satisfadistgbution of the two
materials Results of investigationsetween the mixing speeds of 100 rpm and 150 rpm showed
little difference.This can be viewed as a positive result from a manufacturing standpoint, as
higher processing speeds are likelyawer productiorcosts.

In all formulations the form of the blends were maintained, even during the melt phase of the
paraffin. This result, as indicated by DMA graphs, indicates that HDPE forms an interconnected

phase throughout the blend, capable of the products shape.
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The characterization of interconnected paraffin throughout the blend, proeassedy
extrusion,indicatedthe possibilityfor leakage of the paraffifrom this material during use in
long-term applications. Further testing is needed to investigate Hi@ade of paraffin from this
material blend in an environment more closely relatefield conditionsthrough extensive,
cyclical freeze/thaw cyclesithin the paraffin melt range

Form stable PCM blends have shown great potential as a latent heat sywtege Further
works based on this type of material processed by extrusion might include the addition of carbon
black, expanded graphite or other thermally conductive additives that may increase the thermal
conductivity of the blend as a wholglso, varations in temperature profiles and their effect on
the morphology of these blends could be another interesting investigation as higher temperatures
would lower the viscosity of the HDPE further, possible altering the morphology of the blend.
Though paraffn in the blends studied for this paper was shown to not be encapsulated, higher

weight percentages of HDPE could overcome this and needs to be studied.
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6. LIST OF FIGURES

FIGURE 1- SEM pictures of typical 50%/50%4), 60%/40%(B), and 75%/25%C)
paraffin/HDPE samples at 1000 times magnification.

FIGURE 2- SEM pictures of 50%/50% paraffin/HDPE samples at processing speeds
of 80(A), 100(B) and 150 rpn{C) at 1000 timesnagnification.

FIGURE 3- SEM pictures of 60%/40% paraffin/HDPE samplepratessing speeds
of 80(A), 100(B) and 150 rpn{C) at 1000 timesnagnification.

FIGURE 4- SEM pictures of 75%/25% paraffin/HDPE samples at processing speeds
of 80(A), 100(B) and 15Q(C) rpm at 1000 timesmagnification.

FIGURE 5- Thermal Conductivityneasurements, taken by Decagon KD2 Pro, of
paraffin/HDPEblendscontaining 50%, 60% and 75% paraffin, compared to
calculated expectations based on rule of mixtures equation.

FIGURE 6- Thermal conductivity comparisons between neat HDPE, neat Paraifithiee
formulations at three processing speeds.

FIGURE 7- DMA curves for three formulations compared to neat HDPE.

FIGURE 8- DMA curves for 50%/50% formulation of paraffin/HDPE blend processed at three
speeds (80, 100, 150rpm) compared to REAPE.

FIGURE 9- DMA curves for 60%/40% formulation of paraffin/HDPE blend processed at three
speeds (80, 100, 150rpm) compared to neat HDPE.

FIGURE 10- DMA curves for 75%/25% formulation of paraffin/HDPE blend processed at three
speeds (80, 100, 158m) compared to neat HDPE.

FIGURE 11- Typical DSC curve for the Paraffin/HDPE blend (50/50 formulation shown).

FIGURE 12- Thermal energy absorption capabilities of neat paraffintlares
different formulations.

FIGURE 13- DSC curves comparintpree formulations of blends to neat paraffin and HDPE.
FIGURE 14- Leakage of paraffin (%) in 50/50 formulation by solvent extraction.
FIGURE 15- Leakage of paraffin (%) in 60/40 formulation by solvent extraction.

FIGURE 16- Leakage of paraffin (%an 75/25 formulation by solvent extraction.
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FIGURE 17- Paraffin loss percentage by formulat@fter submerged in chloroform for the
indicated times.
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Figure 1. SEM pictures of typical 50%/50%4), 60%/40%(B), and 75%/25%C)
paraffin/HDPE samples at 1000 times magnificapoocessed at 150 rpr8urface paraffin was
removed by chloroform to show the surface of the HDPE structure.
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Figure 2. SEM pictures of 50%/50% paraffin/HDPE samples at processing spe&dsA), 100
(B) and 150 rpn(C) at 1000 timesgnagnification. Surface paraffin was removed by chloroform
to show the surface of the HDPE structure.
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Figure 3. SEM pictures of 60%/40% paraffin/HDPE samples at processing spe&dsA), 100
(B) and 150 rpn(C) at 1000 timesnagnification.Surface paraffin was removed by chloroform
to show the surface of the HDPE structure.
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Figure 4. SEM pictures of 75%/25% paraffin/HDPE samples at processing spe@d¢A), 100
(B) and 150pm (C) at 1000 timesnagnification. Surface paraffin was removed by chloroform
to show the surface of the HDPE structure.
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Figure 5. Thermalconductivitymeasurements of paraffin/HDRiendscontaining 50%, 60%
and 75% paraffin, compared to calculated expectations based on rule of mixtures equation.
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Figure 6. Thermal conductivity comparisons between neat HDPE, neat Paraffin, and three
formulations at three processing speeds.
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Figure 8. DMA curves for 50%/50% formulation of paraffin/HDPE blend processed at three
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Figure 11.Typical DSC curve for the Paraffin/HDPE ble®0/50 formulation shown).
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