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Siritouch Asavakosri 2008: Study and Comparison in Properties of Innovative Production of
Shape Stabilized Phase Change Materials for Energy Conservation. Master of Engineering
(Chemical Engineering), Major Field: Chemical Engineering, Department of Chemical

Engineering. Thesis Advisor: Associate Professor Sirikalaya Suwatjittanon, Ph.D. 175 pages.

In recent times, composites made out of polymers and paraffin waxes called shape stabilize PCM
is good for thermal energy storage materials, in which the heat is stored as latent heat of fusion in the
paraffin wax. In this research, 2 kinds of experiment were studied. The first experiment has 3 sets, in set
one has compounds made out of a high density polyethylene (HDPE) mixed with a commercial paraffin
wax, set two has low density polyethylene (LDPE) and copolymer called ethylene vinyl acetate (EVA)
mixed with paraffin wax, and set three has compounds the same with set two, but the graphite powder
was added. The paraffin compound is dispersed into the network of solid polymer, and it serves as latent
heat storage material while the polymer acts as a supporting material. All of these composites were
produced and investigated. The most important thermal properties of these compounds, like the melting
point, latent heat of fusion and thermal conductivity were studied. Additionally, a compression test was
done to investigate the mechanical strength of the compounds. In a thermal cycling experiment was
found, that the composites of paraffin and HDPE have long-term stability of the material and the
increasing of copolymer improve this property, too. The compression test showed  an improvement in the
mechanical strength of the samples containing more HDPE for set one, and more copolymer in set two. But
for the more of graphite powder in set three, the mechanical strength and long-term stability of the material

will reduce. The thermal conductivity of the compound increase significantly by introducing graphite
powder. The second experiment, the developed energy storage container is a double layer coffee cup, the
~ gap of which can be filled with paraffin was studied. The result show that the double layer cup containing
paraftfin give the better thermal profile in the reducing of water temperature compared with no contain of

paraffin in the gap.
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159 rubbers) LLﬁSL‘V\’OﬁINL“B@ (thermoset) LlaxﬁﬂﬂﬁIllwa"lﬁﬁﬂﬁTN1SﬂLLUQﬂ@f]]lﬂ!,ﬂuwaﬁlllﬂﬁ

= . a J A a P 1
Wan (crystalline polymers) AEWOAIUBDIDAUI Y (amorphous polymers) n3enodeusN Iy

Han (non-crystalline polymers) HH194
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NOAUBINAN WOALUDIDTAUYIU

4 ] a 4
ﬂﬂ/‘lﬁ 2 MU NVDINDANDS

o a 09.: z 1 a I a 4 1
03 IUNAIAAN (thermoplastics) VNATIDNITENTUG Nwaradn Hunwedesdie lo
a A A a A g9 v £ & A o oy
AsarIeNINaINIaNaMsrasumanle I anuseu  ansavugliundaduyinasins
Y U £ 09/’ 4%1 a 4 ] = dgl .. . .
launnamilenss Tagnszurumsyugiwodmes wu msaadugl (injection molding) M3
v A . o a a =2 YA o PR A Y
9930 ( extrusion) 184 M3 luwardanuHaamsoanwan laiemliiou e lasead
{ {w o 1 a . 4 v { g
TuanandeuanmanAWUAUgUHss  (random  coils) tHedgluanuzveunanieiou

< = a s A v A @ 1 v < ~ A o Yy <
ﬂawlﬂuWﬁﬂW@ﬁLllfJi‘Vlllﬂﬁ“l]ﬂl‘iﬂ\iﬁ’)ﬂlﬁ)ﬂﬁ?ﬂjcﬁﬂElNHJu‘i%L‘UEﬁJLiJfJQﬂﬂﬂWLﬂu!ﬂuﬁﬂ1u$

Y a

< ad o J KX A = k2 = =3
UBDIULUN Qmﬁﬂ"ﬂﬂﬂflﬂwaamﬂiWﬂﬂlﬂﬂﬂTiL‘]JaEJI!ETﬂWu%%WﬂWﬂ@ﬁJLWa']Ulﬂ waguman

a =

IS A 1 [l I a J
VYDULVUTINIT QUUHNUABNNAINGD  (melting temperature,Tm) fJElN"liﬂﬂWfJﬁliJ’E)ﬁﬁlu

q U

IS

ay 1 a = a 9 A Y o w Y a 4
‘ﬁﬁ'ill‘]ﬂﬁhlllﬁ’]iﬂﬁﬂ!ﬂﬂlﬂuwaﬂWﬂaluﬂﬂﬂ 100% Lu@ﬁﬂ?ﬂm@ﬂ’]ﬂﬂﬂl@ﬁiﬂiﬁﬁﬁ'l\'lW’E')ﬁ!iJ@ﬁ
a YY) [ a o o Y ] Aa [ v A v A I
!ﬂﬂﬂ']ﬁWuﬂuﬂlﬂﬂﬁ’]ﬂjcﬁwiﬂalﬂﬂﬁ ‘Vl'lﬁlﬁiillﬁQﬁﬁWﬂIWW@ﬁLN@ﬂNﬁWNTﬁQﬁ)ﬂ!ﬁﬂ\i@?!ﬂﬂlﬂu
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Waﬂulﬂﬂﬂ']\iﬁﬂﬂuﬁmﬂﬂﬁmﬂ mm@m@ﬁmmﬂuaﬁmgm m’e)"lmﬂuwaﬂ (amorphous regions)
[ 3 =< ~ a d KR 1 g a s =~ . . o
AU WoITINNeANDTNANINTUNDAWOTNINEN (semi-crystalline polymers) Glumﬂﬂm

a a 1 a g =2 v A Y o w Y =*X A
WﬁWﬁﬁﬂ‘]J'NGIfuﬂllllﬁ'lll"lﬁﬂLﬂﬂ!ﬂuWaﬂllﬂlaﬂlu’ﬂ\ﬁ]']ﬂsll@fﬂ']ﬂ@“ll’[’]\iiﬂﬁ\‘]ﬁﬁ']\iilllaﬂa PWINA

< a J o 3 a J o 1 A g o
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a /R R a A A a (a Y v ...
W@aluﬂiﬂ\jWaﬂ!ﬂﬂﬂ’]jlﬂaf]uuﬂa\iﬂqmﬂﬂlllﬂﬁﬂua‘ﬂqugﬂa']ﬂllﬂfl (glass transition tem-

u

P A a s A 9 9 a LS
perature,Tg) “NL‘IJHQQ!WQIW]W@?IL?J@ELﬂﬁﬂuﬁﬂiu%ﬂa"muﬂ? (glassy state) WOALNDINAIY
[ ' Y FY A Y a = 1 A '
uvaelsizaanenny  asugnuzadiees (rubbery state) WOALNDINAINDDU gnrgu

Y A a A FY 9 dy v o Jdo A A ) A
AAYYN TlQﬂl'ViﬂﬂJL‘]Jﬁﬂuﬁﬂ’]ugﬂaiﬂllﬂﬁu i]:mJWuﬁﬂuqmwgmwmuﬂlmmimaﬂulhn
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a

[ a 4 ~ Ao 1 ] [] A 9
6U’E'J\1ﬁ"lEJI‘;]ﬂ/‘IE]EHJJ’E'J5 NYUNHYUAININ Tg ’ﬁ'lﬁlI%W'fJﬁLiJ@ﬂiJﬁ'm'liﬂi]%Lﬂa’t’]uulﬂﬂhlﬂ

Q
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MUPUAUGNUBUU (frozen) Tudnvauziin Nigaumgil T, waz T, vwduiiuslasasaiy
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Y a 4 1 A A 4?} A A < 1
Tmaﬁﬂﬂmaqammwaamai nanae T uag Tg NNV OINUAN LTIV IEE T

Y '
(chain stiffness) SINNUNNLTINTEHITLHIN ae o (intermolecular attraction)

s a 7 { 4
9191300018 TN (clastomers) ABWOADIUTzInNeNNgMFoNTe (crosslinked)
a I 9 v an =R K 9 1 a YR A
madluTassadesumaia  aunsognases laratemivesnnueiay Tage1 dnedy
1 Y 1 1 a ' < 4 o ' % L2
9 sazdnsaranaug litazvinaaued NI uileMIaseuse  Feauiaves
2 o . 4 4 . 4 a s : y
gN0TURDANIHI I NYeIMIenTea Wehimaen TearioTam luwdueawdr oz
b ] ]
TuamnsotugtenIni’la uavzaa1od (degrade) ilosnnanudouiie 1igumngiigunu 'l
" Y v Aa < = a s a &
M3 TUIEA (thermosets) Wuiagnlanuudwsegs unedweininansisonloa
=\ 9 I ] an A ] o w A =\ A A
lassaiadusiauda  msmdeu Inivesas lsgniinaiiesainiioamnsison Toan
[ 4 [ 4
g iehimsvugluazinanmsdon Teaesae Tsudaz hidwnsaldanuSoudiugy I

18 upazaaediioInANLs oUINY 1F1RINE

o 9Y o w a 4
1.2 s Tesriuaziednauoanoaluos
Y] a o 3 Y] { A 1 1 4
Hagiiuweawes uiagnienldodrunivats sz Teminazmsldauann
= Y a a 9 a s A d? ] 3 a1
118 Tagluun 1Nyvelsuamsnaauazms 15 UYsInoaIue S NN UBE195 1152 Ua U
= 9 ana o w ] ~ a o I A A 9 9 (% 1
MertodludInlsziriuveasiedaun msnweamestuntenlrannsaldunuiagaie
09/’ dyd' a E= de’d ]
PINWIEY NN NN NaNtianAva1e1lsens 15y
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1. 18aem U3 (moldable) MlviazaInaeMINAnFUNUHITONAAN UMY
1 o Y 9)3 a ld‘QgJ} 1 Qy v A 9 a d‘o’
sisndudou Tasldiunoumsndalundn anuasFuanude wazlidunumswaaiia
a I t;y ] =\ ] c; o Y a o o a = g’ @
2. wedwesuIIMUNL anuruwdud  Mlveaasamweamesyuimiin
A =} [ = EAR a I 3 @ o 1
wrlomeunuTane DaIINABI LAV (strength) HASNOAAH (modulus) H107
] a J. ] ° v o a o [ o .
Taviz uawedmosNANIMUMUUAINN  Jih l¥inedmesUANNUTITIS UL (specific
v o . & g va A 1 g’ o '
strength) UAZUBAANIUNIE  (specific modulus) cdmﬂu’cmmLmﬂamummqamﬂam
vay Ao q Y A oa ¢ A v ' A a
avdaveii lviweawes sy Tesimitio Tavz luunamsloay @y e uwvue 1939y
=)
9Un3ainm 4a¢

a e a Y] wa A 1 9
3. WoAWBINIAMEHAeYLe Uanyazuazavianvanvatelusianiaa

el Idauanumingay U UNFHATINTIAIUMUMIAANIOU  (corrosion)
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I a 4 a ) (]
15103 (chemicals) ¥5o1unuI Wi (insulators) WodmesvrHaa s lWi & wu
WofozINaU (Polyacetylene) noa lnsea (Polypyrole) ‘18
a 4 a (] wvAa [
4. WoaOIUNFUA T zelinuBangy (flexibility) Auazlauiingadu
) { o S w @
W9 UN 185 (energy absorbing) eansaldlse Tesiiiluiagiuusala
a = va A d’d =1 vAa ] Y A a d'
5. woawesNaulmFanang Nanialusiende ansadenyiaimuzay

fums 1 ld

S o

a =% A a
6. NOAWDINANHULAYUBN (appearance) NATNITONAAIHNATUAINA0AIY

1 9
RREVR RN CRRLY

1 I~ P= a S Y o w [ A
’E)EJNll‘iﬂﬂ woameINUIIINALNYIZNS na1Ae

Y Y Ado w a 4 = A 9
1. awnsoldauldluguugindine wedwesazideanimie Il

d' = c'; a 1 o a Q' (% A d‘
UNYUNYN memmu"lﬂ U DT JuNa1aan (PE, PP “19¢1) HUA" HIgvauaINgUviny
q

QU

a ' < Y Y Y qy A ao o
qmm (GAIT] Tm) TAIUYN (NR, BR, SBR LGED)] LLGINﬂﬁ']fJLLﬂ'Jﬂ"IGlGIN'IuVIQﬂ!WQ?J@'l‘lflﬂ (!

NI Tg)

Y
L2 %

a I AR . . ~ wa A 1
2. WOANBDITNANUANVYUNULIAN (time-dependent properties) ISNHTANUANLANA N

o A 1 1 = Y .
fula) Wienaiwiu ) iy msdu (creep) MIAQYAITUIAU (stress relaxation) 4191

o [ a 4 a S A [ L2 a o
Phgtiuiimsiauninemaas nedwesiewannauinae uosnoawes 1nilse

4

Aa a 9 d‘dtﬁg} 9 9y 49?/ 1 A CZN aq ¥
fTVITJ'ﬂ"IWﬂ']'ihlGH\NUVIW’Uu lem%wamwmmm BUWNTNUANNING muqmﬁgﬂmm
=] ' ' 2 ~ Y} . . A 2 & v
qaun eaensvugl tagliongmslFay (service life) NoIUIMATY 1TUAY

d? a 4
1.3 M3vugwednes

d? a J A a J I ax a dgl a
msvuzineamesusenszuumsuilsziweamesthuismnan (vugl) waa

J a J a

oA SA A g v A o ¢ a ¢
mmwaalﬂﬂiﬂ']ﬂWfJaUJ@iUﬁqm‘ﬁﬂlﬂuluﬂ (pellet) Wﬁﬂ!ﬂqu 1ﬁﬁvuﬂmwaﬁﬂmmwaam@i

€

1 v Y
WlgUfednazaa e lfaunieldilsyTonila  Taoldmatianmsvugdaeg  wu
Y Y
N159A3A (extrusion) N3 aﬂéﬁug 1 (injection molding) N9 ﬁmﬂvﬁug 1/ (injection blow molding)

v A 1 dgl . . = . v d? -
mﬁammﬂwugﬂ (extrusion blow molding) N135A (calendering) miamugﬂ (compression
. o £ ) s A ) Y
molding) M39ANBUVVIUFY (transfer molding) 1193 IuWOUII (thermoforming) 1IUAY M3
A 9 a d? 09/’ Ayl @ d‘s} a 1 ] [ a
onldmatamsvugllaiuiildsndosnnsanvatelsems  sugdswanyacveIHan

[

9 4 3
ﬂ!“ﬁ GI)"L!WU@\‘IW’E)QLN@{ mmsnmw“lumﬁNammzﬁunumswa@ %’u@@umﬁugﬂwumﬂ
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o a Jd Aa a’ [ a 1 1 ] A g
MIUINOAUBTUITYNTNIWAUN VT TIAULAIA N 1FU SRETEATE (fillers) aslia (colorants)
[] a o 1 4 A 4
T1TFIHEY (compatibilizers) WaE & lapayes (plasticizers) & 15vianaU (lubricants) & 151D
FUAATUUTI (reinforcing fillers) 184 TaelHATOINEY (mixers) LUUANE 16U 1ATOIHAY
a) a Qy . d‘ . . . a 1 d' 9
meﬂwuﬂamqﬂﬂm (two-roll mill) nIoanaune (inteinal mixers) asauuaan 1%
1 d” o 9 d' ] [] 9}42’ Y d? e [] A vAa
iadzmntnvatedsems wu ﬂnaimugﬂ"lmmmu (processability) BIUNNFTFUUAV
a o J . ' a
ﬂizmimmwa@mmmqwﬁ'm (product  properties) LLﬁ%“]f’JEIﬁﬂéfL!‘l@HﬂﬁNﬁﬁ (cost)
a v a 1 dy = 1 4
NIZUIUMITHANNDNDTNUEITIANLAIUD1TIN M IABNILIA (compounding) (3UNVDY
{ 1 a 4 4 09.:’ o a I3 a
wauﬁ'lﬁ’mwaamaiwﬁuq@liw%ﬂ@mﬂnﬂ (compounds) NUUILUINOAUNDTNTUT 1TV
[ 1 ] -4 ~ 1 Aa o 4 a 4
LUENAN mmuﬂizmumieﬁugﬂwﬂan%’wﬁu aw lanandusineduesoonu ATTUIUMST
d? a 4 Y o Y] ~ 1 <= dgl
GUu';;1JWEJama‘immmﬁ;ﬂ”lﬂmuwumw gataaalunmi 3 ed1elsna ﬂﬁzmumimugﬂ
a (% a o, a 4 1 (% 09/’
HAANUNNDANDT N AMATANUANAIITY  VIATLUIUMIDINNMIAIUTINTUABY N30

AAANY LANNTIHASIDIAVDIUAALNTLUIUNTHAN

WodIues \ y
NITUIUMIHNAY nIEUIUMIYUG
(Compounding) (Shaping)
|
AT IANLAAE) l
a o 4 a o
NAANUNNDAOT

M A Fd
@ a J
ﬂ"l'i/‘lﬁ 3 Lmumwmeﬂmmumi?jugﬂwaamai
2. WodleNBau (Polyethylene)

Aa as I a d a = =& 9 4 ] as
woaNsaulluNeANI WAL FI1TLnouAIsNUDIDI a8 TEeIUDUeNT AU

A A A £ A o ~ > 1

(Ethylene) ¥39914 IUPAC fAo0U (Ethane) %Qiﬂ@@ﬁ1ﬂﬂﬁihﬂflaLuﬂiﬂg@jﬂliﬂﬂﬁ'uﬂ’H
=1 A 9 [V ~ I~ ==t 12

PE Lmzuqmimaqaﬂa CH, uasqmimmawmmwm 4 aouztlupg T8 vaz il
nau @ﬂwaammmagluﬁw 85 paAIFAITaan 130 odasaFeanm lHivIoaaedieg
a o s s s s A . Ju A s X 9
namyAsUsUNULeN lrd A15uou laoonlea ox1nsau (Acrolein) Wosiiadlad ¥
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wiamemela azne ldinamsszaenesasidolayn tazmauauisladiunu
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d' 9 a Aag
HMNN 4 q@ﬂﬂﬁmﬁwﬂmaQammwamamau

a a 1 a o o
WOAONTAUYNHS NIINDINUATUNIZUIUMINOANDS 151%5%5U (polymerization) 1Y
E4
ansanavu 1dnna1eds 1wy radical polymerization, anionic addition polymerization, ion
coordination polymerization, cationic addition polymerization FauaarnIzUIUMIL Idnanan

a ad 1 a v
Wemamaumwuﬂﬂu"lﬂ

Y v
ﬂ15LL‘]NGH‘L!ﬂ51]6\1W’E)’m@‘ﬂ‘ﬁa‘L!ﬁ]8;J?uﬁl‘]_lﬂWﬂTJﬁJﬁuumuuﬁSﬁﬂHm%ﬂl@Qﬂ\i (branching)

9
v A

9
uazshwin Tunadlundn Tasannsoudalszianladail

1. Ultra high molecular weight polyethylene (UHMWPE) 14 Nﬁ@l“]a;}u dulu
’Qm’ﬂ‘ﬁﬂiﬁumuﬁluﬁ’ 1 bearing, gears

2. Ultra low molecular weight polyethylene (ULMWPE - PE-WAX)

3. High molecular weight polyethylene (HMWPE)

4. High density polyethylene (HDPE) 1¥wanlugaamnssuiluvianaiadn devey

o

Nnaun

5. High density cross-linked polyethylene (HDXLPE)

6. Cross-linked polyethylene (PEX) Gl%’“luqﬂﬁmﬂﬁmﬂizmmiaﬁy1

7. Medium density polyethylene (MDPE) T¥dmsy packaging film, carrier bags, screw
closures

8. Low density polyethylene (LDPE) Gl%’v‘hqumﬁﬁ N Y9UaY film wrap

9. Linear low density polyethylene (LLDPE)

10. Very low density polyethylene (VLDPE) 1#1iluguiuaimbu geldermis
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3. teniau 1atia @2@AN (Ethylene vinyl acetate, EVA)

an a a A A Qg)/ 1 i< a 4 an
BNNAU 'laua DEFANUIDVITINTAUNI EVA Wy lanedwesveuennau (Ethylene)
a a . = J a3 o oy @ a a =<
uaz”laua DEHIAN (Vinyl acetate) TﬂfmLﬂ@iwuﬁimumuﬂmaﬂaua ozaaNYszana 10 9

'
s 7

J I 4 | a a9 [ A A o "o
40 1losisua !,Lﬁ$L‘]J‘L!Wf]ﬁlll’f)iﬂuﬂmﬁﬂﬂ@ﬂa”lﬂﬂﬂEJ"NWS@E’)E’H@'T@]L?J@? (elastomers) (L9189

v o a = = I a
%ﬂlﬂuﬂiz!ﬂﬂlﬂﬂih\lwa"ﬁ@ﬂ ugwaaummﬂszmm 80 99 90 ﬂﬂﬂil%ﬁl“ﬁﬂﬁiﬂﬂﬂg’@i

TassadeTuanadanini 5

—CH—CH?—CHE—CHE—CH?—CH?—?H—CHE—CH?—CH?—
OCOCH, OCOCH,

d' 9 an a a
MNN S q@ﬂmqﬁiwﬂmaQammmmau "I,TJ‘L!E?I BDTBIAN

A a a o L a
ensau hila ezdaningnilszgnal4IulmnssudIn 1w (biomedical engineering)
3| L4 1 yw 1 4 o [l
Taglduginsalvudie wennniidaldldluseuiuiosossunsenszunn ldlurhuaa
4 o o [24 y 1 v o 4
ivetleanumsia Inavewnaneluvia venaniidaudiuluasziin EVA Tude expanded

rubber ¥150 foam rubber
4. %’aqaﬂ?\ﬂuaamz (Phase Change Materials, PCMs)

4.1 NOHY

' Y

Phase Change Materials (PCMs) fio Jagiilmnnuioundsiganaouvad (heat of
. A A A < 3 9 S & A o b
fusion, A) gauaziirnguuginvacuramionmeuvewinoudensi Felinaild
1 { { v [
Tugnnimanldsudoiuzvesans  PCM  aziianwansalumsinnundsuviolan
davewasaulaludSinamnlursguugindesms pcM 1dsuanuaulalumsdmdn
< (% 4 1< @ (%
MUAzAUNAIIUANUSoY  snna s uazaunasnuaudeulage  Taendanms
0 o A a = A4 a < A ' o
Mmaveddag  PCM  Avvznamsulasuaaiuzieimunvazdursoanildosndinu
' { < <
anusou wu manlasuaauzanvewdaliiluveunar (solid to liquid PCM) 303

wlasuaniuzanveurad luidluma (liquid to gaseous PCM) FaTawiialiludrae PCM tou
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v { ] 3 ' i a {
1¥msnlasuaoriuzannvowds liduveavainnnnilt  mszdomnamslasuaaiuzazd
A a v & o o p,

msnlasunilasllsuiasos taz lurilasoumMsiauYed PCM  Huazlsnaualens
~ ] a3 A I 3 A
nlasuanruzanuoswds iduveuvaiuazmduanInanvoIralINa el UV AVIDN

qg: % ] 9 . . . va @ )
asanits  Tusaausnuesmslda  Solid-Liquid PCM  azudasnuautiamidoniagnalil

' y o Yo 9 Y A a \ A a
nanfe Weodaq ldsuanuieuszlimsgannuiounaziuguvgl e PCM uguvigil

'
aa

=2 A 3 v
%uﬂﬂ“ﬁﬂﬂqm'ﬂﬂﬂ‘ﬂﬁWilﬂﬁEJHETﬂWUgiﬂﬂ"U’ENL!"UQL‘IJ'H"U?NLTT'Q’J (ﬂﬂﬁﬁ@ulﬂﬂﬁ]) a3l PCM ¢

U

[ a ~ [l ~ a a 9
awnsoganasnululsuannlaeh pcM vz linldeuguuigll vazluiianeasady win
5119 peM lumsldarwdon Woguugivesdunadouandiainiigungiives PCM 1dg

d‘ < < 1 o Y
pcM  azldsuanuzanveuraniuvewiwazlaatdosndnuanuiouudsluns
~ A 2 9 1A 9 A 9 4 J [ a
nasuaomziiny Meonmgdunadon  iesnnmsldlss Teainnamadenuliuamn

' { ! 2 <4 <
“luﬁmqﬁﬁﬂmﬂﬁﬂuﬁmuzmﬂmmmmeummmﬁ?ammmmgﬂummgm (ﬁgwa@mmm)

9 [ 9 v
Y99 PCM faiusganginiimsgaazaunanuniotlandassndsnuiuizaoudanai
a d! -7 1

A A = = v @ o [} g‘ 9 A A FY
NFNYUHHUNU Lmﬂlﬂiﬂﬂlﬂﬂﬂﬂﬂﬂﬁﬂ‘ﬂ’mqﬂ WU U IFNNDATIN HIDHULAT §15 PCM

I 1% 9 1 1 a I Y 1 1 [ o 1 Aa A
aunsamnuinanuieuasriiedsuag 13 1annnn 5-14 mwesTaanag il wu 8y wu
oy I g [ a ) [} [ I

w301 1Hudy Juegiuwiavesars arsmilu PcM daulnajzidluasiszinn Salt hydrates,
. dytg af vAa [ A EX <3 [ 9

Fatty acids, Ester MazUam1iily auantiavesiaanlslumsnuasaunainunnuion
. a 3’ a = J a = o 9

UV Sensible Heat (Wuuaziil) 1Az Latent Heat (a150uMsduazalsollunid) lagn

nlsoumen Aaan131an 1

=1

d‘ = = A [ 9 <3 [ 9
139N 1 Lﬂﬁﬂﬂlﬂﬂﬂﬂﬂ!ﬁmﬂﬁm@qaﬁﬂﬂﬂl%GlUﬂ']ﬁLﬂﬂﬁgﬁuwaQQWHﬂ'JnJﬁ@u

q

Property Rock Water Organic PCM Inorganic PCM
Denisity, kg/m3 2,240 1,000 800 1,600
Specific Heat, kJ/kg 1.0 4.2 2.0 2.0
Latent Heat, kl/kg - - 190 230
Latent Heat, kJ/m’ - - 152 368
Storage Mass for 106 J, kg 67,000 16,000 5,300 4,350
Storage Volume for 106 J, m’ 30 16 6.6 2.7
Relative Storage Mass 15 4 1.25 1.0

Relative Storage Volume 11 6 2.5 1.0
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4.2 Auanliaved PCMs

{ o <} [ 3 a va
PCM ﬁQﬂUWNTGl%GLUfﬂiLﬂUﬁgﬁNWﬁQQTHﬂ'ﬂﬂJ%}ﬂuuu AITNINITUINUTNUA

Y
faao 11/l

1. AuauiAn19n2150U (thermal properties) PCM fiaanstiamauianianuiou

e

a

f. qamgmﬂﬁﬂuﬁmuzw?a@wa@umm (phase change temperature or melting
point) AITIMINZANAVNT 19913
A Y A Y A 1 < [ 9
V. Nﬂ?ﬂiTNi@HLLNQQQLW@iﬁLWEN‘WE’J@’I@ﬂ"IiLﬂ‘]JﬁSﬁﬂJWﬂﬂ\‘ﬂuﬂ’ﬂlli@u
o ) o o < 4 4 o
fl. Lﬂﬂ’ﬂiﬁi’)‘L!hlﬂﬂ‘ﬂ\111!ﬁfﬂu8511fNLLGlNLLﬁgﬂlﬂﬂl‘l’iflfJLWf‘JT]i]gﬁﬁJ"liﬂﬁ]ﬂWﬁ\i\ﬂu
Y [ Y Y t4
ﬂ’ﬂll5@1!“?13?1WEJ‘W’GNTLlﬂ’J"IlIi@u]’lﬂf‘JEJ"NﬁZJ’]EIJ'iiLl
A 9 A A 9 A < [
J. 3Jﬂ1ﬂ3111i]‘ﬂf.l”lll3@HQQLW@‘Vli]311611,1/\11IFI’JTJJE‘T"I?J"I?ﬂiuﬂTiLﬂ‘]JﬁzﬁﬂJ‘Wﬂ\N"lu

AUV sensible heat

2. AMANTANIINIGNIN (physical properties) PCM  NAAI3UANTUIANIINENIN
% dy
atl
= = ' ' = o A
n. Imanasumlasnnumuiuseniamsnlasuaniuzdr Tunsalii PCM gn
1 luszuude wu msussylumauzviouaganounaziily1daumsul@eundasnim
nuiuveIaulasuanuzIzianudAyn  mzIziing lasassienslasumag
a [ = a =1 A d? o Y A a =S
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s yaraommad | A ouudslums amsinnuiou
‘o) Wasuian (kJ/kg) (W/m.K)
Paraffin wax 64 173.6 0.167 (liquid, 63.5°C)
266 0.346 (solid, 33.6°C)

0.339 (solid, 45.7°C)

Polyglycol E6000 66 190.0 n.a.

Naphthalene 80 147.7 0.132 (liquid, 83.8°C)
0.342 (solid, 49.9°C)
0.310 (solid, 66.6°C)

Erythritol 118.0 339.8 0.326 (liquid, 140°C)
0.733 (solid, 20°C

53%Mg(NO,),.6H,0+ 61 148 na.

47%AI(NO,),.9H,0

31: Belen ef al. (2002)
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a3 vavaouvan | anudouudslums ammsihnnuiou
o)) vaouma (kikg) (W/m.K)
H,0 0 333 0.612 (lig.,20°C)
334 0.61 (30°C)
Na,S,0,.5H,0 48 201 n.a.
209.3
Na(CH,C00).3H,0 58 264 na
58.4 226
(NH,)AI(SO,).6H,0 95 269 n.a.
NaOH 64.3 227.6 na.
ﬁm: Belen et al. (2002)
msafi 4 Frodunsaluiuifqaautia PCMs
a3 vavaouvan | anudouudslums ammsihnnuiou
o)) vaouma (kikg) (W/m.K)
Propyl palmiate 10 189 n.a.
Stearic acid 69 202.5 0.172 (liquid, 70°C)
60-61 186.5
70 203
Butyl stearate 19 140 n.a
123-200
Lauric acid 42-44 178 0.147 (liquid, 50°C)
177.4
Palmitic acid 61-64 185.4 0.162 (lig., 68.4°C)
203.4 0.159 (lig., 80.1°C)
187 0.165 (lig., 80°C)

1301 : Belen et al. (2002)
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For1s FUAUD 99 Anusouuds | AR e lag
Hanfas | vasumal Tums NUWUY
CC) waoural | (kg/m’)
(kJ/kg)

SN33 Salt solution -33 245 1.24 Cristopia
ClimSelC7 | n.a. 7 130 n.a. Climator
TH29 Salt hydrate 29 188 n.a. TEAP
RT65 Paraffin 64 207 n.a. Rubitherm GmbH
RTI110 Paraffin 112 213 n.a. Rubitherm GmbH

31: Belen ef al. (2002)
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ﬂmﬁuﬂﬁﬂiﬂﬂ’)’lhiﬂuﬂ%lﬁﬂﬂi

31: Belen ef al. (2002)
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m319i 7 USunamasnuiigniaesuazdzauve PCM @275 MIHAALUD coacervated

I spray dried microencapsulated PCM

sample Coacervated samples Spray dried samples
Ratio (core:coat) 2:1) (1:1) (1:2) (2:1) (1:1) (1:2)
Energy store (kJ/kg) 239.78 213.46 193.35 216.44 210.78 145.28
Energy release (kJ/kg) 234.05 22431 196.38 221.51 211.66 148.32

31: Hawlader ef al. (2002)
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Phase changing material
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M5197 8 AUANIAN1ANUSOUVDI shape stabilized PCM

Sample Melting Heat of fusion
temperature (°C) (kJ/kg)
Paraffin 20.3 119.66
Paraffin/SBS/wollastonite = 70/25/5 20.0 86.66
Paraffin/SBS/clay-1 = 70/25/5 20.4 88.86
Paraffin/SBS/clay-2 = 70/25/5 21.0 90.37
Paraffin/SBS/clay-3 = 70/25/5 20.3 96.82
Paraffin/SBS/Mg(OH)2 = 70/10/20 20.6 82.97
Paraffin/SBS/Mg(OH)2 = 70/10/10 20.7 82.17
Paraffin/SBS = 70/30 20.5 87.43
Paraftin/HDPE/diatomite = 70/15/15 20.7 81.21
Paraffin/HDPE/diatomite = 70/10/20 20.1 90.96
Paraffin/HDPE/diatomite = 70/20/10 20.3 87.45
Paraftin/HDPEO = 70/30 20.6 87.43
Paraffin/SBS = 70/30 (surface grafting) 20.7 62.76
Paraffin/HDPE = 75/25 60.0-62.0 130.8
Paraftin/HDPE = 80/20 60.0-62.0 137.9

31 Xiao et al. (2002)
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Il strength (N) extensions
(MPa) (mm)
10 55 27 13 5 10.63 7,140 2.436
11 55 25 10 10 10.37 6,968 2.296
12 55 20 10 15 9.81 6,593 2.056
13 55 15 10 20 8.27 5,558 1.778
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7. MSANMININATOUEMNN SEM (Scanning Electron Microscope)
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Y

2. mayammﬁmuﬁmm shape stabilized PCM

AISHUINA N6 AIAINHUULUUYD shape stabilized PCM

Fr0614i1 ANURUILY (NFUADNIARIUAIAST)
1 0.9282
2 0.9456
3 0.9088
4 0.9229
5 0.9172
6 0.9236
7 0.9317
8 0.9179
9 0.9167
10 0.9837
11 0.9965
12 1.0041

13 1.0348
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fMod W1y HDPE Compressive strength Max load At extensions
(MPa) N) (mm)
1 50 50 16.95 11,388 1.828
2 60 40 15.05 10,113 2.072
3 70 30 11.06 7,433 1.456
4 75 25 9.14 6,141 1.720

1 J 1 I
HNEta 1. A1 Compressive strength HunedImmMIa umuLsana Inedumnnzihania
1 [ 9
2. A1 Max load Wiedeswsanglunidetiauimniganousuauzidodnin
=) %
NIDUANTN

3. At extensions HU8DIANTZHZMTHAAIUDIA9819 UM UI8TadAT & Max load

M319WUINT N8 ANATOULITINAVOIAIDE1YAN 2 (A108199 5 4 9)

o819 W51y LDPE EVA Compressive strength ~ Max load At extensions

(MPa) (N) (mm)
5 55 45 0 12.78 8,590 2.510
6 55 30 15 10.46 7,028 2.268
7 55 22.5 22.5 13.65 9,058 4.155
8 55 15 30 14.73 9,808 5.325
9 55 0 45 69.5 >46,700 >12.6

1 ' ] I
HNHa 1. A Compressive strength ﬂﬂ?ﬂﬁﬂﬂ?ﬂ?iﬁ?ﬂﬂ?ﬂlﬁﬂﬂﬂ Urieiuwnnzdaaia



163

H 1 4
2. M1 Max load Winedeswsangluniizetiauimniganousuauzidodnin
A o
NIDUANTN

3. At extensions HU8DIANTZHZMTHAAIUDIA9819 UM UI8TadAT & Max load

M319HUINT N9 ANATOVUTINAVDIAI0619%AN 3 (A198199 10 D 13)

#0819 W151WY  LDPE  EVA  W9N51  Compressive  Max load At
Tl strength N) extensions
(MPa) (mm)
10 55 27 13 5 10.63 7,140 2.436
11 55 25 10 10 10.37 6,968 2.296
12 55 20 10 15 9.81 6,593 2.056
13 55 15 10 20 8.27 5,558 1.778

1 J ] 1<
WN0IQ 1. A1 Compressive strength HUNEDIAIMIATUNIULIING Iviedluwnnzihania
H 1 v
2. A1 Max load WinedeAwsInalurileiiduinniganouFuuazidodnn
A %
NIDUANIN

3. At extensions HU18DIAITLHLATHAAIVOIAIBE1 IUNUI8TARINAT B Max load



12,000

10,000

8,000

ar

HFINA (WIAY)

6,000

4,000

2,000

.........

F2ezMI1AAY (Vaauad)

L]
L]
e

164

@l081an 1

....... @l081an 2
- = @081 3

- = @pdan 4

MELIT 030 nsmlanuduiusseniausinanuszezmInadvesiiodagai |

20,000
18,000
16,000
14,000
12,000
10,000
8,000
6,000
4,000
2,000

ar

HFINA (UIAW)

-~

F2ezMI1AAY (Waauad)

B
Py
-
o’.
’-'-H
iy § \
/?': v \
/["'.\ ! \
v 1} v
/AR
’” \_, N
0 1 2 3 4 5 6 7 8 9 10 11 12

@71081IN 5

....... @081 6
e @PE1AN T
- — @201 8

— . —@2edn 9

H v o 7 ' @ @ @ 1 §
ﬂ]‘V‘IWH’Jﬂ‘ﬁ n31 ﬂ‘i11/‘]!,!.?(@1\‘1?]’J13JﬁllW'Ll‘ﬁ5$“H’JNL!.‘i\‘lﬂﬂﬂﬂi%ﬂ&‘ﬁﬂﬁﬁﬂﬂ’mﬂﬂﬁ’mEﬂ\i“lg'ﬂﬁ 2



ar

HFINA (WIAY)

8,000
7,000
6,000
5,000
4,000
3,000
2,000

1,000

165

@790813n 10

\ ------- @lred1an 11

@l0d1an 12

- = @981an 13

L .
e
r: 1
/!_.-' \
¥ =
R NP
1 ]
-
/’
0 05 1 15 2 25 3 35 4

F2ezMI1AAY (Waauad)

MEINT 032 n5luaaIn A LITF T2 LSINANUTZEE NI HAAIYDIRI0E19gAT 3

o a v d
4. YoyamnNNIIANNFoUNAZN5 1N heating 11AZ cooling curve VBIWAAN N

Y
disk EAIA91

Naﬂﬁ‘i/lﬂﬁ@‘]JWWi”IﬂTJ”I?Jﬁ”Iﬂ’NN%}E’)uIﬂEJL?‘I?E’N'VIﬂﬁi’)ll?‘i"lﬂ’)"mﬁ"lﬂil"m%}ﬂu ?Jﬁ/’f) Hot

M3190UINH 010 A1ATHANUSPUUDIAIBE19YAN 3 LEZAI06197 6

o1y WU LDPE EVA  mans1 i manuhnnuiou
(Indnemnsnain)
6 55 30 15 0 0.283
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1. M3MIVUMANNYANNITOU YaradIIHaIazZAMANNTUIR

1 vAa 9 :JI dyd oA 9 o d! 9 d'
Auautananudounmuaidumn ldnnmsswnunnnsl  deldanmaies
~ [l [~ a
Differential Scanning Calorimetry %30 DSC 810 TA INSTRUMENT U SDT 2860 whunaia
a 4 va 9 gYas a 1 % =
MIAATEHAUANTANIANNTOU TaglFITMINDITU Heat flow 3duAumslasumag
A A I A A Aq wa 9 o
YOI 1T NNATY 11303 DSC 1Huniodlonlrrelunsnsnaeuauauianennusouny
Aa Aara 4 { [l [ { 1 Y] ~
TuFalanduaziativesansn lunswaiulsznev 3o In linsudnyazmsnlasy

I 9
anuz minadeu IaelHaies DSC szamnsalininusalSinaazgunin

@ [ o 1 wa & o { .
Tagiogumsmuumnuanannusouuos HDPE duilunsvliill base line

1 Y
penaoud A Feih ldaunsodnnumguanianeanudouldedrumiué uaasail

i Universal Analysis 2000 - [HDPE.OOO]

] File Edit Rescale Graph Analyze Tools View Macros Window Help -|=]x

FESNEHI S REL CRERYV VAR LS LE 2R

Sample: HDPE DSC-TGA File: D:\Touchy folder\PCM\Experiment\DSC\HDPE.000
0.0
i 123.89°C
194 2J/g
-0.2 4
-0.4 4
:U) 4
= ]
3 06
(1 i
=
<2}
£ i
-0.8
1.0
| 137.48°C
1.2 T T T T T T T T
20 40 60 80 100 120 140 160 180 200
Exo Up Temperature (°C) Universal V3.4C

T template thesred.doo. |0 o I - ! N ¢ %) W ) 10:07

MWeINA v1 1319 DSC o1 HDPE 71 18910 Ta51n5y TA ANALYSIS
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o [ J o 1 <
dAMFVAININYANUSOUIZHAAINMIAIUIUMITHIAINNNIANNS oUVDWTS Tagaz
[ ' v Y &£ Ay Y & [ A
AN 1ons lnannuiou (heat flow) Fuiluminldninnies DSC uazdasuiuaw

% 3 1 { o { 1
$oU (heating rate) ¥ umngsvu 13 5 ssmsaieaneui lag

J 1 [ 1w o Jd [
AMANNYANNTOU (RadonSupsmmaed) =  A1oRI1 nannuieu (Taaaoniy)

o A 9 =~ ' ~
DATUNUANNIOU (BIRUBALLYITADUIN)

iU Ao U 39 aemsaFea = 0.1065W | min | 1 | | 60s

g|5°C| S‘W|1min

= 1.278 J/g. °C

) 1Y) 1 { 1 3 I~'BRl
dmSumnnuganuiouves HDPE fudasluaisni 12 duilmanuganudou
A ' P’ - £ ° ~ o 1
maglurigurgl 38-42 sarusariad FamsauIaes 1y lisunsy Excel lagiiaaiin
Y 9 1
anuganuseunanualuranswnuudnsdesuausimuad laminy 1.198 yase
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Vl,ﬂmfJ“]Jﬂ"Uﬂ’JHJiE]u!,LI?\]QGU’ENﬂJNQW151Wu1uﬁ15@]3881ﬂﬁ111%i]y§] Tﬂﬂ%$ﬂ1u3mﬂim@’wﬁﬂﬂﬂ

1 luansnah 14

AS19HUINT V1 ﬂ"lifelWu’Jmﬂl"lﬂaW]LﬂﬁfJu‘ll@\‘lﬂTlﬂJ%}’EJMLLPJ\‘]‘U@QWﬁWWuﬁluﬁﬁﬁ’J@éNﬁ WA

9y A [ 9 a\ @ L] = A o L] A
ulﬂm‘c’J‘]Jﬂ‘]Jﬂ’JHJiE]‘L!!LI‘/j\?“IJ’ENW']TI“I/\IL!GlL!ﬁ"liﬂ’J@fJ"I\WHiJ“VIE]‘HQﬂimG]’J@fJNVI 1

A10814 o idud Anuiouur armdounds  maaamaeu
URERITAY (09905W) udaaIY (%)
(%) (ya919n3N)
1 50 70.95 86.75 18.21
nlofiFudaaamany = (70.95 - 86.75) x 100% = 18.21%
86.75
3. MIMIUHIMANNHHMHUVBINAAN N
AFEUINT V2 MIANIUAIANIIIURIHAAT I
Frodadi P, , v, v anumumiy
(@nunan (5y)  (nSuApgnUIRn
EFUALIAT) EFUALLAT)

1 16.036 6.292 8.996 8.3509 0.9282

2 16.009 6.284 9.0906 8.5963 0.9456

3 16.022 6.285 8.9418 8.1269 0.9088

4 16.008 6.273 8.7502 8.0364 0.9229

5 16.007 6.296 9.5534 8.763 09172

6 16.006 6.278 8.9155 8.2352 0.9236

7 16.018 6.28 8.8172 8.215 0.9317

8 16.009 6.273 8.691 7.9774 0.9179

9 16.01 6.264 8.3486 7.6534 0.9167
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10 16.009 6.283 9.0543 8.9068 0.9837
11 16.007 6.285 9.1553 9.1233 0.9965
12 16.007 6.279 8.9376 8.9805 1.0041
13 16.007 6.258 8.1723 8.4575 1.0348

v
(Y4

Yumouh 1: 01UA1 P, large P, large P’, large 1Az P’ large AMWSGY FId 11150011

ad 9 v Y A o ad VoA Y A A
aﬁmﬁ/mam"lmmmmw 5 GLHQ‘]JﬂimLLa%’J‘ﬁﬂﬁ Tﬂﬂﬂ"mi’ﬂuulﬂil"lﬂmi’f)ﬂﬂﬂ

m3emInd u3 mnldlumssiuanma v, large

P, large P, large P’ large P’, large

16.046 7.955 16.007 6.042

Vuaouil 2: AUINUKIA V, large (Volume of Reference) 1INGAT

Vo lavge
[(R larga/P; large) — 1] — [(P, larga/R, larga) — 1]

Vg large =

Taof V_, large = 56.559 gALNANIEUAIAT

cal

wld V, large = 56.559

[(16.007/6.042) — 1)] - [(16.046/7.955) — 1]
= 89.464 QMUNARIYUALIAT

VUADUN 3: AUIUTIA V.. large (Volume of sample cell ) 31NgAT
V. large = V,p; large + W large[(P large/F; large) — 1]

1214 V_large = 56.559 + 89.464[(16.046/7.955) — 1]

= 147.543 gMINARITUALAT
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TUADUN 4: AUIUTIA V, large (Volume of sample) 31NGAT
Vp = Ve — VR[(F/P)—1]

V, = Volume of sample (cm3)
V.= Volume of sample cell (cmz)

V, = Volume of Reference (cm3)

TasNMIAUIVILUAAINTHIAANUHU U UVDIA 108199 1
118V, large = 147.543 - 89.464[16.036/6.292) — 1]
= 8.996 QNUIRARIFUAINAT

9
% 1

¥ v v Y v
Yuaaun 5: a1 lilvuimin Taediog190 1 MmiiamIdu 8.3509 A3

v
U

Tuaoui 6: mamnNununiulasldgas D =MV

1218 Manumuninveiied il = 8.3509/8.996 = 0.9282 NFUABYNUIANIHUAILAS
o v A
4. MIANIUNMYMANTANIINEINMINATOVUIINA

v Y
msuaasmMamIum e luiTzuaaInsfIuINmMANURUNIULTINARTD

1 Compressive strength 1 HIoWNNZU @A Y99AI0819N 1
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fMod Wy HDPE Compressive strength Max load At extensions
(MPa) N) (mm)
1 50 50 16.95 11,388 1.828

= Y I = 1 . P
1NN MELINT 22 taael¥AufIN1311A1 max load 1182 at extension 198929 1@
A gIgAVDINI W
Y

AM5UAMANUAIUNIULTINANTO Compressive strength HuA 1MW 1A1INgAT

' v A Ada Ao
ANNUAIUNIULIINA (Compressive strength) = max load / WHNHINTULLIINA

g QJ

FINUNAINTUUTINAND 671.96 AT NIUAAUAT (A1UINN Area =TT D/4 ; D = 29.25 mm)

Fa17 A1ANUAIUMULTINA = 11,388/671.96 = 16.95 unnzihania
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