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PREPARATION AND CHARACTERIZATION OF PARAFFIN AND
POLYETHYLENE GLYCOL BASED PHASE CHANGE MATERIALS FOR
WHITE GOOD APPLICATIONS

SUMMARY

Nowadays, there is considerable demand for phase change materials (PCMs) within a
wide temperature range to accomplish the energy efficiency in many areas. PCMs
offer tremendous potential to fulfill the growing energy needs for cooling and
heating applications across various industries including construction, commercial
refrigeration, textiles, transportation packaging for temperature-sensitive products,
several solar energy based systems, electronics and biomedical materials. The use of
different PCM technologies is expected to improve the global efforts to conserve
energy in the wake of fast depleting fossil fuels. However, effective integration of
PCMs in end-products remains a challenging task. The increasing demand for
energy-saving and ecologically friendly systems is driving the growth of the global
PCM market. The paraffin-based PCM market commands the largest share of the
overall PCM market in terms of value, while salt hydrate-based PCMs lead the
market in terms of volume.

PCMs that are used for the storage of thermal energy as sensible and latent heats are
an important class of modern materials which substantially contribute to the efficient
use and conservation of waste heat and solar energy. The storage of latent heat
enables them to have considerably higher thermal energy storage densities with a
smaller temperature difference between storing and releasing heat compared to
sensible heat storage materials.

The basic operation principles of solid liquid PCMs is based on that PCMs absorb
heat with increasing in temperature until phase change temperature, heat absorption
at phase change from solid to liquid occurs at almost constant temperature and the
same process repeats with release of heat during the cooling process and liquid
completely converts into solid.

In this research, studies have been conducted in three different groups of which two
are related with the development of suitable PCM formulations by using pure alkans
and polyethylene glycols (PEGs) and other one is conserned with reducing the
chemical usage and cost reduction by the way of making tetradecane/water
emulsions.

According to the theoritical knowledge, organic phase change materials have more
remarkable properties in terms of working life and performance. In the light of this
notion, the choice of raw materials were evaluated taking account of the temperature
of developed phase change materal which is desired between -20°C to 10°C.

Besides, the effects of preparation method on tetradecane and water emulsions have
been observed. To achive the chemical structural integrity, the importance of the
squence of added chemicals were investigated.
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The findings from this study are introduced below:

Tridecane — hexadecane formulations have shown two step melting and
crystallization because of the pure tridecane’s phase change characteristic.
Due to the fact that, for refrigerator applications require more narrow
operating temperature range, these formulations cannot be considered as
suitable.

In the case of tridecane — tetradecane mixtures, formulations demonstrate one
step solid liquid phase change; moreover, because of the closeness of the
melting and crystallization temperatures in between 0 - 5°C, this group of
phase change materials are countenanced both fresh food cabined and crisper
in refrigerator.

When tetradecane — pentadecane mixtures are analyzed, single-phase change
curves could not be seen for the formulations that contain low tetradecane
weight percent (10%, 20% respectively). Beside this, developed other PCMs
have shown phase change in between 3 - 8°C that exactly suit with the
refrigerator operating temperatures.

Within the context of this study, it observed that tetradecane — pentadecane
mixtures become prominent for home appliances with low operating
temperature.

When DSC thermograms are investigated in detailed, both PEG300-PEG600
and PEG300-PEG1500 mixtures have shown the higher melting and
crystallization temperatures above the operation conditions.

Mixture of PEG300-PEG1500 phase change materials with relatively high
phase change temperature (between 30 - 40°C) can be utilized as different
white good applications such as in heating rinse water of dishwasher.

Formulations which containe various amounts of PEG400 and PEG600
demonstrate solid liquid phase change in a wide range temperature -
approxiametely in 10°C. Because of this situation, they cannot be used direct
usage in refrigerator properly. However, especially PCMs with mixture of
PEG400 and PEG600 can be utilized if they are frost utterly in freezer, they
can be used in fresh food cabinet when power outage is exist; therefore, it can
be extended the decay time of foods and beverages.

As a result of the study that is examined the effects of the preparation method
on the stabilization for tetradecane water emulsions, 1t has not seen a huge
discrepancy between method 1 and method 3 in terms of the change in
melting temperatures and enthalpy of fusion values.

On the contrary, the beginning of the phase separation has been observed
more significantly in PCM synthesized with method 2. That can be concluded
that rather than the adding sequence of chemicals, the duration of interaction
of materials all told is more effective.

In performance measurement of PCM contains 70% PEG400 and 30%
PEGG600, fresh food compartment temperatures are kept under the upper limit
temperature (10°C) more than 2.4 hours with the help of phase change
materials.
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In addition to this result, by using the PCM includes 60% PEG400 and 40%
PEG600 provides more than 3.5 hours cooling, if they are frost utterly in
freezer and used in fresh food cabinet when power outage is exist; therefore,

it can be extended the decay time of foods and beverages.
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BEYAZ ESYA UYGULAMALARI iCIN PARAFIN VE POLIETILEN
GLIKOL BAZLI FAZ DEGISTIREN MALZEMELERIN HAZIRLANMASI
VE KARAKTERIZASYONU

OZET

Termal enerji depolama sistemleri arasinda faz degistiren malzemeler (FDM) son
dénemde 6n plana ¢ikmaktadir. Faz degistiren malzemeler, ortam sicakligi maddenin
erime sicakligina yiikseldiginde erimeye baslayan ve hal degisim prosesi boyunca
ortamdan 1s1 absorbe edebilen, tam tersi durumda sicaklik maddenin katilasma
noktasina kadar diistiigiinde ise katilasma prosesi boyunca depoladigi bu 1s1y1 ortama
geri verebilen maddelerdir. Faz degisimlerini sabit sicaklikta gerceklestirmeleri, -
20°C ile +150°C gibi genis bir aralikta hem sogutma hem de 1sitma uygulamalar1 i¢in
kullanilabilir olmalar1 dikkat ¢eken 6zellikleridir.

Bu calismada beyaz esya uygulamalarinda kullanima yonelik -20°C ile +10°C
sicakliklart  arasinda faz  degisimi  gOsteren faz  degistiren malzeme
formiilasyonlarinin gelistirilmesi ve uygun olanlarin buzdolabi prototipi lizerinde
uygulanmas1 hedeflenmistir. Faz degistiren malzemelerin buzdolab1 uygulamasinda
kullanilmasi, elektrik kesintisi durumunda sicaklik kontrollerinin faz degistiren
malzemeler aracilifiyla yapilmasi, kabin i¢i sicakliklarini uzun siire uygun
degerlerde tutulmasina ve bdylelikle gidalarin raf Omriinlin arttirilmasina olanak
saglayacaktir. Bunun yani sira 6zellikle elektrik enerjisinin pahali oldugu saatlerde
gerekli olan sogutma enerjisinin kabin i¢esinde bulunan FDM kullanilarak
saglanmasinin miisteriye maliyet avantaji getirecegi Ongoriilmiistiir. Beyaz esya
uygulamalarinda faz degistiren malzemelerin kullanilmasiyla birlikte c¢esitli
elektronik cihazlarin sicaklik kontrolii ayrica evaporatér ve kompresor cevresinde
aci8a cikan atik 1s1nin geri kazanilmasiyla enerji verimliligi arttirilabilir.

Alternatif enerji kaynagi olarak yararlanilabilecek olan termal enerji depolama
sistemleri, yenilenebilir ve atik 1s1 kaynaklarinin mevcut oldugu zamanlarda enerjinin
depolanmasina ve kaynaklarin kesintiye ugradigi zamanlarda kullanilmasina olanak
vermektedir. Termal enerji depolama sistemleriyle ozon tabakasina zarar veren
kloroflorokarbonlara gereksinim duymadan dogrudan sogutma-isitma
yapilabilmektedir. Elektrik enerjisine duyulan gereksinim azalmakta ve elektrigin en
cok kullanildig1 giinliik periyotlarda, elektrik tliketimi engellenebilmektedir. Bu
sistem, enerji santrallerine duyulan ihtiyact ve fosil yakit kullaniminmi azaltarak,
cevreyi daha az kirleten ¢oziimler sunmaktadir. Termal enerji depolama; binalar
elektronik cihazlarin korunmasi, beyaz esyalar gibi farkli alanlarda ener;ji
verimliliginin artiritlmasi i¢in kullanilabilir. Termal enerji depolama, duyulur 1s1
depolama, gizli 1s1 depolama ve termokimyasal 1sinin depolanmasi yollariyla
saglanabilir. Duyulur 1s1 depolama yonteminde, 1s1 depolayan malzemenin
sicakliginin degismesi sonucunda ortaya c¢ikan duyulur 1sidan yararlanilir. Bu
malzemelerden 1s1 depolamak icin gelistirilmis olan teknoloji, etkin sistemlerin
tasarlanmasi i¢in uygundur. Bu yontemle 1s1 depolamada, 1sinin depolanmasi ve geri
kazanilmas1 siiresince depolama malzemesinin sicakligi degisir. Cok sayida 1s1
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depolama ve geri kazanma ¢evriminin gergeklestirilebilmesi, duyulur 1s1 depolama
yonteminin 6nemli 6zelliklerinden birisidir. Gizli 1s1 depolama, istenilen sicaklik
araliginda eriyip katilasarak faz degistirebilen malzemelerde erime gizli 1s1s1 seklinde
1s1 depolamadir. Gizli 1s1 depolamada, kati-sivi faz degisimi sirasinda faz degistiren
malzeme tarafindan sogurulan ve serbest birakilan 1sidan yararlanilir. Gizli 1s1
depolamanin temel Ozelligi; duyulur 1s1 depolama yontemine gore depolama
kapasitesinin yliksek olmasidir. FDM’nin sicakligmi 1°C artirmak i¢in gerekli 1s1
miktari, kati malzemenin ergitilmesi i¢in, FDM'nin birim agirlig1 basina gereken 1s1
miktarindan azdir. FDM tamamen eritildikten sonra, eklenilen her fazla 1s1 FDM'"in
sadece duyulur 1sismi arttiracaktir. Gizli 1s1 depolama yonteminin duyulur 1s1
depolama yontemine gore, 1s1 depolama kapasitesinin yiiksek olmasi ve az miktarda
malzeme kullanimindan dolayr diisiik 1s1 deposu hacmi kaplamasi 6ne ¢ikan
avantajlarindandir.

Faz degistiren malzemeler arasinda yiliksek erime 1sisina sahip organik ve inorganik
yapili malzemeler bulunmaktadir. Gaz faz1 degisimi gosteren malzemeler, gaz
fazinin depolanmasi i¢in basing uygulanmasi gerektiginden genellikle tercih edilmez.
Kati-siv1 faz degisim malzemelerinin gizli 1s1 depolama sistemlerinde 1s1 depolama
malzemesi olarak kullanilabilmesi i¢in, termodinamik, kinetik ve kimyasal ve
ekonomik yonlerden belirli 6zellikler gostermeleri gerekir. FDM segiminde etkili
degisik Olgiitler asagidaki gibi siralanabilir. Termodinamik o6zellikleri agisindan
FDM’nin ergime noktasi istenilen ¢alisma araliginda ve birim kiitlesinin ergime 1s1s1
yiiksek olmalidir. Isil iletkenligi, o6zgiil 1s1s1 ve kiiciik hacimdeki depolara
yerlestirilebilmesi i¢in yogunlugu yiliksek olmalidir. Bunlara ek olarak faz
degisiminde 1s1l genlesme katsayisi diisiik ve faz degistirme sonucunda hacim
degisimi az olmalidir. FDM’lerin uygulama igerisinde yiiksek performans
gosterebilmesi i¢in dikkat edilmesi gereken bir diger 6enmli 6zellik de donma
sirasinda ¢ok az asirt soguma gosteriyor olmalaridir. Kimyasal o6zellikleri
degismemeli, ayrismamaya ugramamali, korozif, yanici, zehirli ve patlayici
olmamalidir. Inorganik FDM’ler arasinda tuz hidratlar1 6n plana gikmaktadir. Tuz
hidratlar;, 0 - 150°C sicaklik smirlarinda hacimsel 1s1 depolama kapasitelerinin
yiiksek olmasi nedeniyle inorganik FDM'lerin en énemli grubudur. Inorganik tuzlarin
erime 1silar1 yiiksektir, 1s1 depolama kapasiteleri 250 - 400 MJ/m3 arasindadir.
Genellikle suda ¢6ziinebilen tuzlar 1s1 depolama amaciyla kullanilabilir. Is1 depolama
amactyla kullanilabilen ve pahali olmayan bircok tuz hidrati bulunmaktadir.
Dezavantajlar1 arasinda ise faz ayrigmasi ve asir1 soguma gostermeleri ile korozif
etkiye sahip olmalar1 gosterilebilir. Organik bilesiklere gore daha diisiik faz degisim
entalpisi gostermeleri ile birlikte, 1s1 depolama malzemesi olarak cesitli 6nemli
Ozelliklere sahiptir. Bunlar arasinda fiziksel ve kimyasal olarak kararli yapida
olmalari, asir1 soguma gostermemeleri ve korozif olmamalart 6n plana ¢ikmaktadir.
Organik faz degistiren malzemeler igerisinde parafinler yaygin kullanima sahiptir.
Parafinler petrol tiirevleri olup, genel olarak C,Hn+2 seklinde belirtilen ve alkanlar
olarak adlandirilan 6nemli bir bilesen igerirler. Saf parafinler, sadece alkanlar igerir.
Alkanlarin erime sicakligi karbon atomu sayisinin artmasiyla artar. Karbon atomu
sayist 14 - 40 arasinda olan alkanlarin erime sicakligi, 6 - 80°C araligindadir.
Parafinler alkan zinciri uzunluguna bagli olarak n-parafin veya izo-parafin seklinde
olabilir. Doymus hidrokarbonlar grubundan olan parafinler grubu igerisinde benzer
ozelliklerdeki bilesikler yer alir. Karbon atomu sayisi ¢ift olan parafinler ucuz, bol ve
kimyasal olarak kararli olduklarindan 1s1 depolama i¢in tercih edilir. Parafinlerin kat1
durumdaki 1s1l genlesme katsayilar1 tuz hidratlarina oranla diisiiktiir. Isil genlesme
katsayisinin neden oldugu olumsuzluklar1 6nlemek icin 1s1 depolama {initelerini
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elastik malzemelerden tasarlamak ya da depolama {initelerinde emniyet i¢in gerekli
hacim belirlemek katki saglayacaktir. Parafin olmayan organik materyaller arasinda
yag asitleri ve polietilen glikol gruplar1 6n plana ¢ikmaktadir. Yag asitleri, genel
olarak CH3(CH,)2nCOOH seklinde belirtilir. Yag asitlerinin erime 1silar1 parafinlerle
karsilastirilabilir degerlerdedir. Yag asitleri; termodinamik, kinetik, 1s11 ve kimyasal
kararlilik, emniyet ve maliyet bakimindan, tuz hidratlari, parafin ve diger kimyasal
maddelere kiyasla iistiin 6zelliklere sahiptir. Hi¢ asir1 sofuma olmadan donma
ozelligine sahip olduklarindan, FDM olarak uygun ozelliklere sahiptir. En 6nemli
olumsuzluklari, maliyetlerinin parafinlerden 2 — 2.5 kat daha yiiksek olmasidir.

Literatiirde hem organik hem de inorganik faz degistiren malzemelerin kullanildig:
pek cok calisma bulunmaktadir. Bu ¢alismalar genel olarak uygun FDM’nin se¢imi,
termal  Ozelliklerinin  iyilestirilmesi, sentezlenmesi ve Omiir testlerinin
degerlenririlmesi yoniinde olmustur.

Bu c¢alismada, yiiksek karbon zincirli alkanlar ile polietilen glikol (PEG) serileri
kullanilarak hedeflenen calisma araligi igerisinde hal degisimi gosteren 33 farkli faz
degistiren malzeme formiilasyonu gelistirilmis, termal karaktrizasyonu ve Omiir
testleri yapilmistir. Bunlara ek olarak, hem daha az kimyasal kullanilmas1 hem de
maliyet avantaji saglamak amaciyla belirlenen bir formiilasyon ¢ergevesinde farkli
sentez methodlar1 ile yag su emiilsiyonlar1 hazinlanmis, hazirlama yonteminin
emiilsiyon stabilizasyonuna etkisi incelenmistir. Faz degistiren malzeme sentez
calismalar1 temelde ii¢ grupta yiirtitiilmiistiir.

Ik grupta, 13 karbon zincirinden 16 karbon zinciri uzunluguna kadar 4 farkli alkan,
kat1 siv1 faz degisim sicakliklari g6z Oniinde bulundurularak tridekan-hekzadekan,
tridekan-tetradekan ve tetradekan-pentadekan ikili gruplari seklinde toplamda 19
farkli faz degistiren malzeme hazirlanmistir.

Ikinci grup calismada; PEG300 - PEG600, PEG300 - PEG 1500 ve PEG400 -
PEG600 cifleri ile gelistirilen 14 farkli formiilasyon incelenmis, beyaz esya
uygulamalarina uygunlugu degerlendirilmistir.

Son grup ¢aligsmada ise yapilan literatiir aragtirmasi kapsaminda parafin su emiilsiyon
caligmalar1 incelenmis, 6ne cikan ¢alismalar arasindan uygun deney parametreleri
belirlenmistir. Parafin su emiilsiyon sistemlerinde sentezlenen malzemenin zamanla
faz ayrismasi gostermemesi performans acisindan biiyiikk 6nem tagimaktadir. Yapilan
caligmalarda faz ayrigmasmi engellemek igin ¢esitli yiizey aktif maddeleri
kullanilmast durumunda bile, sentez yonteminin stabilizasyona etkisi goriilmiistiir.
Bu veriler 1518inda temelde tetradekan su karisimi igeren formiilasyon, 3 farkl
yontem uygulanarak hazirlanmistir. Bu hazirlama yontemlerinde temel olarak
kimyasallarin karigima ilave edilme siras1 degistirilmistir. Hizlandirilmis kat1 siv1 faz
degisim programi uygulanarak omiir testine alinan FDM’lerin termal 6zellikleri 500
¢evrim boyunca incelenmistir.

Calismanin son kisminda ise buzdolabi taze gida bdlmesine uygulanabilecek PEG
formiilasyonu segilerek, bunlarin performans 6l¢timleri yapilmistir.

Degerlendirmeler:
Bu tez kapsaminda yapilan ¢alismalar asagidaki sekilde 6zetlenebilir;

e Yapilan detayli literatliir arasgtirmasi sonucunda organik kaynakli faz
degistiren malzemelerin inorganiklere gore daha kararli oldugu ve yiiksek
performans gosterdigi belirlenmistir.
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Bu dogrultuda 6zellikle beyaz esya uygulamalarinda kullanabilecek -20°C ile
+10°C sicakliklar1 arasinda 33 farkli faz degistiren malzeme gelistirilmistir.
Sentezlenen FDM’ler alkan ve PEG esaslidir.

Bunlarin yani sira tetradekan su emiilsiyonlarina sentez methodunun etkisi
incelenmis, kullanilan yiizey aktif maddelerin tam olarak yapida baglanmay1
saglayabilmesi i¢in, kimyasallarin karigim igerisine eklenis sirasinin 6nemli
oldugu belirlenmistir.

Alkanlarin kullanildigr birinci grup c¢alismalar kapsaminda; tridekan -
hekzadekan karisimlarinda erime donma proseslerinin  iki agsamada
gergeklestigi goriilmektedir. Bunun sebebi tridekanin yapisidir. Beyaz esya
uygulamalarinda daha dar caligma araliklarinda calisilmasi gerektiginden,
Kati stvi faz degisiminin kademeli olusu uygulanabilirlik agisindan uygun
bulunmamastir.

Tridekan — tetradekan karisimi igeren formiilasyonlarinda hem erime hem de
donma tek basamakta gerceklesmektedir. Bunun yani sira faz degisim
sicakliklarmin birbirine yakin olmasi ve 0 - 5°C araliginda bulunmasi,
gelistirilen FDM’lerin buzdolab1 taze gida bolmesi ve sebzelik bolmelerinde
uygulanabilirligine isaret etmektedir.

Tetradekan — pentadekan karigimlart incelediginde ise 6zellikle sirasiyla %10
ve %20 tetradekan igeren formiilasyonlarda tek bir faz degisim sicaklig elde
edilememistir. Bunun yanisira yine ayni grup icindeki gelistirilen diger
FDM’lerin faz degisimleri 3 - 8°C arasinda 6l¢iilmiistiir.

Alkan karigimlan ile ilgili yapilan ¢aligmalarda buzdolab1 uygulamasi i¢in
tetradekan pentadekan karisimlarinin 6ne ¢iktigi goriilmektedir.

Olgiim sonuglar1 incelendiginde hem PEG300-PEG600 hem de PEG300-
PEG1500 karisimlarin erime sicakliklariin limit degerler iizerinde oldugu
gorilmiistiir.

Farkli oranlarda PEG300- PEGI1500 igeren formiilasyonlarin 30 - 40°C
arasinda faz degisimi gostermeleri sebebiyle bulagik makinasi gibi yiliksek
caligma sicakliklarina sahip beyaz esya uygulamalarinda i¢in kullanilabilegi
gorilmiistiir.

PEG400-PEG600 karisimi igeren formiilasyonlardan bazilari genis aralikta
faz degisimi gostedikleri i¢in buzdolab1 uygulamalarinda dogrudan kullanima
uygun degildir. Ancak gelistirilen bu malzemeler arasindan 6zellikle %30-60
PEG400 igeren formiilasyonlarin buzluk kisminda tamamen donmasi
saglandiktan sonra, elektrik kesintisi durumunda buzdolab:1 taze gida
bolmesine yerlestirilmesiyle gidalarin  bozunma  siiresini  uzatacagi
ongoriilmektedir.

Tetradakan su emiilsiyonlarinda belirlenen formiilasyon kapsaminda tiim
kimyasalllarin ayn1 anda eklenildigi method 1 ile uyumlu kimyasallarin (su
ile Tween60’1n, tetradekan ile Span 60’mn) kademeli olarak karistirildigi
method 3 arasindan entalpi ve faz degisim sicakliklarinin degisimleri
arasindan biiyiik bir fark goriilmemistir.
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e Method iki de ise zaman igerisinde faz ayrigsmasi goriilmiistiir. Bunun
sebebinin tiim karisim prosesi tamamlandiktan sonra homojenizasyon elde
edilmis olsa bile kimyasal baglanmanin aslinda tam anlamiyla
tamamlanamamis olmasindan kaynaklanmaktadir.
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1. INTRODUCTION

In recent years, with the rapid consumption of fossil fuels, energy demand has
increased incrementally. Moreover, this leads to environmental pollution and CO,
emission in high quantitiy. This situation poses to new approaches for energy
efficiency in many countries. With their share of 35%, buildings are existing leaders
in energy consumption. Looking at currently consumption trends, building’s energy
demand will rise from 117 EJ in 2010, to 173 EJ by the year 2050. This means that
global direct CO, emissions from all buildings will be 25% higher than today in 2050
and possibly reach 3.5 GT. In addition to this, domestic appliances and other
electronics consumed nearly 2500 TWh of electricity in 2010 with an increase of
43% over the last decade that is about half of the total electricity consumption of
homes [1].

Many countries are studying on the consumer awareness programs, standards, and
new labels to reduce energy consumption by homes. Energy Star® the well known
program of the U.S. has diminished 277 million tonnes of greenhouse gases in 2013
alone, providing over $10 billion USD in energy savings. In Europe, energy
efficiency labels from A+++ to G are being used in appliances and with the help of a
new and ambitious attempt for further increasing energy savings in appliances, more
strict energy consumption levels that require manufacture of products with A+ or
above are mandated. Because of this situation, appliance manufacturers have

struggled to find new solutions and to make more efficient products [2].

Efforts to increase energy efficiency of white goods will directly reduce energy
consumption in residential buildings. Under favour of phase change materials
(PCMs) is a new approach to improve the performance of these appliances. PCMs
which are used for the storage of thermal energy as sensible and latent heats are an
important class of modern materials which substantially contribute to the efficient
use and conservation of waste heat and solar energy. The storage of latent heat

enables them to have considerably higher thermal energy storage densities with a



smaller temperature difference between storing and releasing heat compared to
sensible heat storage materials [3].

The basic operation principles of solid liquid PCMs is based on that PCMs absorb
heat with increasing in temperature until phase change temperature, heat absorption
at phase change from solid to liquid occurs at almost constant temperature and the
same process repeats with release of heat during the cooling process and liquid
completely converts into solid [4]. PCMs can be classified as organic, inorganic and
eutectics; moreover, the selection of PCM varies according to the engineering

application and its requirements [5].

The refrigerator is the one of the most crucial appliance that is in almost all
households around the world today. The utalization of PCMs in refrigerator
application can provide a number of benefits in terms of energy efficiency. Besides
the usage of PCMs around the evaporator and/or condenser, they can also be used in
fresh food cabinet and crisper. When power outage is existing, PCM starts the phase
change in almost constant temperature and consequently the cabinet environment
remains stable temperature; therefore, decay time of foods and beverages can be

extended.

In this study, to obtain the energy efficiency in white good applications, preparation
and thermal characterization of paraffine and polyethylene glycol based 33 different
phase change materials are presented. Besides, the effects of sysnthesis method on
tetradecane and water emulsions have been observed. To achive the chemical
structural integrity, the importance of the squence of added chemicals are

investigated.



2. BASIC CONCEPTS OF THERMAL ENERGY STORAGE

2.1 Thermal Energy Storage

Thermal energy storage (TES) is a technique that allows the storage of heat or cold to
be used later. Thermal energy can be achieved by physical and chemical processes
and stored in three forms: as sensible heat, as latent heat or as thermochemical
energy. To be able to retrieve the heat or cold after some time, the method of storage
needs to be reversible. Figure 2.1 shows some possible methods; they can be divided

mainly into physical and chemical processes [6].

Methods for thermal
energy storage

Physical processes Chemical processes

——

Sensible heat Latent heat
- Solid-liquid phase [change
- Liquid-vapor phase change
- Solid-solid phase change

Figure 2.1 : Possible methods of reversible storage of heat and cold.

Long term and short term (night-day) storage can be done by using these methods for
cooling and heating applications. The aim of long term storage is storing heat for
seasonal such as in summer for heating in winter or storing winter cold for cooling in
summer. Usually, underground thermal energy storage (UTES) is used for long term
storage [7]. Sensible heat storage is suggested for long term applications whereas

latent heat storage is suitable for short term applications [8].

2.1.1 Sensible heat storage

Sensible heat storage is one of the most well known method for storing thermal
energy. With the help of high specific heat capacity or increasing the mass of storage
material, high sensible heat storage in a limited temperature difference can be
obtained. For this reason, as the medium of sensible heat storage materials like water
or rocks are generally preferred. The most frequently used sensible heat storage

material is water due to its remarkable properties like easy accessibility, low cost and



high specific heat capacity. For instance, hot water is used for heat storage in the
floor structures or obtaining domestic hot water for our homes are some of the
application areas of water in practice in the field of sensible heat storage. Gases are
not generally used in sensible heat storage systems due to their low volumetric heat
capacities. When compared to chemical or latent heat storage systems, by using
sensible heat storage system heat storage and recovery cycles can be repeated many
times without any problems. However, large storage volume requirement can be
considered a substantial drawback for the system. Furthermore, they cannot be
proper for the systems that have to work at a specific temperature because of the

need for temperature difference to store the energy [9,10].

2.1.2 Thermochemical heat storage

"Any chemical reaction with high heat of reaction can be used for thermal energy
storage if the products of the reaction can be stored and if the heat stored during the
reaction can be released when the reverse reaction takes place.” [6]. The schematic
figure that shows the mechanism of the chemical heat storage process is shown in

Figure 2.2.

AB + Heat <> A + Bgas
Charge: AB + Heat—>A + B
Discharge: A + Bgs == AB + Heat

Figure 2.2 : Storage with reversible chemical reaction.

Type of components that are involved in chemical reaction or produced after the
chemical reaction and temperature at which the reaction takes place are two main
issues have to be considered in these systems. Just like in the other storage methods,
the temperature of the reaction has to be chosen according to the desired storage
temperature; however, because of the nature of the chemical processes, sometimes
this need cannot be achieved. In addition, if gases are used or produced in the

chemical reaction, it is important to reserve necessary storage space [6].

Compared to physical processes, chemical heat storage has higher energy storage
density. However, its application is limited due to the following problems:
complicated reactor design needed for specific chemical reactions [11,12], corrosion

and toxicity [13], wide working temperature ranges [14,15], strict requirements of



pressure vessels, weak long-term durability and reversibility [16], and weak chemical
stability [17].

2.1.3 Latent heat storage

The latent heat is the energy needed for the phase change of a material. In latent heat
storage systems which present higher energy density than sensible heat storage, the
phase change between solid-liquid is presented as the most suitable due to the high
energy density and the lack of problems related to volume expansions. In liquid - gas
transformations are not practical due to the high pressures required to store the
materials in the gas phase. Moreover, solid-solid phase change supplies low energy
density [18].

2.2 Phase Change Materials

Phase Change Materials (PCMs) offer tremendous potential to fulfill the growing
energy needs for cooling and heating applications across various industries, including
construction, commercial refrigeration, textiles, transportation packaging for
temperature-sensitive products, several solar energy based systems, electronics and
biomedical materials [19]. The use of different PCM technologies is expected to
improve the global efforts to conserve energy in the wake of fast depleting fossil
fuels. However, effective integration of PCMs in end-products remains a challenging
task. The increasing demand for energy-saving and ecologically friendly systems is
driving the growth of the global PCM market. The paraffin - based PCM market
commands the largest share of the overall PCM market in terms of value, while salt
hydrate-based PCMs lead the market in terms of volume. Europe offers a lucrative
market to PCM players because of its focus on energy security and therefore holds
the largest share, 42.2%, of the global PCM market. Currently, the market players are
focusing in development of new products and applications, which therefore
accounted for the highest share of the total competitive developments in the global
PCM market from 2007 to May 2010. Building and construction industries presently
are the largest application market of organic PCMs due to the globally increasing
requirement for cooling buildings, which in turn has arisen in consequence of the
shift from heavy thermal mass design to lightweight architecture. This application

contributed 22% to the global PCM market revenues in 2009. Textiles incorporated



with PCMs have been used in numerous products and applications from apparel,
outdoor wear such as parkas, vests, thermals, snowsuits and trousers, underwear,
socks, accessories and shoes to bedding, sleeping bags, blankets, duvets, mattresses
and pillowcases. PCMs can even be found in specialty items, such as antiballistic
vests, automotive, medical or special industrial applications. Industry participants
with the most significant PCM incorporated product developments include BASF,
Honeywell, Outlast Technologies and PCM Products. BASF, PCM Products and
Outlast Companies are also collaborating with universities to conduct research and
development on advanced PCMs in an attempt to increase market penetration of the
PCM products [20].

Over the last 40 years several classes of materials, mainly hydrated salts, paraffin
waxes, fatty acids, polymers and the eutectics of both organic and non-organic

compounds have been considered as potential.

PCMs can be classified by type of phase transition: gas — liquid, solid — gas, solid —
liquid and solid — solid systems see Figure 2.3. The applications of PCMs with a
solid —gas or liquid — gas phase transition are limited due to the large volume

expansion associated with the transition [8].

PHASE CHANGE

MATERIALS
) T — ]
Gas-liquid  Solid-gas ﬁ.?.'}i‘fi Solid-solid
I ! 1 1
Low
Lguowmmolﬁgalsar Polymers e Polymers
po | compounds
— )
| Crosslinked
Inorganic Organic — Polylethylene | pquaiconols | polyethylene
glycol)
— Pol th

— Salts — Paraffins W Al il

Salt — Polybutadiene
™ hydrates | Alcohols
— Hydroxides [—Fatty acids | Modified

poly(ethylene glycol)
— Alloys — Esters
» Eutectics of inorganic or organics
L Others compounds (single melting temperature)

= Mixtures of inorganic, organic or
polymeric compounds (melting
temperature interval)

Figure 2.3 : Classification of PCMs.



Significantly smaller volume changes occur, usually 10% or less, with solid — solid
and solid — liquid transformations. This makes them economically and practically
attractive as materials for TES systems despite their smaller heat of phase transition
[10]. Solid — solid PCMs employ the heat associated with the phase transition one to
another crystalline form and can be considered as an alternative to solid—liquid
PCMs [21]. Generally, the heat of phase transition for solid—solid PCMs is lower
than that of solid — liquid PCMs [8,10,22].

Based on the temperature ranges PCMs can be divided into three main groups: low
temperature PCMs with phase transition temperatures below 15 C which are usually
utilized in air conditioning applications and the food industry, mid temperature
PCMs with phase transition temperatures in between 15-90 C with solar, medical,
textile, electronic and energy-saving applications in building design and high
temperature PCMs with a phase transition above 90C developed mainly for
aerospace and industrial applications [23,24].

2.2.1 Solid-liquid PCMs

Many different types of solid—liquid PCMs are employed for thermal storage
applications for instance; water, salt hydrates, paraffins, selected hydrocarbons,
polymers, selected hydrocarbons, polymers and metal alloys.

2.2.1.1 Inorganic PCMs

Salt hydrates

Salt hydrates are inorganic salts containing water of crystallization. During phase
transformation dehydration of the salt occurs, forming either a salt hydrate that
contains fewer water molecules or the anhydrous form of the salt. Depending on the

melting behaviour, the salt hydrates can be classified as:
¢ salt hydrates with congruent melting behaviour
e salt hydrates with incongruent melting
e salt hydrates with semi-congruent melting [10].

Unfortunately, a great number of salt hydrates that could be considered as potential
PCMs melt incongruently. For this reason, the amount of released water is

insufficient to dissolve the crystalline salt formed during the dehydration process.



This leads to density differences, phase separation and sedimentation in containers
causing serious technical problems in practical applications. With the help of adding
gelling or thickening agents segregation and sedimentation of the heavier phase can
be prevented. The addition of a gelling material to the salt creates the formation of a
three-dimensional network to avoid salt sedimentation, while the addition of a
thickening agent increases the viscosity of the salt hydrate and helps to hold the salt
hydrate molecules together [25]. Another disadvantage of salt hydrates is their poor
nucleating ability that causes significant supercooling. To avoid this problem,
nucleating agents are added to PCM, or small amounts of crystals are retained in the
system to act as nucleation sites [10]. Additionally, there are some corrosion
problems of metallic components in energy storage installations [26]. However,
despite these disadvantages, salt hydrates are generally considered as suitable
materials for TES applications because they have large latent heat of fusion,
appropriate phase transition temperature and they are very competitive in terms of
economy and profitability to PCM, or small amounts of crystals are retained in the
system to act as nucleation sites [10]. Additionally, there are some corrosion
problems of metallic components in energy storage installations [27]. However,
despite these disadvantages, salt hydrates are generally considered as suitable
materials for TES applications because they have large latent heat of fusion,
appropriate phase transition temperature and they are very competitive in terms of

economy and profitability.

Alloys

Metallic alloys can be considered as high-temperature PCMs which offer high
thermal reliability and repeatability [24]. The largest phase transition heat, on a mass
or volume basis, has been found for binary and ternary alloys of the relatively
plentiful elements Al, Cu, Mg and Zn, but not all of the potential materials are
suitable for use in TES systems. Among other latent heat energy storage materials,
eutectic aluminium alloys were principally investigated for use as PCMs in high
temperature TES systems due to their convenient phase change temperature, high
latent heat density and good thermal stability [28].

2.2.1.2 Organic PCMs

Organic PCMs comprise of a wide range of materials including paraffins, fatty acids

and their eutectic mixtures, esters and other organic compounds.



Paraffins

The natural paraffins and paraffin waxes that are produced as by-product in crude oil
refining correspond to the valuable product in comparison with pure alkanes for
practical application. The paraffins are produced in large scale, they are relatively
cheap and they have high heat of fusion. These characteristics of paraffins meet the
requirements of phase change thermal energy storage materials. The paraffins
produced in many countries are characterized as a rule by melting range and heat
fusion whale other thermophysical properties required for practical application of

paraffins as latent heat storage materials are not known [29].

Paraffins constitute the broadly used solid-liquid PCMs which possess a high latent
heat storage capacities over a narrow temperature range and are considered as non-
toxic and ecologically harmless. Paraffin waxes reveal moderate TES density, but a
large surface area is needed as they have low thermal conductivity. This decreases
their rate of heat charging and discharging during the melting and solidification
cycles [30]. The latent heat of paraffins is molar mass-based and their various phase
change temperatures give the flexibility to select an appropriate PCM for a specific
LHTES application. They are economically viable and repeated cycling across the
solid — liquid transition does not induce phase separation [31]. Paraffins between C5
and C15 are liquids with the higher analogs being waxy solids with melting
temperatures ranging from 23 to 67C [8]. Commercial grade paraffin wax, which is a
mixture of different hydrocarbons, is produced by the distillation of crude oil. In
general, the longer the average length of the hydrocarbon chain, the higher the
melting temperature and heat of fusion [32]. This relationship can be employed to
design the PCM properties by mixing physically different paraffins. In fact, most
paraffin PCMs are mixtures of saturated hydrocarbons with different numbers of
carbon atoms in the molecules. The literature data show that after 2000 — 2000 cycles
commercial grade paraffin waxes and other pure paraffins have stable properties and
good thermal reliability. Paraffin waxes are safe, non-reactive and are compatible
with metal containers as they do not promote corrosion. However, care must be taken
when using plastic containers as paraffins’ chemical similarity and affinity can lead

to infiltrations and softening of some polymers, especially polyolefins [32].



The major problem with paraffins as PCM materials is that their thermal conductivity
Is too low to provide the required rate of heat exchange. Generally, an improvement
of the thermal conductivity of a PCM by incorporating conductive particles results in
a reduction in the energy storage capacity. It is important that new designs of
paraffin-based TES systems increase the thermal conductivity but avoid a decrease in
the ability to store energy [33].

Table 2.1 : Paraffins with potential for use as a PCM.

Paraffin Number of carbon atoms Melting Heat of Density
in molecule temp. (*C) fusion (J/g) (gfcm?)
n-Tetradecane 14 5.8-6.0 227-229
n-Pentadecane 15 9.9-10.0 206
n-Hexadecane 16 18.0-20.0 216-236 0.773
n-Heptadecane 17 22-226 164-214 0.778
n-Oktadecane 18 28.0-284 200-244 0.776
n-Nonadecane 19 320 222 0.785
n-Eicozane 20 36.6 247 0.788
n-Heneicozane 21 402 213 0.791
n-Docozane 22 440 249 0.794
n-Trikozane 23 475 234 0.796
n-Tetracozane 24 50.6 255 0.799
n-Pentacozane 25 535 238 0.2801
n-Hexacozane 26 56.3 256 0.2803
n-Heptacozane 27 58.8 235 0.779
n-Oktacozane 28 412 254 0.806
n-Nonacozane 29 634 239 0.808
n-Triacontane 30 654 252 0.775
Fatty acids

The interest in fatty acids as PCMs for energy storage has increased recently as they
present desirable thermodynamic and kinetic characteristics for low temperature
LHS. They exhibit a high latent heat of fusion, compared to that of paraffins, and
reproducible melting and freezing behaviour, with little or no supercooling.
However, fatty acids are more expensive than technical grade paraffins, are mildly
corrosive and possess a disagreeable odour [10]. With an increasing number of
carbon atoms in the fatty acids molecule, the melting and freezing points, the heat of
melting and the degree of crystallization gradually increase. Carboxylic acids with an
even number of carbon atoms in the structure possess higher values of thermal
parameters than those with odd numbers of C - atoms. The former show a tendency
for more regular alignment and a more dense crystalline lattice [34], arising from
hydrogen bonding between the carboxylic acid molecules. The melting and boiling
points of fatty acids are relatively high and the saturated fatty acids exhibit low phase

transition volume changes with very little or no supercooling when freezing [34].
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Esters

Fatty acid esters show a solid — liquid transition over a narrow temperature range and
their mixtures can form eutectics, similar to numerous inorganic salt mixtures, with
little or no supercooling. Most of the fatty acid esters are commercially available as
large quantities are produced for the polymer, cosmetics, textiles industries and other
applications [35,36]. Eutectic mixtures of methyl stearate — methyl palmitate, methyl
stearate—cetyl palmitate and methyl stearate — cetyl stearate with a phase transition
temperature close to room temperature, a high enthalpy of transition and low
hysteresis become prominent [35]. Interestingly, commercial building materials,
gypsum and bricks were impregnated with the selected molten esters by immersion.
Compared to paraffin - based and fatty acids-based PCMs, EGDS has the advantages
of greater energy storage capacity per unit mass, is less odorous and, since there are

no acidic functional groups, less corrosive.

Polyethylene glycols (PEGs)

PEG, an OH-terminated poly (ethylene oxide), is a significant semi-crystalline
polymer with a repeating unit of -CH2-CH2-O-. It is used in water paints, textile
fibres, paper coatings, as a component of packaging materials and as a solubilising
agent in drugs. A relatively new PEG application area is related to the TES — it can
be used as a PCM as it has a large heat of fusion which is attributed to a high degree
of crystallinity [37]. Molecular weight is the key issue for PEG’s application as a
material for TES seen in Table 2.2. The melting point of PEG is dependent on the
molecular weight and may vary from 4 to 70 C, with the heat of fusion in the range
of 117-174 J/g. An increase in the molecular weight of PEG causes an increase in
the melting temperature and the heat of phase transition. The molecular weight also
influences the degree of crystallinity which ranges from 83.8% to 96.4% [38].

Table 2.2 : Temperature and head of fusion for PEG with various molecular weights.

Polymer Melting temperature (°C) Heat of fusion (]/g)
FEG 400 4.2 1176
FEG 600 125 1291
PEG 1000 40.0 168.6
PEG 3400 63.4 166.8
FEG 10000 659 171.6
PEG 20000 67.7 160.2
PEG 35000 68.7 166.9
PEG 100000 67.0 1758
FEG 1000000 70,0 174.0
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The ideal PCM should meet a number of criteria related to the desired
thermophysical, kinetic and chemical properties [10,39,40]:

Thermal properties:
e amelting temperature in the desired operating range,
e a high phase transition latent heat per unit volume,
e ahigh specific heat, to provide significant additional senbible heat storage,
¢ high thermal conductivity of both phases.
Physical properties:
¢ asmall volume change on phase transformation,
e alow vapour pressure at the operating temperature,
e favourable phase equilibrium,
e congruent melting of the PCM,
e ahigh density.
Kinetic properties:
e no supercooling,
e ahigh nucleation rate,
e an adequate rate of crystallization.
Chemical properties:
e long-term chemical stability,
e acompletely reversible freeze/melt cycle,
e compatibility with the construction materials,
e no corrosion influence on the construction materials,
e it should be non-toxic, non-flammable and non-explosive to ensure safety.

The PCM should be readily available in large quantities at low cost [40]. In practice,
those criteria are not fully met by most PCMs. However, recent progress in the

design and characterization of novel materials for energy storage, including
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nanomaterials, has opened new possibilities for enhanced performance with extended
lifetimes [10,39,40].

2.3 Literature Review

The study of PCMs, pioneered by M. Telkes and E. Raymond [41] in 1949, did not
receive much attention until the 1970s. In 1971, D.V. Hale, M.J. Hoover and M.J.
O’Neill did a pioneering study to design a PCM thermal protection system for the
Lunar Roving Vehicle and Skylab [42]. Another significant study was published by
W. Humphries and E. Griggs in 1977 [14]. These publications displayed how phase
change thermal energy storage was applied for space crafts on a small scale, and then
applied on a larger scale for buildings and solar energy systems toward the global
energy crisis in the late 1970s [43,44]. Since then several research groups have
conducted experimental studies for assessing the thermal behavior of latent heat
storage systems. Most early studies of latent heat storage focused on the dehydration
and hydration of inorganic salt hydrates, initially showing the greatest promise with
their high energy storage density and high thermal conductivity. However, they had
some obvious disadvantages, such as being corrosive, being incompatible with
several materials, experiencing supercooling and segregation during phase transition
under thermal cycling [39].

Depending on the type of applications, the organic PCMs should first be selected
based on their phase change temperature. Materials that exhibit phase change below
15 °C are used in cooling applications, while materials that have phase change above
90 °C are used for absorption refrigeration. The organic PCMs and their mixtures
that show phase change around 18-65 °C are suitable for the thermal comfort
applications in textiles and in buildings [45]. Actually, over the last 25 years, more
than 190 review articles have been published, considering a variety of literature
related with PCMs. A. Abhat published one of the earliest reviews on PCMs [8]. He
summarized the studies on PCMs for heat storage in the temperature range between 0
°C and 120 °C, classifying inorganic and organic PCMs as salt hydrates, paraffin
waxes, fatty acids, and their eutectic mixtures. S.M. Hasnain reviewed the
development of available thermal energy storage technologies, their individual
advantages and disadvantages for space and water heating applications. He focused

on the attempts of 1990s to utilize technical grade PCMs as storage media and
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embedded heat exchange tubes or heat pipes with extended surfaces in order to
enhance the heat transfer to and from a PCM [46]. B. Zalba et al. overviewed the
history of thermal energy storage, focusing on the aspects of PCMs, heat transfer
practices and applications. They listed over 150 materials used in research as PCMs,
and about 45 commercially available PCMs [47]. M.M. Farid et al. reviewed the
researches on latent heat storage and provided a detailed insight to the efforts for
developing new classes of PCMs, focusing on their properties, encapsulation

techniques and various applications [23].

F. Regin et al. summarized the development of available latent heat storage
technologies, and the different aspects of heat storage, such as encapsulation
methods, heat transfer applications and new technological innovations related with
PCMs [48]. Sharma et al. appraised the investigation and analysis of the available
thermal energy storage systems incorporating PCMs for use in different applications,
such as heat pumps, solar systems and spacecrafts [10]. Agyenim et al. revised the
development of latent heat storage systems, detailing various PCMs investigated over
the last three decades, the heat transfer and enhancement techniques employed in

PCMs to effectively charge and discharge latent heat energy [49].

L.F. Cabeza et al. reviewed the publications on the use of PCMs in buildings,
compiling information about the classification of PCMs, requirements for the use of
composites containing PCMs, problems and possible solutions on the application of
such composite materials in buildings [50]. M. Delgado et al. gathered the
information concerning the PCM emulsions and microencapsulated PCM slurries and
the commercially available products [51]. C.Y. Zhao and G.H. Zhang overviewed the
fabrication methods and characterization of microencapsulated PCMs (microPCMs)
and their applications to textiles and building systems [52]. Z. Rao et al. reviewed the
development and applications of PCMs and the environmental friendly materials for
indoor thermal management and humidity control [53].

In all these studies, a number of criteria to be fulfilled by an ideal organic PCM
candidate, has been listed as: exhibiting (i) high latent heat capacity to provide a high
thermal storage density, (ii) small volume change during phase transition, (iii)
repeatability of phase change, (iv) thermal stability in the course of numerous heating
and cooling cycles, (v) high density to allow a small size of storage container, as well

as being (vi) chemically stable, (vii) non-corrosive, (viii) non-toxic (ix)
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nonflammable, (x) low in cost, and (xi) easily available. The limitations reported by
many researchers are the low thermal conductivity possessed by many organic PCMs
leading to low charging and discharging rates, supercooling effect in cooling cycles,

and need for containers for preventing the leakage of PCMs [20].
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3. MATERIALS AND METHODS

3.1 Materials

In this research, studies have been conducted in three different groups which two of
them are related with the development of suitable PCM formulations by using pure
alkans and polyethylene glycols (PEGs) and other one is conserned with reducing the
chemical usage and cost reduction by the way of making tetradecane/water

emulsions.

In first groups of experiment, 19 different higher alkanes’ mixtures have been
prepared by using four alkanes with sequential carbon number. Starting with 13
carbon number tridecane, mixtures have been synthesized taking into consideration
their melting temperatures to remain in between desired working temperatures (-
20/10°C) of developed PCMs, up to 16 carbon number n-hexadecane also called
cetane. In addition to that, by using four forms of polyethylene glycols (PEGs), 14
varied blends have been investigated as alternative organic PCMs to screen out for
white good applications. n-tridecane (>99%, Merck), n-tetradecane (>99%, Merck),
n-pentadecane (>99%, Merck), n-hexadecane (>99%, Merck), PEG300 (>90%,
Tekkim), PEG400 (>90%, Tekkim), PEG600 (>99%, Merck) and PEG1500 (>90%,
Tekkim) were used without further purification. In addition to these as a surfactant,
Tween 60 (Merck) and Span 60 (Merck) were utilised. Solid liquid phase change
temperature and enthalpy values of pure alkanes are represented in Table 3.1.
Materials generally show phase change in wide range temperatures; therefore,
melting and crystallization temperatures are presented as ranges. Tmeiting_o represents
the beginning temperature of melting and Tmering 1 represents the final temperature of
melting. In the same way, Tcyst 0 and Teyst 1 Symbolize the beginning and final
temperatures of crystallization. Besides, some formulations have two step phase

change and these values were presented in bottom rows of related formulation.
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Table 3.1 : Solid liquid phase change temperatures and enthalpy of fusion for pure

alkanes.
Enthal Enthal
Material Tmi'g‘g—o Tmf;'té”g—l of Fusi?r/\ TC;yCSt—O TC;yg—l of CryFs)i/
(°C) (°C) g O O Tge
n-tridecane -17.83 -17.10 38.34 -18.77  -19.22 37.05
-5.50 -3.96 141.00 -5.68 -6.74 144.10
n-tetradecane 5.87 8.07 225.10 - 413 225.70
n-pentadecane -2.23 -1.52 41.61 -3.31 -3.73 39.16
9.76 11.24 39.16 9.70 8.40 158.30
n-hexadecane 18.19 19.91 222.80 - 16.25 224.40

In Table 3.2, enthalpy and solid liquid phase change temperature values of PEG
series are seen, among them, only PEG600 has two step crystallization which can be
presented in the bottom row.

Table 3.2 : Solid liquid phase change temperatures and enthalpy of fusion for PEGs.

Enthalpy Enthalpy

Material Tmi'“”g—o Tmﬁ,'“”g—l of Fusion TCCEV“—O ch[y“—l of Cryst
(°O) (°C) (/) (°O) (°O) (/)
PEG300 -31.69 -16.34 72.39 -32.42 -35.03 68.67
PEG400 -3.63 4.48 57.65 1.69 -0.30 50.86
PEG600 11.28 20.38 115.60 15.29 14.34 34.60
- - - 10.48 9.32 20.75

PEG1500 39.11 47.48 152.80 32.65 28.94 150.10

Additionally, a group of tetradecane/water emulsion which provide less chemical
usage and high cost advantage in industrial applications were prepared and the effect
of preparation method have been examined. In emulsions, pure water and n-
tetradecane were utilised, also to eliminate the phase separation occurance Tween 60

and Span 60 which have intercompatibility with each other were added.

3.2 Preparation of Higher Alkanes Mixtures

Higher alkanes mixtures were synthesized from different weight percent of tridecane,

tetradecane, pentadecane and hexadecane which can be seen in Figure 3.1.

18



|

q;
f ll M ! MIIMIMMW q“m’"i

|\ R

| \ull \u‘ l.lw wl |w |

Figure 3.1 : Higher alkanes' formulations.

The compositions of mixtures are given in Table 3.3. were specified by taking into

consideration the pure phase change temperatures of alkanes.

Table 3.3 : Higher alkanes’ formulations.

Code Composition(w%)
HA 1 10% tridecane - 90% hexadecane
HA 2 20% tridecane - 80% hexadecane
HA 3 30% tridecane - 70% hexadecane
HA 4 40% tridecane - 60% hexadecane
HA 5 50% tridecane - 50% hexadecane
HA 18 60% tridecane - 40% hexadecane
HA 19 70% tridecane - 30% hexadecane
HA 6 10% tridecane - 90% tetradecane
HA 7 20% tridecane - 80% tetradecane
HA 8 30% tridecane - 70% tetradecane
HA 9 10% tetradecane - 90% pentadecane
HA 10 20% tetradecane - 80% pentadecane
HA 11 30% tetradecane - 70% pentadecane
HA 12 40% tetradecane - 60% pentadecane
HA 13 50% tetradecane - 50% pentadecane
HA 14 60% tetradecane - 40% pentadecane
HA 15 70% tetradecane - 30% pentadecane
HA 16 80% tetradecane - 20% pentadecane
HA 17 90% tetradecane - 10% pentadecane

3.3 Preparation of Polyethylene Glycols Mixtures

Polyethylene glycols (PEGs) mixtures were prepared from different weight percent
of PEG 300, PEG400, PEG600 and PEG1500. The compositions of mixtures are
given in Table 3.4.
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Table 3.4 : PEG formulations.

Code Composition(w%)
PEG_3 30% PEG400 - 70% PEG600
PEG_2 40% PEG400 - 60% PEG600
PEG 1 50% PEG400 - 50% PEG600
PEG_4 60% PEG400 - 40% PEG600
PEG 5 70% PEG400 - 30% PEG600
PEG_6 80% PEG400 - 20% PEG600
PEG 7 90% PEG400 - 10% PEG600
PEG_8 40% PEG300 - 60% PEG600
PEG_9 30% PEG300 - 70% PEG600
PEG_10 20% PEG300 - 80% PEG600
PEG_11 10% PEG300 - 90% PEG600
PEG_12 50% PEG300 - 50% PEG1500
PEG_13 40% PEG300 - 60% PEG1500
PEG_14 30% PEG300 - 70% PEG1500

3.4 Preparation of Tetradecane - Water Emulsions

In this section, the effects of the preparation method on the stabilization of mixture
were investigated. In determining the amount of materials in the formulation, study
which was conducted by P. Schalbart et al. has been used as base. Three different
methods were applied that mainly the order of addition of materials varies. During
the preparation of emulsions, magnetic stirrer and Hielscher Ultrasonic Processor
UP400S (with cycle: 0.5 and amplitute: 70%) were used.
Formulation;

o 74%w pure water

o 20%w n-tetradecane

o 4%w Tween 60

o 2%w Span 60

3.4.1 Method 1

Total amount of surfactants both Tween 60 and Span 60 was added the mixture of
water and tetradecane. The mixture was firstly stirred with magnetic stirrer for 1.5
hours, after it was stirred 75 minutes by using ultrasonic processor contuniously. In
Figure 3.2, situations of mixture at first instance (left) and after magnetic stirrer

(right) can be seen.
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Figure 3.2 : Method 1 mixing step.
3.4.2 Method 2

Total amount of Tween 60 was added on water and Span 60 was supplemented on
paraffine. In Figure 3.3, views of mixtures before the mixing can be shown. Both
mixtures were stirred with magnetic stirrer for 1.5 hours separately (Figure 3.4).
After that, tetradecane-Span 60 mixture was poured to water — Tween 60 mixture and

total blend was stirred 75 minutes by using ultrasonic processor contuniously.

Figure 3.4 : Mixtures after magnetic stirring.

3.4.3 Method 3

Solvents were added through the surfactants in three stages. In each step, one third of
solvents were poured on the surfactants. Water-Tween 60 and tetradecane-Span60
mixtures were stirred with magnetic stirrer for 0.5 hours separately. Then, the
mixture of water-Tween 60 was added into tetradecane-Span60 mixtures again in the
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three stage. After the adding process, all of mixture was stirred 75 minutes by using
ultrasonic processor. Applying the gradual adding process, achievement of longer
stabilization is intended. In Figure 3.5 and 3.6 mixtures before the ultrasonic
processor mixing step can be seen. After the 75 minutes sonication procedure
homogenious mixture were obtained (Figure 3.7).

Figure 3.5 : Mixtures before the ultrasonic processor mixing.

Figure 3.7 : Mixtures after the ultrasonic processor mixing.
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3.5 Characterization

3.5.1 Differential scanning calorimeter (DSC)

TA-Instruments DSC Q200 was used for thermal analysis of the PCMs. The
measurements were carried out under inert nitrogen atmosphere at 50 ml/min flow
rate. All the DSC thermal analyses of enthalpy were conducted at 2 °C /min heating
and cooling rate and the temperature was changed generally in wide range scanned
temperature interval (between -25°C and 25°C) for the thermal analyses of PCM
formulations to achieve the well measurements. The heat flow calibration of the
instrument was performed by indium reference and the temperature calibration was
performed by indium and zinc references. Sapphire was used as an internal reference
following the heat and temperature calibrations for the specific heat analyses. During
the analyses, Tzero hermatic pan and lids were used; moreover thermal characterictis

of PCMs were evaluated based on the second termal cycles of DSC programme.

Melting and freezing temperatures, latent heat of melting and freezing and the
changes in thermal performance after accelerated cycling tests were determined with
the help of DSC analyses at Arcelik A.S. Central Research & Development Materials
Technologies Department. Every presented DSC result in this research is calculated
according to the results of at least 2 individual analyses in order to minimize the

uncertainity of the balance with four decimal digits.

3.5.2 Climatic chamber

ACS Challenge 250 climatic chamber (Figure 3.8) was utilized for performing both
accelerated melting/freezing cycles and performance measurements.
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Figure 3.8 : Climatic chamber.

In program for accelerated melting/freezing cycles, firstly all phase change materials
are kept at -25°C in 1,5 hours to obtaine totally freezing than temperature of climatic
chamber risen through the 25°C in 0,5 hours and 1,5 hours remain stable at this

temperature.

3.6 Performance Measurements

Performance measurements are carried out to determine the effect of phase change
materials on temperature changes of refrigerator fresh food compartment during
power outages in Figure 3.9. In line with this purpose, PEG-4 and PEG-5 PCMs
which represent the nearest phase change temperatures to fresh food compartment
operating temperatures( 3-8°C) among the developed PCMs are selected. Each
formulation was prepared 2,580 grams and placed into 860 grams of material
prepared in three different aluminum films for measurements that can be clearly seen
in Figure 3.10. Dimensions of aluminum films are specified considering the

dimensions of refrigerator shelves.
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Figure 3.9 : Performance measurements refrigerator.
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Figure 3.10 : Fresh food compartment.

Thermocouples are placed lower, middle and upper shelves of compartement and by
using the data logger temperature values are recorded in each 30 seconds. Selected
PCMs which represent the lover crystallization temperature than compartmet’s

operating temperature were frozen in the freezer (Figure 3.11).
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Figure 3.11 : Freezer compartment.

Performance measurement is performed according to the steps which listed below;

e To simulate the power outage, refrigerator is pluged out when fresh food

compartment reach the equilibrium temperatures.

e PCM packages are withdraw from freezer and then placed to the shelves as

soon possible as.

e Temperature changes of three sections (lower, middle and upper) are

observed.
e When all temperature values reach the 10°C, measurement is compliated.

Similar performance measurements and specification of phase change durations have
also been measured by using the climatic chamber. During this test, HA-12 and
PEG-5 PCMs are analyzed. Thermocouples are submerged into the PCMs and the
program which was utilized for performing accelerated melting/freezing cycles is

loaded to the climatic chamber is seen in Figure 3.12.
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Figure 3.12 : Performance measurements inside the climatic chamber.

Again by using the data logger, temperature changes and phase change durations of

PCMs are measured in Figure 3.13.

Figure 3.13 : Performance measurements in climatic chamber with data logger.
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4. RESULTS AND DISCUSSIONS

4.1 Higher Alkanes Mixtures

In this study, 19 different formulation containing four higher alkanes’ mixtures were

prepared. In Table 4.1, solid liquid phase change temperature and enthalpy values of

pure tridecane and hexadecane are presented.

Table 4.1 : Phase change data for higher alkanes mixtures.

Enthalpy Enthalpy
Code nglting_o nglting_l of Fusion Tcgyst_o chEyst_l of Cryst
(°O) °O) (/) (°O) (°0) (3/9)
HA 1 13.65 17.18 159.2 13.70 13.19 153.20
HA 2 -7.33 -3.42 19.87 -5.44 -1.77 7.58
10.99 15.21 111.4 11.57 11.25 108.50
HA 3 -7.50 -3.34 42.02 -4.80 -7.60 21.42
8.09 13.17 86.26 8.84 8.29 82.52
HA 4 -7.22 -3.39 58.25 -4.63 -7.32 45.32
4.53 10.96 100.6 6.52 5.90 74.06
HA 5 -7.51 -3.52 64.96 -5.76 -8.46 41.65
3.86 8.07 29.72 2.33 1.54 27.55
HA 18 -7.68 -5.21 107.50 -6.04 -8.33 38.91
2.19 5.07 22.83 -0.29 -1.17 17.63
HA 19 -7.46 -5.02 123.80 -3.51 -8.42 128.2
Due to the tridecane’s phase change characteristic which is seen in Figure 4.1,

formulations have two step melting and crystallization.
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Figure 4.1 : Tridecan's DSC thermogram.

When Figure 4.2 is examined, solid liquid phase change cycles of HA 1 - HA 5 are
observed between the -30°C and 25°C. Due to the temperature change in wide range,

these formulations can be considered as not suitable for refrigerator applications.
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Tridecane - hexadecane mixtures DSC thermograms.
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As can be seen from the Figure 4.3 HA 18 and HA_19 have solid liqued phase

transition between -8/-4°C to a large extent. Because of this reason, it can be said that

these formulations cannot be proper for the home appliances in low temperature

range.
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Figure 4.3 : Comparison of DSC thermograms of the HA_18 and HA 19

formu

lations.

In Table 4.2, tridecane - tetradecane mixtures’ phase change values are represented

and when Figure 4.4 is examined, one step solid liquid phase change curves are seen

on the contrary tridecane- hexadecane mixtures.

Table 4.2 : Tridecane - tetradecane mixtures phase change data

Code Tmilting_o Tmilting_l ;ﬂf!&&;g}r/‘ cgyst_o Tc;yst_l E?tg?)lfs)i/
(°0) O g O O Ty
HA 6 2.65 5.38 197.70 n.a. 1.96 205.90
HA_7 -0.55 3.87 179.10 0.78 -1.32 171.30
HA 8 -2.17 0.50 162.40  -0.58 -1.83 123.90
-5.37 -5.46 8.48

31



TA Instruments Thermal Analysis - DSC Standard Cell FC parafing_1.001

————  parafin7_1.001
—— - parafing_1.001

1 Methed Log:

1: Equilibrate at -15.00°C

1 2: Ramp 5.00°C/min to 20.00°C
3: Isothermal for 2.00 min

{ 4: Ramp 5.00°C/min to -15.00°C 058°C 196°C HA_G
5: Isothermal for 2.00 min 120 4Jig
2 -{ B Mark end of cycle 1 , 20521
7: Ramp 2.00°C/min to 20.00°C HAS _1'83\2 9
]

| 8: Isothermal for 2.00 min '
9: Ramp 2 .00°C/min to -15.00°C //

10: Isothermal for 2.00 min

1 11: Mark end of cycle 2
12: End of method

Heat Flow (W/g)
o
1

-2 4
052°C
HA_8
-2.09°C 265°C
153.0J/g 196.8J/g HA_S
AT 7 T [ T T T
-20 -15 -10 -5 0 5 10 15 20
ExoUp Temperature (°C) Universal V4 SA TA

Figure 4.4 : DSC thermograms of tridecane - tetradecane mixtures.

In Table 4.3, solid liquid phase change temperature and enthalpy values of pure
tetradecane and pentadecane are presented. HA_9 and HA 10 formulations have two
step phase change and these values were presented in second row of related

formulation.

Table 4.3 : Phase change data for tetradecane - pentadecane mixtures.

Enthalpy Enthalpy
Code No Tmelting_O Tmelting_l of Eusion Tcryst_O Tcryst_l of Cryst
e (O ( O (°O)
J/g) (/)
HA_9 -8.37 -7.05 2445  -848 -890  20.17

8.23 9.98 151.60 8.75 7.40  153.50
HA_10 -12.86  -11.58 8.50 -13  -13.36 9.74

6.97 9.09 15430 781 6.35  152.30
HA_11 5.75 7.90 14760 6.86 540  149.20
HA_12 4.95 7.59 14440 598 4.03  147.10
HA_13 4.17 6.55 14140 512 335 146.10
HA_14 3.94 6.03 145 440 254  151.40
HA_15 3.60 5.17 147 380 237 153.80
HA_16 3.26 4.97 140 3.15 1.64  147.80
HA_17 3.11 4.94 14690 8.84 1.16  149.30
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Among this group, formulations with lower tetradecane ratios HA_9 and HA_10
(10%w and 20%w respectively) can be considered as not proper for the 0/10°C
working region in refrigerator application (Figure 4.5).
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Figure 4.5 : Comparison of DSC thermograms of the HA_9 and HA_10
formulations.

As shown in Figure 4.6, it can be clearly indicated that most tetradecane-pentadecane
combinations such as from HA_12 to HA 16 are suitable for the fresh food
compartment and crisper. Also one step phase change, higher enthalpy values and

having quite close melting and crsytallization temperatures are the main advantages
for this usage purpose.
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Figure 4.6 : DSC thermograms of tetradecane - pentadecane mixtures.

4.2 Polyethylene Glycol Mixtures

Solid liquid phase change temperature data and enthalpy values of binary

combinations of PEG600 with PEG300 and PEG400 are given in Table 4.4. Because

of that, pure PEG600 shows the two step crystallization, all formulations (except
PEG_7) from PEG_1 to PEG_11 demonstare two different crystallization curves and

temperature values are presented in second row.
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Table 4.4 : Phase change data for polyethylene glycol mixtures.

Code Tmelting_O Tmelting_l (I)Efnlgl],]aslf()))r/] cryst_0 Tcryst_l I(E)?tg?)lgil
(°C) (°C) (/) (°C) (°C) /)
PEG_3 4.76 16.24 86.34 12.02  4.07 26.84
10.66  3.56 15.99
PEG_2 2.07 12.66 71.33 9.77 1.49 23.87
8.32 0.84 15.57
PEG_1 0.78 12.42 75.99 10.79 1.04 16.72
8.7 0.22 20.64
PEG_4 -1.3 10.36 65.12 7.24 0.14 16.16
6.13 0.05 25.1
PEG_5 -5.83 6.17 59.94 3.38 -2.91 11.38
2.08 3.02 25.77
PEG_6 -8.5 291 50.81 -1.17  -5.33 4.8
-2.31  -5.65 26.68
PEG_7 -8.31 3.06 51.12 -5.87 -6.71 61.68
PEG_8 1.42 12.78 59.5 1.71 -2.55 29.06
6.41 -3.8 7.08
PEG_9 3.39 13.6 68.96 8.47 -1.63 33.64
7.17 -2.77 8.64
PEG_10 1.6 16.43 80.49 11.43  2.27 32.74
10.05 1.5 9.2
PEG 11 2.76 14.24 65.58 10.75 10.01 31.26

2.28 1.47 12.63

PEG400-PEG600 mixtures’ solid liquid phase change curves are represented
together in Figure 4.7. When the start and end temperature points of both melting and
crystallization curves are investigated, it can be clearly seen that phase changes take
place between average 10°C tempertures. Also broad curves can be viewed in Figure
4.7.
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Figure 4.7 : DSC thermograms of PEG400 - PEG600 mixtures.

When PEG300-PEG600 mixtures which are represented as PEG_8, PEG_9, PEG_10

and PEG_11, it was found that the melting temperatures are above the limit value

(10°C) and cannot be utilised properly in side the refrigerator cabinet, Figure 4.8.
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Figure 4.8 : DSC thermograms of PEG300 - PEG600 mixtures.
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In Table 4.5, shows the solid ligid phase change data for PEG300 and PEG1500
mixtures and gradual melting curves can be seen also in Figure 4.9. Even if the

PEG300 was used in the formulations, it was observed that metlting temperatures can

not be lowered to the targeted temperature ranges.

Table 4.5 : Phase change data for PEG300 - PEG1500 mixtures.

T T . Enthalpy n 1 Enthalpy
Code mgltlng_o miltlng_l of Fusion cgyst_o cgyst_l of Cryst
(°O) °C) (/) °O) °O) /)
PEG_12 34.63 39.31 16.25 29.66 23.48 46.66
40.84 41.99 4.87
PEG_13 35.32 39.69 9.24 28.35 25.23 83.42
41 42.91 16.12
PEG_14 35.89 39.89 9.84 39.09 37.06 99.86
41.56 44.21 22.47

0.8

| TEZ_PEG_FORMUL12_2 001
| |-———  TEZ_PEG_FORMUL13_1.001
— - TEZ_PEG_FORMUL14_1.001

0.6 -
0.4
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Heat Flow (W/g)
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PEG_FORMUL 13
25.23°
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28.35°C f
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37.03°C

39.09°C
106.0J/g

06
-40

Exo Up

4.3 Tetradecane/Water Emulsions

T T T T . T .
20 40 60

Temperature (°C) Universal V4.5A TA

Figure 4.9 : DSC thermograms of PEG300 - PEG1500 mixtures.

In this part of the work, solid ligid phase change temperature values and enthalies are

presented with the accelerated melting/freezing cycle numbers in Table 4.5, 4.6 and
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4.7. Enthalpy of crystallization values cannot be measured properly because of the

supercooling effect.

Table 4.6 : The change of the phase change data for method 1.

method c Tmelting_O Tmelting_l Enthal-py Tcryst_O Tcryst_l Enthalpy
o ycle °C) °C) of Fusion C) °C) of Cryst
(J/g) (J/9)
1 0 0.11 2.61 209.7 -16.45 -18.37 -
1 5 0.07 2 2235 -14.38 -15.84 -
1 48 0.17 241 2115 -16.2  -18.42 -
1 93 0.04 1.78 221.7 -12.61 -14.43 -
1 135 0.07 2.01 2142 -1544 -17.31 -
1 219 0.16 2.4 208.7 -15.79 -17.61 -
1 260 0.21 2.82 2142  -16.55 -19.03 -
1 324 0.01 1.61 221.2 -16.66 -18.63 -
1 397 0.19 2.93 211.8 -16.66 -19.16 -
1 514 0.16 2.69 203.8 -12.93 -1591 -

The comparison of DSC thermograms according to the cycles for method 1 is

presented in Figure 4.10.
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Figure 4.10 : Comparison of DSC thermograms of method 1.
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Table 4.7 : The change of the phase change data for method 2.

method c Tmelting_O Tmelting_l Emhal-py cryst_0 Tcryst_l Enthalpy
o ycle °C) °C) of Fusion C) °C) of Cryst
(J/g) (J/g)
2 0 0.03 1.88 2201 -12.81 -14.33 -
2 ) 0.13 212 215.7 -16.5 -18.47 -
2 48 0.12 1.93 208.6  -15.48 -16.45 -
2 93 0.04 1.93 208.8 -1529 -17.11 -
2 135 0.05 1.77 208.6 -20.19 -215 -
2 219 0.13 2.18 206.2 -2049 -22.21 -
2 260 0.15 2.24 205 -14.78 -16.6 -
2 324 0.09 1.97 190.1 -21.05 -22.62 -
2 397 0.13 2.39 198.3 -19.8 -22.04 -
2 514 0.25 2.21 133.7 -19.85 -21.93 -

The comparison of DSC thermograms according to the cycles for method 2 is

presented in Figure 4.11.
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Figure 4.11 : Comparison of DSC thermograms of method 2.
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Table 4.8 : The change of the phase change data for method 3.

method c Tmelting_O Tmelting_l Emhal-py cryst_0 Tcryst_l Enthalpy
o ycle °C) °C) of Fusion °C) °C) of Cryst
(J/g) (J/9)
3 0 0.08 1.75 211.2  -17.61 -19.03 -
3 5 0.04 1.79 210.8 -17.51 -18.77 -
3 48 0.12 2.12 203.1  -10.69 -13.21 -
3 93 0.07 1.69 208.8 -17.06 -18.47 -
3 135 0.04 1.66 210.3 -15.54 -17.11 -
3 219 0.1 1.84 202.5 -20.49 -21.6 -
3 260 0.09 2.01 217.1  -16.25 -18.22 -
3 324 0.08 1.74 188.6 -17.41 -19.13 -
3 397 0.21 2.93 204 -18.63 -20.6 -
3 514 0.17 2.39 200.2 -15 -17.49 -

The comparison of DSC thermograms according to the cycles for method 3 is

presented in Figure 4.12.
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Figure 4.12 : Comparison of DSC thermograms of method 3.

According to the Figure 4.13, PCM which is synthesized by method 2 has the

maximum change in melting point temperatures.
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Figure 4.13 : Change of the melting points according to the cycles.

When the Figure 4.14 is examined it is clearly seen that, method 1 and method 3

show the similar change of fusion enthalpy.
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Figure 4.14 : Change of the fusion enthalpy values according to the cycles.
4.4 Accelerated Melting/Freezing Cycles

For higher alkanes formulations 1200 and for PEG mixtures 350 accelerated melting
freezing cycles have been completed. Results of measurements will be
supplemented. Related data about tetradecane/water emulsions are presented in
section 4.3.
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4.5 Performance Measurements

The comparative analyses of reference case and case which contains PCM packages
are presented in Figure 4.15 and Figure 4.16. Both measurements that start at 3°C

and proceed through the 10°C, middle section temperature changes have been shown.
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Figure 4.15 : Performance measurement of PEG-5 PCM

In performance measurement of PEG-5 PCM, with the help of phase change
materials approxiametely fresh food compartment temperatures are kept under the

upper limit temperature (10°C) more than 2.4 hours (Figure 4.15).
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Figure 4.16 : Performance measurement of PEG-4 PCM
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In addition to this,it can be clearly analyzed that, PEG-4 PCM provides more than
3.5 hours cooling (Figure 4.16). If they are frost utterly in freezer and used in fresh
food cabinet when power outage is exist; therefore, it can be extended the decay time

of foods and beverages.
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5. CONCLUSIONS AND RECOMMENDATIONS

In this study, to obtain the energy efficiency in white good applications, paraffine

and polyethylene glycol based 33 different phase change materials were synthesized.

According to the theoritical knowledge, organic phase change materials have more

remarkable properties in terms of working life and performance. In the light of this

notion, the choice of raw materials were evaluated taking account of the temperature

of developed phase change materal which is desired between -20°C to 10°C.

Besides, the effects of sysnthesis method on tetradecane and water emulsions have

been observed. To achive the chemical structural integrity, the importance of the

squence of added chemicals were investigated.

The findings from this study are introdused below:

Tridecane — hexadecane formulations have shown two step melting and
crystallization because of the pure tridecane’s phase change characteristic.
Due to the fact that, for refrigerator applications require more narrow
operating temperature range, these formulations can be considered as not
suitable.

In the case of tridecane — tetradecane mixtures, HA 6, HA 7 and HA 8
formulations demonstrate one step solid liquid phase change; moreover,
because of the closeness of the melting and crystallization temperatures in
between 0-5°C, this group of phase change materials are countenanced both

fresh food cabined and crisper in refrigerator.

When tetradecane — pentadecane mixtures are analyzed, single phase change
curves could not be seen for the formulations HA_9 and HA 10 that contain
low tetradecane weight percent (10%, 20% respectively). Beside this,
developed PCMs from HA 12 to HA_16 have shown phase change in

between 3 - 8°C that exactly suit with the refrigerator operating temperatures.
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e Within the context of this study, it is observed that tetradecane — pentadecane
mixtures become prominent for home appliances with low operating

temperature.

e When DSC thermograms are investigated in detailed, both PEG300-PEG600
and PEG300-PEG1500 formulations have shown the higher melting and

crystallization temperatures above the operation conditions.

e PEG_12, PEG_13 and PEG_14 phase change material formulations with
relatively high phase change temperature (between 30-40°C) can be utilized
as different white good applications such as in heating rinse water of dish

washer.

e Formulations which containe various amounts of PEG400 and PEG600
demonstrate solid liquid phase change in a wide range temperature -
approxiametely in 10°C. Because of this situation, they cannot be used direct
usage in refrigerator properly. However, especially PCMs with PEG 1,
PEG 2, PEG_3, PEG_4 and PEG_5 formulations can be utilized if they are
frost utterly in freezer, they can be used in fresh food cabinet when power
outage is exist; therefore, it can be extended the decay time of foods and

beverages.

e Asaresult of the study that is examined the effects of the preparation method
on the stabilization for tetradecane water emulsions, 1t has not seen a huge
discrepancy between method 1 and method 3 in terms of the change in

melting temperatures and enthalpy of fusion values.

e On the contrary, the beginning of the phase separation has been observed
more significantly in PCM synthesized with method 2. That can be concluded
that rather than the adding sequence of chemicals, the duration of interaction

of materials all told is more effective.

For further studies, different types of paraffin waxes can be experienced instead of
pure alkanes for white good applications. Besides, studies to reduce the wide phange
change temperature range especially in PEG mixtures.
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