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Summary-Study of a urea-based phase change material for thermal
energy storage

This work presents a contribution to the latent heat thermal energy storage LHTES technology
by working on both phase change materials PCM and storage systems that are technically and
economically viablefortheirintegrationin buildings.

The study comprises an in-depth analysis of the thermal behavior that the urea and Sodium
nitrate eutecticmixture would provideforits use as latent heat thermal storage material for the
Domestic Heating Water (DHW) and heating applications. According to former studies, the
mixture had been considered an excellent candidate material for this purpose, but the behavior
underthe operation conditions, including the long-term use had not been studied before. One
of the main objectives of the Ph. D. thesis was the characterization of these aspects to evaluate
the feasibility to use the urea and Sodium nitrate eutecticmixture asa PCM in the application.
Accordingly, the following aspects have been assessed in this work: hygroscopicity, thermal
degradation, phase segregation, and supercooling. Several testing methodologies have been
developedinorderto attainresults representative of the operationinthe final application. This
aim arises from the need to get knowledge about how the materials will behave in the real
application, which can greatly differ from laboratoryscale, also taking into account the potential
long-term use of the materials.

The characterization of the hygroscopicity, or water uptake, of the urea and Sodium nitrate
eutectic mixture was evaluated under different conditions. Phase identification and thermal
properties characterizationwere carried out on hydrated and dry samples to study the influence
of the waterintake on the materials behaviorand to find solutions suitable forits use asa PCM.
A method for sample preparation and handling of the mixture to avoid water uptake has been
developed.

The thermal degradation of the urea and Sodium nitrate eutectic mixture was studied by
determining the thermophysical properties when the mixture was exposed at different
temperatures for prolonged periods. DSC (Differential Scanning Calorimetry) was used to
determine the changes on the melting enthalpy, melting onset temperature and melting peak
temperature, which are directly related to the PCM thermal energy storage properties. In
addition, the degradation products and their influence on the system thermal properties were
assessed by means of different analytical techniques, including HPLC (liquid chromatography),
XRD (X-ray diffraction and FTIR (Fouriertransformed infrared spectroscopy).

The eutectic mixture showed an unforeseen segregation phenomenon when itwas exposed to
repeated melting-solidification cycles. As a result, the phenomenon was researched and the
causes that produce it were determined. A test campaign consisting on thermal cycling of
samples using different cooling rates was carried out, and subsequently the segregated
materials were analyzed by different techniques, including XRD, DSC and microscopy (PLM and
SEM). The results established arelationship between the operation conditions, more specifically
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the cooling rates, with the resulting crystal structures, which explain the phase segregation in
the eutectic mixture. A mitigation measure was determined.

The mixture-supercooling was studied from a different approach to the usual approaches
employed in the PCM research community. The aim was to further improve the knowledge
about the supercooling relationship to the system parameters, to efficiently design LHTES
systems to be used with materials that exhibit supercooling. Experiments were designed to
determine the relationship of the supercooling degree with parameters associated with the
system, like the sample volume, the cooling media properties, and finally the PCM properties.
To doit, several sample containers with different geometries and volumes, several cooling rates,
two heat transfer fluids (HTF) and two PCM were used (urea and Sodium nitrate eutectic
mixture and polyethylene glycol 10000).

Finally, regarding the storage systema shell and tubes heat exchanger was studied in order to
evaluate the use of devices which are commercially available (i.e. potentially more economical
and readily feasible) forthe use aslatent heat energy storage LHTES devices. The first objective
was to attain a deeperunderstanding of the device thermal behavior. The characterization was
performed using RT60 paraffin as PCM inside the shell, a well known commercial material, to
assure the reproducibility of theresults, and water as heat transfer fluid HTF in the tubes. Several
flow rates and temperature ranges were used to obtain agreater scope of the operation of the
device as LHTES. The work included the determination of the thermal losses, and the study of
charging and discharging cycles with different HTF, initial and final temperatures, and flow rates.
The temperatures of both, the HTF and in the PCM, were monitored during the tests in several
different locations. Then, the charging and discharging times and parameters related to the
stored and released energy were determined.

The memory has been written in 8 chapters. Each chapter, except chapter 1 (Introduction),
chapter 7 (conclusions) and chapter 8 (references), has its own initial introduction where the
main scientificand technicalaspects required to approach the chapter have been added, as well
a brief analysis of the bibliography pertaining to the subject dealt withinthe chapter. Asaresult,
the chapter lincludesabrief presentationabout the technicaland scientificaspects relevant to
the develoment of the latent heat thermal storage and the phase change materials, and the
presentation of the objectives and structure of the thesis.
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Résumé - Etude d'un matériau & changement de phase a base
d'urée pour le stockage de |'énergie thermique

La technologie de stockage de I'énergie thermique par chaleur latente (Latent Heat Thermal
Energy Storage — LHTES) est abordée en travaillanta la fois sur les matériaux a changement de
phase MCP utilisés etsurles systemes de stockage techniquement et économiquement viables
pour leurintégration dans les batiments.

En ce qui concerne le matériau MCP, un mélange eutectique d'urée et de nitrate de Sodium a
été précédemmentidentifié comme un bon candidat pourles applications Eau Chaude Sanitaire
(ECS) et chauffage. Cependant, le mélange présente plusieurs caractéristiques qui pourraient
compromettre son utilisation along terme et qui n'ont pas été encore suffisamment étudiées,
telles que I'hygroscopicité, la dégradation thermique, la ségrégation de phase et la surfusion.
Pour cette raison, I'un des principauxobjectifsde lathése de doctorat était la caractérisation de
ces aspects pour évaluer |'utilisation du mélange eutectique d'urée et de nitrate de Sodium
comme MCP. L'étude du matériau comprend le développement de méthodologies qui sont plus
représentatives de son utilisation dans I'application finale que celles traditionnellement
rencontrées pourlacaractérisation des MCP. Cet objectifdécoule de la nécessité d'acquérir des
connaissances surle comportement desmatériaux en conditions réelles de fonctionnement, qui
peuvent étre tres différentes de I'échelle du laboratoire, en tenant compte également de
l'utilisation potentiellealongterme des matériaux.

La caractérisation de I'hygroscopicité ou de I'absorption d'eau du mélange eutectiqued'urée et
de nitrate de Sodium a été réalisée dans différentes conditions. L'identification des phases et
I'évaluation des propriétés thermiques ont été effectuées surdes échantillons hydratés et secs
afin d'évaluer la nécessité éventuelle de sécher les matériaux en vue de leur utilisation finale.
Une méthode de préparation des échantillons et des conditions de manipulation sontproposées
pour éviterl'absorption d'eau du mélange.

La dégradation thermique du mélange eutectiqued'urée et de nitrate de Sodium a été évaluée
en étudiant le comportement thermo-physique aprés un temps d'exposition a différentes
températures. Des mesures DSC (Differential Scanning Calorimetry) ont été effectuées pour
déterminerlavariation d'enthalpie lors de lafusion, latempérature de début de fusion et celle
du picde fusion, qui sont des propriétés directement liées au stockage de |'énergie thermique
du MCP et a sa stabilité a long terme. En outre, les produits obtenus lors de la dégradation et
leurinfluence surlavariation des propriétés du MCP ont été étudiés.

Le mélange eutectique amontré une ségrégationimprévue adestempératures supérieures au
point de fusion lors des cycles de fusion et de solidification. Plusieurs tests ont été effectués,
notammentle cyclage thermique surdes échantillonsde 4a 5 g en utilisant différentes vitesses
de refroidissement, la diffraction par rayons X des phases due a la ségrégation, la calorimétrie
différentielle apres la redissolution de ces phases dans le matériau liquide et la microscopie
(PLM et MEB) d'échantillons refroidis dans différentes conditions. Les expériences ont permis
d'établirune relation entre les conditions de fonctionnement, plus précisément les vitessesde
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refroidissement, et les structures cristallines résultantes qui expliquent laségrégation de phase
dans le mélange eutectique, etlamaniere de laréduire etd'inverser le processus.

L'étude de la surfusion comprenait I'utilisation de deux MCPs : I’eutectique urée - nitrate de
Sodium et le polyéthyléne glycol 10000. Les expériences ont été réalisées dans différentes
conditions : des récipients de géométrie et de volume différents, diverses vitesses de
refroidissementetdiversfluides de transfertthermique. Enfin, les résultats ontservi a évaluer
la relation entre le degré de surfusion etles paramétres associés au volume de |'échantillon, au
milieu de refroidissement et aux caractéristiques du MCP. Apres la détermination des
parametres les plus pertinents, des modeles de régression linéaire ont été définis pour chaque
matériau puis pour les deux matériaux. L'objectif spécifique de ce chapitre est de faire un pas
de plus dans la compréhension et la prédiction de la surfusion, afin de concevoir efficacement
des systémes LHTES utilisant des matériaux qui peuvent présenter une surfusion.

Enfin, en ce qui concerne le systéme de stockage, un é changeur de chaleuratubes-calandre est
étudié afin d'évaluer!'utilisation de ce type de dispositifs déja commercialisés (potentiellement
plus économiques et facilement réalisables) comme dispositifs de stockage de I'énergie
thermique latente (LHTES). Le premier objectif était de mieux comprendre le comportement
thermique de I’échangeur. L'étude a été réalisée en utilisant, dans la calandre, de la paraffine
RT60 comme MCP, un matériau commercial bien connu assurant ainsi la reproductibilité des
résultats, et de I'eau comme fluide de transfert de chaleur (Heat Transfer Fluid HTF) dans les
tubes. Plusieurs débits et plages de température ont été envisagés pour réaliser I’étude
compléte du fonctionnement de I’échangeur. Le travail a inclus la détermination des pertes
thermiques et I'étude des cycles de charge et de décharge avec différentes températures
initiales et finales et différents débits du HTF. Les températures du HTF et celles du MCP
(mesurées a 15 endroits différents a l'intérieur de la calandre) ont été relevées pendant les
essais. Ensuite,lestemps de charge et de décharge etles parametres liés ala puissance stockée
et libéréeont été déterminés.

La mémoire a été écrite en 8 chapitres. Chaque chapitre, a I'exception du chapitre 1
(Introduction), du chapitre 7 (conclusions) et du chapitre 8 (références), asa propre introduction
initiale danslaquelle les principaux aspects scientifiques et techniques nécessaires pour traiter
le chapitre ont été inclus, ainsi qu'un bref analyse de la bibliographie sur le sujet traité dans le
chapitre. En conséquence, le chapitre 1 comprend une bréve présentation sur les aspects
techniques et scientifiques pertinents pour le développement des matériaux de stockage de
chaleur latente et a changement de phase, ainsi que la présentation des objectifs et de la
structure de la thése.
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Resumen - Estudio de un materialde cambio de fase basadoen la
urea para el almacenamiento de energia térmica

Este trabajo presenta una contribucidn a la tecnologia de almacenamiento de energia térmica
latente LHTES. Incluye el estudio de materiales de cambio de fase PCM y de sistemas de
almacenamiento que son técnicay econdmicamenteviables parasuintegracién en edificios.

El estudio comprende un analisis en profundidad del comportamiento térmico que la mezda
eutéctica de urea y nitrato de sodio proporcionaria para su uso como material de
almacenamiento térmico de calor latente, destinada a un uso de agua caliente domésticay
calefaccion (ACS). Segun estudios anteriores, la mezcla habia sido considerada un excelente
material candidato para este propdsito, pero el comportamiento bajo las condiciones de
operacion, incluido el uso a largo plazo, no se habia estudiado antes. Uno de los objetivos
principales de la tesis de doctorado fue la caracterizacion de estos aspectos para evaluar la
viabilidad de utilizar la mezcla eutéctica de urea y nitrato de sodio como PCM en la citada
aplicacion. En consecuencia, los siguientes aspectos se han evaluado en este trabajo:
higroscopicidad, degradacidn térmica, segregaciéon de fase y sobreenfriamiento. Se han
desarrollado varias metodologias de ensayo para lograr resultados que puedan ser
representativos del comportamiento en la aplicacién final. Este objetivo surge de la necesidad
de conocer como se comportaran los materiales en la aplicacidn real, que puede diferir
enormementede laescaladel laboratorio, tambiénteniendo en cuentael uso potencial alargo
plazo de los materiales.

La caracterizacion de la higroscopicidad, o absorcion de agua, de la mezcla eutécticade ureay
nitrato de sodio se evalué en diferentes condiciones. La identificacion de fases y la
caracterizacién de propiedades térmicas se llevaron a cabo en muestras hidratadas y secas para
estudiar la influencia de la ingesta de agua en el comportamiento de los materialesy para
encontrar soluciones adecuadas para su uso como PCM. Se ha desarrollado un método parala
preparacion de muestrasy el manejo de la mezcla que permitan evitarlaabsorcion de agua.

La degradacidon térmica de la mezcla eutéctica de urea y nitrato de sodio se estudié
determinando las propiedades termofisicas tras la exposicion de la mezcla a diferentes
temperaturas durante periodos prolongados. Se usé DSC (calorimetria diferencial de barrido)
para determinar los cambios en la entalpia de fusidn, la temperatura de inicio de fusiény la
temperatura maxima de fusién, que estan directamente relacionadas con las propiedades de
almacenamiento de energia térmica del PCM. Ademas, se evaluaron los productos de
degradacion y su influencia en las propiedades térmicas del sistema, mediante HPLC
(cromatografia liquida), XRD (difraccion de rayos X), y FTIR (espectrometria de infrarrojos por
transformadade Fourier).

La mezcla eutécticamostré unfendmeno imprevisto de segregacion de fases cuando se expuso
aciclos repetidos de fusidon-solidificacion. Como resultado de ello, se investigd el fendmenoy se
determinaron las causas que lo producen. Se realizé una campaia de ensayos que consistid en
sometera las muestras a un nimero dado de ciclos térmicos utilizando diferentes velocidades
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de enfriamiento. Posteriormente los materiales segregados se analizaron mediante diferentes
técnicas, incluyendo XRD, DSC y microscopia (PLM y SEM). Los resultados establecieron una
relacion entre las condiciones de operacion, mas especificamente las velocidades de
enfriamiento, con las estructuras cristalinas resultantes, que explican lasegregacién de fase en
la mezclaeutéctica. Se determinaron posibles medidas de mitigacion.

El estudio del sobrenfriamiento se realizé desde un enfoque diferente a los enfoques
habitualmente empleados enlacomunidad de investigacion de PCM. El objetivo era mejorar el
conocimiento sobre la relacion del sobrenfriamiento con los pardmetros del sistema, para
disefiarde manera eficiente los sistemas LHTES, permitiendo el uso de materiales que exhiben
sobrenfriamiento. Los experimentos se disefiaron para determinar la relacién del grado de
sobrenfriamiento con los principales parametros del sistema, como son el volumen de la
muestra, las propiedades de losfluidos caloportadores (HTF), las condicionesde enfriamiento vy,
finalmente, las propiedadesdel PCM. En el estudio se usaronvarios contenedores con diferentes
geometrias y volumenes, varias velocidades de enfriamiento, dos fluidos de transferenda de
calor (HTF) y dos PCM (mezcla eutécticade ureay nitrato de sodioy polietilenglicol 10000).

Por dltimo, enlo que respectaal sistema de almacenamiento, se estudié unintercambiador de
calor de carcasa y tubos para evaluar el uso de dispositivos disponibles en el mercado
(potencialmente mas econdmicos y viables desde un punto de vista comercial) para su
utilizacién como dispositivos de almacenamiento de energia térmica latente LHTES. El primer
objetivo eraconoceren profundidad el comportamiento térmico y operatividad deldispositivo.
Para ello se llevé a cabo un estudio paramétrico de caracterizacion, utilizando parafina RT60
como PCM en el interior de la carcasa, un material comercial conocido para asegurar la
reproducibilidad de los resultados y descartar efectos asociados al material PCM, y agua como
fluido caloportador (HTF) en los tubos. Se utilizaron varios caudales y rangos de temperatura
para obtenerun mayor conocimiento del funcionamientodel dispositivo como LHTES. El trabajo
incluyd la determinacion de las pérdidas térmicasy el estudio de los ciclos de carga y descarga
condiferentescaudales, y temperaturasiniciales y finales. Durante los ensayosse monitorearon
las temperaturas de ambos materiales, el HTFy el PCM, en varios lugares diferentes. Tras ello,
se determinaronlos tiemposde cargay descargay los parametros relacionados conla energia
almacenaday liberada.

La memoriahasido escritaen 8 capitulos. Cada capitulo, excepto el capitulo 1 (Introduccién), el
capitulo 7 (conclusiones) y el capitulo 8 (referencias), tiene su propiaintroducciéon inicial donde
se hanincluido losprincipales aspectos cientificos y técnicos necesarios para abordar el capitulo,
asicomo un breve andlisisde labibliografia sobre el tematratado en el capitulo. Comoresultado,
el capitulo 1 incluye unabreve presentacidn sobre los aspectos técnicos y cientificos relevantes
para el desarrollo del almacenamiento térmico latente y los materiales de cambio de fase, asi
como lapresentacion de los objetivosy la estructurade la tesis.
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Chapter 1 : Introduction and objectives

1.1 INTRODUCTION

Energyisan essential need in modern society. From keeping our homes warm and being part of
our day-to-day choresto fuelingindustry and transport. The great advancesin technology and
health during the last century resulted in disproportionate population growth. Therefore, the
demandfor resourcesincreased at a high speed, as well as the associated demand for energy.
The world energy production mainly depends on non-renewable resources. This fact inevitably
entails aseries of environmental, economic, and political problems. At afirstinstance, the non-
responsible consumption of fossil fuels has increased the atmospheric greenhouse-effect-
emissions and, leading to a severe global warming in a few decades. Furthermore, the
centralized nature of the energy production makes many countries to be dependent onimports
while the supply to consumers reaches increasingly unattainable prices, and also put pressure
on the energy resources.

To stop the current energy situation, some countries reached a series of agreements dealing
with greenhouse-gas-emissions mitigation, adaptation, and finance (Kyoto protocol, Paris
agreement).Atthe EuropeanUnion level, thisis reflected in theimplementation of an ambitious
energy policy, which promotes all energy sources to be sustainable and aims to achieve a safe,
competitive, and sustainable energy economy. Todoit, the research policies target to introduce
new technologies to achieve these objectives, based both on the use of renewable energy
sources and onthe development of improvementsin energy efficiency.

Figure 1. 1 showsthe evolution of the energy consumption by different sectorsin Europe from
1990 to 2017 [1]. The residential sector and the commercial and publicservices sectoraccount
for40% of the energy demand in Europe. Both sectors share many similarfeaturesin relation to
the energy consumption, mostlyrelated to the building operation, as well astoits construction.

100% B Non-energy use
90% B Non-specified
80%

0% W Fishing
60% m Agriculture / forestry
50%
20% Com_meme.il and
public services
30% Residential
20%
10% M Transport
2000 2005

0% M Industry
Figure 1. 1 Evolution of energy consumption in Europe by sectors/final use

Total final consumption (TFC) by
sector in Europe [%)]

1990 1995 2010 2015 2017

In fact, a large part of this consumption is devoted to space heating and domestic hot water
(DHW). The energy for DHW and space heating can be attained in-situ or can be produced in
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other places and, in that case it needs to be transported. This entails great losses (such as
electricity for heating production). Hence, it is necessary to encourage the development of
technologies that allow the generation and use of thermal energy in situ to higher energy
efficiency rates. Solarthermal and micro-cogeneration technologies stand out for this purpose
in buildings, given the 100% renewable nature of the former and the high energy efficiency of
the latter. However, these technologies have as a disadvantage the mismatch between the time
when the energy is available and the time when it is needed, i.e. generation and consumption
are producedina deferred manner. This requires toimplementa correct storage system where
the heat (produced whenthe energyis available)is stored untilitis required. This type of storage
is known as thermal energy storage, TES [2], [3]. TES provides a high degree of flexibility and
can integrate a variety of energy harvesting technologies, like for example solar collectors,
biofuel combustors, heat pumps, and off-peak electricity generators.

Thereisa certain number of TES technologies, which are based eitherin chemical methods (use
of the heat generated in chemicalreactions) orin physical methods (use of sensible heat, latent
heatand sorption). This thesisfocusesthe research on the use of latent heat forthermalenergy
storage, LHTES. Latent heatisthe thermal energy exchanged when a phase change takes place.
Itis the (thermal) energy needed for a determined mass of a material to completely change its
state of aggregation (fromsolid toliquid, from liquid to gas, from solid to gas, and viceversain
all the three cases?), which occurs at a constant temperature orin asmall range of temperature.
The heat isthenreleasedinthe reverse phase transformation.

The high storage density of the latent heat storage systems makes themsuitable forintegration
in buildings, where there are generally space problems [4]. One of the main limitationsforthe
development of thermal energy storage systems is the storage material itself. These materials
are called phase change materials, PCM. They should meet a long list of physical, chemical,
thermodynamic, kineticand technical parameters, which make the search for a suitable PCMa
very difficult duty. In addition to that, for the technology to be implemented it is necessary to
develop materials that are economically feasible and have high energy density [5].

For the specific application of water and space heating for buildings, PCM with a melting
temperature between 60and 90 °C are necessary. The material should havethe largest possible
melting enthalpy, which provides the latent storage capacity. To draw a broad picture, the
lowest acceptable melting enthalpy is generally drawn at a phase change enthalpy of 120 kJ/kg,
while the maximum acceptable cost is generally defined at 3 €/kg, although these values are
provided only to give an idea of the numbers behind the technology and are not true-limit
numbers.

The herein presented work studies the development of a PCM based on the urea and Sodium
nitrate eutectic mixture for the following reasons: No pure material was identified for thermal
storage at the required temperature interval, 60-90°C. As a result, the search for adequate
mixtures was carried out. The proposed mixture isformed by urea and Sodium nitrate. Urea is

1 There are also phasechanges froma crystallinephaseto a different crystalline phase, but they have not
been included for not being useful inthe purpose of the thermal energy storage
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a very cheap compound (1 €/kg), the melting point is 133 °C with a high storage density.
However, ithas degradation problems. Sodium nitrate also has good thermal characteristics for
energy storage. Itis currently being studied as PCM in concentrated solar power (CSP) because
of its high melting point (308 °C). Previous research shows that the two compounds form a
eutectic point with the following composition: 78.25 wt% urea and 21.75 wt% Sodium nitrate.
The mixture melting pointis 85 °C, lower than the original components melting temperature
and within the application temperature range (between 60°C and 90 °C).

1.2 THERMALENERGY STORAGE, TES

Thermal energy refers to the energy related to the movement of the particles that compose
matter. The transfer of thermal energy from one body to another by means of a temperature
differenceis called heat. Thistransfer is carried out in such a way that if two bodies come into
contact at different temperatures, the higher temperature body transfers part of its energy to
the lower temperature body until the thermal equilibrium is reached, that is until the
temperatures of both bodies are equal.

Heat is a very important resource for industrial, and building applications. In buildings, it is
neededindomesticand tertiary sectors for space heatingand hot water, among others. There
isa needtostore the heat whenitisavailable,inordertouseitwhenitisdemandedandtobe
able to assure a continuous supply of heat. Storage can increase energy efficiency because it
allowsthe use of surplus energy or waste-heat, which would be irremediably lost by dissipation
intothe ambientif they are not stored.

There are different ways in which heat can be stored: sensible heat, latent heat, and
thermochemical heat.

Sensible TES

Sensible heatisthe most common method of thermal storage. It consists of the transfer of heat
to a body or storage material, which will consequently increase its temperature according to
one intrinsic characteristic, the specific heat. Specific heat corresponds to the amount of heat
required by one unit of mass of athermodynamicsubstance to raiseits temperaturein one unit.
Itisexpressed by equation 1.1.

Q=m-Cy-AT (1.1)

Where:

Q: stored heat

m: mass of material

C,: specificheat

AT: temperature increase

Sensible heat storage is widely used due to its simple engineering and low cost. The solid
materials used for sensible heat storage are rocks, concrete, bricksand other ceramics for a wide
variety of uses, including the use of the solar heat. Water, some organic oils and molten salts
are used as liquid storage materials, especially inindustrial heat exchange operations. Gaseous
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substances have very low volumetric calorific capacity and, therefore they are not used in
sensible thermal storage.

Latent TES

Latent heat is the heat associated with phase transformations. It is the heat that must be
provided for materials to change from one phase to another, or from one state of aggregation
to another. Heat is stored when the material changes from the most ordered phase (low
entropy) tothe less ordered one (high entropy) and is released by the material when it reverses
back to the previousstate. Itis given by the equation 1.2.

Q=m-2 (1.2)

Where:

Q: stored heat
m: mass of material
A: latent heat of phase transformation

The latent heat is measured in terms of energy per material mass [J/kg]. Storage can occur
through four types of phase transformations, these being the following: solid <> liquid, liquid
&> gas, solid ¢ gas, solid <> solid.

During the phase transformations, the temperature remains constant. Phase changes of pure
materials are isothermal processes. The temperature where the phase change takes place is
called transition temperature or phase change temperature. It is a material’s characteristic
which depends on the pressure. Mixtures formed by several compounds present a, so called,
semisolid range, instead of an isothermal melting. They start melting at a given temperatureand
do not complete the melting until they reach another temperature. The semisolid range is a
material’s characteristic. It depends on the mixture composition and the pressure. For a given
composition, at atmospheric pressure, the semisolid interval of the mixture is a constant
material characteristicthat can be determined.

Thermochemical TES

Thermochemical TES refers to the energy stored as heat of a chemical reaction in reversible
chemical processes. Endothermicreactions store heat, recovered back by the reverse reaction,
which will be exothermic. This is depicted in the generic equation 1.3. As equation 1.4 shows,
the heat amount stored in a chemical reaction depends on the mass employed, the heat of
reaction and on the degree of conversion achieved in the reaction. They are generally very
energeticprocesses,whereagreat energy quantity can be stored in asmall volume. In addition,
they have the advantage that nothermal insulationis needed to store the reaction products.

A+Bo (C+D+AH (1.3)

Q=a,-m-AH (1.4)
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Where:

Q: stored heat

a,: degree of conversion achieved
m: mass of material

AH: reaction heat perunit mass

Most chemical reactions are irreversible when they take place under simple operating
conditions because they evolve by producing volatile products. Therefore, forthermochemical
storage, generally the reactor design is very important. Some examples of chemical reactions
presently under research for thermal storage are the decomposition of metal hydrides,
peroxides, ammoniasalts, carbonates, etc.

A specific form of thermochemical energy is the heat of adsorption/desorption of water
molecules or a gas in a material. At present time, this is the simplest form of thermochemical
storage. Itis carried out using materials with very high microporosity; through which, theyallow
a high exchange of waterabsorption/desorption.

The differentthermal storagetypes8sensible, latent, thermochemical) are suitable for different
applications. The main factors affecting the suitability are the storage time (daily, long tem,
seasonal), the economicviability and the operating conditions. Table 1. 1 shows the advantages
and disadvantages of different thermal storage systems.

In order, to select a TES system for a determined application several criteria have to be taken
into account, such as technical, economic and environmental criteria [5], [6]. The technical
criteria include the storage capacity, the lifespan, the size, the resources used, the efficiency,
the safety, etc. The economic requirements are mainly the system cost and the commerecial
availability. And finally, the environmental criteria require that the used materials are non-toxic
or hazardous and must not cause adverse effects on the environment during the production,
the distribution, the installation or the operation.

Table 1. 1 Advantages and disadvantages of the different types of thermal energy storage TES: sensible, latent and
thermochemical

ADVANTAGES DISADVANTAGES
Inexpensive Low energy densit
Sensible TES * nexpensve ¢ rowenergydensity
e Simple engineering e Insulationrequired
e Mediumto highenergy
density . .
. ¢ t devi e Insulationrequired
Latent TES ompactdevices e Complexattechnical

e Absorptionandrelease of
energy at constant
temperature

level

Thermochemical
TES

Very high energy density,
higherthansensible and
latent heat

Insulation not required

Research phase

High price
Limited reversibility
Complex engineering
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Currently, regarding the state of development, storage capability, commercial availability and
durability, thedevelopmental degree of the three TES typesis visually depictedin Figure 1. 2 [7].
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Figure 1. 2 Storage capabilities, commercial viabilities and durability aspects of PCM for thermal energy storage [7]

The sensible TES has been traditionally used even the storage density is not optimal due tothe
simplicity of its use and plenty availability in nature, it poses the longer durability and is fully
commercially available.

Latent heat TES can be used at very different temperatures, depending on the selected PCM,
and it provides the largest temperature operational range of the three types. It has a good
storage density compared to sensible TES. Even though it has been studied during the last
decades, the developmental degree do not yet fulfillthe market needs. One of the main reasons
for this situation is the lack of PCM materials to satisfy all the requisites needed, and other
important one are the high prices that the storage device can reach for commercialization [8].

The thermochemical TES pose the higher storage densities, however pose very short durability
and isnot commercially available because itis still adeveloping technology, but very promising
for the future [9]—-[14].

Figure 1. 3 shows the classification of materials used for thermal energy storage [15]. The
complexity of the TES technologies makes them more suitable for seasonal storage, while the
latent heatthermal energy storage LHTES is more interesting for shortterm storage.
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Figure 1. 3 Classification of thermal energy storage materials [15]

1.3 LATENTHEAT THERMAL ENERGY STORAGE LHTES

Latent heat thermal energy storage, LHTES, uses as a storage medium the latent heat of
materials when they undergo a phase transformation or phase change. When heat is supplied
to a material, itincreases its temperature according to its specific heat storing sensible heat.
Once the phase change temperature isreached, the heat suppliedis usedto break the existing
bonds by disrupting the internal structure of the material, without modifying the temperature
until the transformation hasfinished. The energy absorbed during the phase transformation is
stored in the form of latent enthalpy. Figure 1. 4 shows the temperature evolution versus the
stored/released energy (at constant pressure). As the energyinputincreases, the temperature
increases while storing the energy as sensible heat, until the phase-change temperature is
reached. Then, the isothermal transformations (solid-liquid and liquid-gas) occur, according to
the material’s latent heat.

The largest latent heat transformations are those that end-upin a gas phase, the liquid-gas or
solid-gas transitions. However, the engineering of gas containing processes are costly. As a
result, the most suitable and efficient phase transformations forthe thermal storage in buildings
and the tertiary sector are the solid-liquid transitions. They require of amuch simplerand lower
cost engineering. Solid-solid transitions may also be used, but presently there has not been
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determined any option, attractive enough in terms of phase change enthalpy, for the
temperature range 60-90°C.

1
Phase Phase
SOLID change LIQuUID Change GAS

——

Temperature

v

Energy storage

Figure 1. 4 Generic phase change scheme of materials

The LHTES technology needs systems research and improvement to tune-up the design to the
requirements of each process/application. Different applications require different output
characteristics: charging and discharging time, power, total energy, operationtemperature, etc.
Much research has been devoted to the improvement of the efficiency of such systems by
working on different geometrical configurations, improvement of the thermal conductivity, etc.
[16]-[18]. The published research works mostly deal with tailored systems designed and
produced purposefully to carry out the research work [19]-[25]. Few commercial devices for
very specific applications are available [26]—[30]. This makes LHTES an expensive technology,
difficult to afford for the domestic/tertiary sector. Therefore, there is a need to lower LHTES
systems costs in order to successfully introduce the technology in the market. Commercially
available industrial heat exchangers may be modified to serve asasolution, to lower the system
price. Research is required in order to characterize and propose convenient modifications.
Withinthiswork, anindustrial shell and tubes heat exchanger was characterized as LHTES using
Rubitherm RT60™?2 as PCM. Thisis a commercial paraffin, fully characterized, which provides a
large stability on thermal cycling behavior.

1.4 PHASE CHANGE MATERIALS PCM

The materials used as amean forstoring heatin LHTES applications, are known as phase change
materials, PCM. These materials may be pure substances or mixtures. The number of pure
compoundsislimited and, as aresult, thereare not as enough compounds to match any melting
temperature that could be defined. Indeed, it is difficult to find pure compound that meltin

2 https://www.rubitherm.eu/en/index.php/productcategory/organische-pcm-rt
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some temperature ranges. This is the case for the storage temperature range required for the
sanitary waterand space heating of buildings, 60-90 °C. Few pure compounds present a melting
temperature range inthat interval, and a smallernumber of them are indeed suitable for their
use as PCM [31].

Itis necessary to take into account some characteristics that a phase change material must meet
inorderto be considered competitive and suitable forits function. Theseare physical, chemical,
thermodynamic, kineticand technical characteristics [5]:

e Phase change temperature suitable forthe process orapplication.

e Phase change taking place at a unique temperature, orin a very small phase change
interval.

e Highphase-change enthalpyto provide a high energy storage density.

o Low price, tobe competitive with otherthermal storage options (heatorcold).

When the previously mentioned requirements are met, other characteristics must be fulfilled,
to alargeror shorterextent:

e Stability: nodegradation and reproducible phase change propertieswith thermal cyding
for the intended application

e Smallvolume change onthe phase change

e Low vaporpressure

e Smallornosupercooling

e large thermal conductivity

e Compatibility with container materials, and other materials in contact with PCM (to
avoid corrosion)

e Highcrystal growthrate (fastenergy recovery).

e Environmental or other safety requirements: Low toxicity, biocompatibility, non-
allergenic, non-flammabile, self-extinguishing, non-explosive, etc.

e Sustainability: Renewable sustainable sources preferred, good recyclability, for
environmental and economicreasons.

Mixtures are an alternative option for producing PCMwith the required characteristics. Mixtures
are formed by two or more pure compounds and, when solid, the material is generally formed
by two or more phases (in the case of PCM, it generally consists of two phases), which are
intricately and intimatelyattached and interpenetratedto each other on a micro-nanoscale.The
mixture of the two solid phases do not generally presents a melting point. Instead, it melts (and
solidifies) following a temperature interval, called the semisolid interval. Given the large
number of possible combinations, there is a great potential number of candidate PCM formed
by mixtures. However, the fact that they pose a semisolid interval is not suitable for most
applicationsunlessthisinterval isvery small. Mixtures, in addition, might pose some problems
specifictothemselves, such as the instability to thermal cycling or the phase segregation. Some
mixtures, corresponding to specific compositions, melt and solidify at one defined melting
temperature, like pure compounds (although they are formed by two solid phases). Eutectic
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mixtures correspond to this feature. Due to this characteristic, eutectic mixtures are a very
interesting option for producing PCM.

Currently, several PCM classifications are proposed by different authors.The one by Sharma and
Sagara [32] is interesting forthe purpose of this work. PCM are classified as organic, inorganic,
eutecticand mixed PCM:

Organic PCM include paraffin waxes, fatty acids, sugar alcohols, some polymers and their
mixtures. Most organic PCM stand out for being chemically stable, for having congruent fusions
and negligible supercooling, howevertheyhave lower volume melting enthalpies than inorganic
PCM, that is to say, lowervolume storage capacity. Paraffin waxes are mostly used due to their
high stability, practically negligible supercooling and easy engineering to be produced with the
desired melting point. The use of the non paraffinic organic compounds, such as fatty acids,
sugars, or their mixtures is not as common as paraffins and few of these materials are
commercialized as PCMV3.

Fatty acids have a large possibility of use at comforttemperaturesin buildings. They havea high
latent heat of fusion, reproducible fusion and crystallization behavior without supercooling.
They can be made from common oils of vegetable and animal origin, which present a large
potential for a sustainable use and development in comparison to paraffins. Their main
disadvantages are a price 2 to 2.5 times higher than that of paraffins and its moderately
corrosive nature [15], [33]—-[35].

Sugaralcohols have a great number of advantages, such as high melting points (between 90-200
°C). They can be suitable for thermal storage in auxiliary energy systems (heating and water
tanks). Their characteristics gather high energy storage density, non-toxicity, and good
biocompatibility. Their main disadvantages are that, unlike other organiccompounds, they have
a high degree of supercooling, and also very slow crystallization rates and important oxidation
problems [36]—-{40].

Inorganic PCM researched until now include a large number of compounds. For storage
temperatures below 100°C, hydrated salts have been widely researched. They present higher
latent heat values than organic PCM, are non-flammable and readilyavailable. Most of them are
very stable chemically, are very cheap compared to organic PCM (1-3 euros/kg), have very
interesting melting points for the building sector and the volumetric melting enthalpy is very
high, much higherthan organic products [6],[41], [42]. On the disadvantages, they can segregate
in different phases during the repeated melting-solidification cycles because most of them
present incongruent melting; they present important supercooling; the volumetric change
during the phase change is around 10% and some of them are corrosive for most metals (the
chlorides) while othersare corrosive specificallyforthe aluminum (carbonates) [43]—{45]. Since
theyare ioniccompounds, they are miscible witheach other anditis possible to produce stable
mixtures of hydrated salts betweenthem, orbetween themand anhydrous salts. An interesting
case is forming mixtures of anhydrous salts with hydrated salts, which in addition to modifying

3 The companies Puretemp in USA, https://www.puretemp.com/ andShangaytempered entropy in China
www.pcmgel.com provide PCM products based on fatty acids
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the melting points, reduces the supercooling and avoids the incongruentmelting of the hydrated
salts.

Eutectic PCM are mixtures of two or more components with a compositionthat pose a unique
melting temperature, like a pure compound. The melting temperature of a eutectic mixture is
smallerthan the melting temperature of the pure compounds forming the mixture. Infact, the
eutecticcomposition corresponds to the lowest melting temperature in the compositional pool.
Each component melts and freezes together, at the same time, congruently. Eutectic mixtures,
accordingtothe formerly named classification, are classified by the nature of their constituents:
organic-organic, organic-inorganic, and inorganic-inorganic. Their properties use to resemble

their pure component properties. Several eutectic mixtures have been identified and studied
[46].

Figure 1. 5 summarizes the PCMfamilies as a function of temperature and melting enthalpy.
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Figure 1. 5 PCM groups in function of their melting temperatures and melting energy [47]

The materials available inthe range 60 to 95 °C, for the application of DHW and space heating,
is small because both, few materials meet all the requisites for the implementation in a real
application, and because of the high cost of those that are ready in the market [25], [48], [49].
To provide an indication of the present state of industrial development of PCM-related
technologies, in 2019 around 38 companies were identified worldwide with the business
focused onthe commercialization of PCM, or products made with PCM [50].

Inthe evaluation and selectionof a PCM, the most problematic aspects are generallythe stability
to thermal cycling, phase separation, large supercooling and poor thermal conductivity. These
aspects are materials-type related characteristics, and as a general rule the organic PCM have
poor thermal conductivity, while hydrated salts have poor stability.

Thermal stability

The PCM stability can be determinantin the material long-term behavior. PCMshould be stable
chemically and physically, in order to retain the initial thermophysical properties along their
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functional life-span. Usually, however, degradation can occur over time due to oxidative,
corrosive, or other processes.

Reliability

The PCMisrequiredto reproduce exactly the same behavior for many cyclesand for many years.
Its thermal properties must remain unchanged during many cycles. However, in many cases this
idea behavior is not met, and there are thermal properties variation. The conditions that can
lead to itinclude the possible degradative processes, but also the polymorphism exhibited by
many materials, which is especially the case of many organic compounds [36], [51]—[55].
Polymorphism is a property where one material can crystallize in differentsolid phases. The
different possible crystallization phases are called polymorphs. Each polymorph properties are
different from other polymorphs properties. Thus, if the material crystallizes into an undesired
polymorph, the meltingtemperature, the melting enthalpy and all other properties will not be
those soughtfor.

Phase segregation

In the case of PCM made of mixtures, phase segregation may occurin the solidification process
due to the incongruent melting of the constituents. It generally happens in non-eutectic
mixtures, because ofthe semisolid solidificationinterval.Phase segregation resultsin a decrease
inthe stored energy.

Supercooling

Supercooling, also called undercooling, can become a great problem for the PCM correct
functioning. Supercoolingisaphenomenon that occursinall type of materials and consists ina
temperature difference between the material phase change on melting and the start of
solidification on cooling, which takes place at a lower temperature. It is a well known
phenomenon, explained with detailin materials science and engineering books [51], [56], [57] .
Supercooling affects the material capacity to deliver the stored heat since the latent heat is
released atalowertemperaturethanthe intendedone, and part of this heatis used toincrease
the temperature of the material to the meltingtemperature, where final crystallization occurs.
Figure 1. 6. shows this effect.

>
»
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Temperature
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Figure 1. 6 Effect of the supercooling on thermal storage. Left represents slight supercooling and heat recovery after
nucleation and right represents the case of severe supercooling when the material do not crystallize
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Thermal conductivity

Thermal conductivity is defined as the heat flow per unit of area and per unit time, when the
temperature decreases one degree in the unit of distance. It is a measure of the materials
suitability to conduct heat. Itisa veryimportant characteristicto take into account for thermal
storage because, inorder to have effective heattransferitis required to charge and discharge
the heat in a specific time, depending on the process or application. Even in the cases where
slow charging/discharging kinetics are acceptable, the higher the thermal conductivity of the
material, the greater the chance and probability thatit will be usedin its entirety. Inthe cases
where quick kinetics are required, the thermal conductivity of the PCM is usually the limiting
factor forthe efficiency of the systems [5], [58]. As a broad generalization, all non-metallic PCM
at typical useful temperatures in buildings or in industry (-20 °C- +250 °C) have a thermal
conductivity lower than desired, lower than required. Along the last decade, much research has
been carried out devoted to increase the effective thermal conductivity by means of different
solutions, which include the production of composites with high thermal conductivity material,
the addition of nanoparticles, the addition of macrostructures and the design of high spedific
surface heat-exchanging devices [16]—-[18], [59]-[61]].

1.5 STATEOF THE ART ON THE UREA AND SODIUM NITRATE EUTECTIC MIXTURE

The Enedi research team on latent heat thermal energy storage, where this thesis project has
been carried out, investigated several mixtures composed of urea and different compounds [40],
[62]-[64]. Amongthem, Diarce et al. [62] determined the phase diagram by means of differential
scanning calorimetry DSC, the syntheticvisual method and X-ray diffraction XRD. The urea and
Sodium nitrate formed a eutecticsystem, with aninteresting eutectictemperatureforits use as
PCM for DHW and space heating purposes, 85°C, with a supercooling degree of ~15°C. The
characteristics determined in the above mentioned studies were suitable for the material use as
a PCM. The eutectic mixture was thoroughly studied. The determined main characteristics are
the following ones, also gatheredin Table 1. 2.

e The eutecticcompositionis 71.25 wt% urea and 28.75 wt% Sodium nitrate

e Theresultsshowed a melting onset temperature of 85.0°Cand alatent melting enthalpy
of 172.0J)/g.

e Upon solidification, the material showed supercooling: For the experimental conditions
applied, the onset crystallization temperature attained was 70.1 °C, and the
crystallization enthalpy was 163.3 J/g.

e The material densityis 1.48 g/cm?3 at 25 °C (solid) and of 1.423 g/cm? at 89 °C (liquid).

e Theenergy storage density onthe phase change processis 245 MJ/m3.

e The market price of the proposed eutectic material is below 1 €/kg, which is a very
competitiveprice.

e The mixture presents ahygroscopicbehavior



Study of a urea-based phase change material for thermal energy storage

Table 1. 2 Main characteristics of the urea and Sodium nitrate eutectic mixture

Urea and Sodium nitrate eutectic mixture characteristics Values

Composition 71.25 wt% urea
28.75 wt% Sodium nitrate

Temperature phase change range 85 °C
Latent heat 172 kJ/kg
Density (solid at 25 °C) 1480 kg/m?3
Density (liquid at 89 °C) 1419 kg/m?3
Volumetricenergy density 425 MJ/m?
Price <1 €/kg

Previous works also carried out a preliminarily study related to the potential use of the material
as PCM [63]. The materialsinvolved in the system are hygroscopic, and this property could affect
the thermal behavior of the mixture. In this regard, the water uptake by the eutectic mixture
was studied to gain knowledge of its hygroscopic behavior. The hydrated samples, prepared
under a 55% RH, presented a thermal behaviour different from that of dry samples, prepared
under an atmosphere of 4% RH. The melting temperature and the latent enthalpy of the
hydrated samples were lowerthan those of the dry material. The XRD results suggested thata
new, unidentified, crystalline phase had formed inthe hydrated samples, which coexisted with
the urea and Sodium nitrate phasestoforma ternary mixture.

Onthe above mentionedstudies, preliminary thermaldegradation studies were carried out. The
thermal degradation of the eutectic mixturein the liquid state isan important parameter for the
long-term use of the PCM. Pure ureais known to undergo significant thermal degradationin the
liguid state above 133 °C [65], [66]. As a result, an accelerated preliminary thermal cyclingstudy
was performed to determinethe mixture thermal reliabilityand to compare it with that of pure
urea. Under the employed experimental conditions, the mixture melting enthalpy underwent a
minorreduction of 1.2% after 210 cycles, and the crystallization enthalpy remained stable. Pure
urea lost 79% of the thermal storage capacity in only 100 cycles®. These encouraging results
were complemented by chromatographicanalysisto determine any degradation by-product in
the mixture afterthe cycling process. The results showed the formation of 0.4 wt% biuret after
210 thermal cycles. Thisamountis not relevant, although it could denote the start of a potential
degradation process.

This thesis includes the continuation of the incipient research presented in the previous
paragraph. The objective was to acquire valuable knowledge about the stability, long-term
behavior and degradation mechanisms of this material; which could compromise its use as a
PCM.

4 The thermal cycling behavior of the eutectic material was carried out at a maximum temperature 10°
above the melting point(95°C = 85+10°C), and the correspondingstudy with pure urea was carried outat
a maximum temperature 10° aboveits melting point (143C= 133+10°C).
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1.6 THE LATENT HEAT THERMAL ENERGY STORAGE SYSTEMS

The design of the storage systems and their operative strategy are crucial foran efficient LHTES
use. Heattransferto/from the process needs to be effective and efficient. The process has to be
designed for each application, which includes many features such as thermal power,
charging/dischargingtime, temperature range needed, etc.

The present stage of the latent heat storage systems for heating and hot water is
underdeveloped. There are very few existing commercial systems [27], [28].Hence, there is a
needtodevelop new systems of this type.

The aspects required to take into account include the scale (prototype, pilot unit), HTF,
geometry, construction materials, operational temperature range, thermal power, energy
source, application, heatorcold storage, and used PCM.

Most researchers centeredtheir studies to determine the adequacy of different geometries, and
toinclude and/orimprovethe thermalexchange[40], [67], [68]. In orderto analyze the influence
of the device geometry in the heat transfer, several types of heat exchanger geometries have
beenstudied, suchasshelland tubes, packed bed, plate type, and others. Despite the availability
of several geometry types, shelland tube geometry has been the most commonly tested dueto
its simplicity and compatibility with piping systems [69], [70]. Thermal power is in many cases
one of the limiting operating conditions. With the aim of determining the most suitable method
to increase the systems thermal power, several authors study the influence of the flow
arrangements (parallelflowor counter-flow with a single pass or multi-pass)and the increase of
the heat-transfersurface byincluding fins or matrixes [17], [71].

Most of the published research focus on design and operative aspects. Articles rarely supplies
withinformationabout the costs and feasibility of the devices commercialization. Nevertheless,
recently the international research community on this field started research activities in
methodologies to evaluate the systems potential commercialization [8]. The aim is to develop
standardized methodologies to determine the devices levelized. Instead of developing new
devices, the modification of commercially available heat exchangers is a potential economic
solution. Heat exchangers are availablein the market, they are already competitive for different
applications. Someresearch workscarried out experiments by adapting existing heat exchanger
technologies to LHTES systems. The outcomes reported not being satisfactory [72], [73]. The
need of a tailored design for each application makes it unfeasible that simple modifications to
the commercially available HEX be sufficientforagood result. However, understanding the HEX
pitfalls when it is used as LHTES, provides the basis for proposing sound modifications capable
of guaranteeingan efficient use.

The present thesis has carried out a parametric study to acquire the above mentioned
knowledge regarding a HEX which had been previously modified and preliminarily tested in
previous works [74]. The PCM employed in those works was stearicacid, concerning a different
temperature and application to the intended in this thesis. Some few experimental runs were
carried out and the results concerning the device thermal behavior were not sufficient to
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understand its performance. The present thesis performs a complete parametric analysisin
orderto fully characterize acommercial HEX of the shelland tubes type, forits use as latent heat
thermal storage device and to analyze the feasibility of this kind of devices for thermal energy
storage.

1.7 MAIN OBJECTIVES AND STRUCTURE OF THE PH. D. THESIS

This Ph. D. project seeks the goal of contributingto the knowledge above the presently existing
state of the art regarding LHTES technology. The global objective of the thesis was to determine
the suitability of one defined PCM, the urea-Sodium nitrate eutectic mixture, and one defined
LHTS device, ashelland tubes heat exchanger, fortheirimplementation as alatent heat thermal
energy storage technology, technically and economically viable for theirintegration in buildings.
Both, the material and the LHTS device providedencouraging resultsin previous works, and the
target vision was that they could integrate to conform a future thermal storage technology
suitable for hot waterand space heatingapplicationin building. Asaresult, the objective of the
present thesis was to perform an in-depth study of the urea-Sodium nitrate eutectic mixture,
and to acquire the expertise to define the modifications required on a commercial shell and
tube HEX for its use as LHTES.

Several different specificobjectives have been targetedin this project. Regarding the materials
characterization:

To study the longterm stability of the PCM, the urea and Sodium nitrate eutectic mixture, and
specifically the thermal degradation.

To determine and analyze several specific characteristics of the mixture that might jeopardize
the long-term use of the PCM and were unknown or insufficiently researched, such as the
hygroscopicity, the phase segregation and the supercooling.

A secondary objective of the materials characterization is to develop testing methodologies
representative of the functional and operational conditions that the material would encounter
in use. The testing approaches reported until present time involve laboratory scale conditions
and accelerated testing, which in most cases are not suitable to resemble the real behavior of
the material in use. Therefore, this objective arises from the need to know how the materials
will behave in the real application, which can greatly differ from the laboratory scale.

Regarding the storage system, a shell and tubes heat exchanger has been studied in order to
evaluate the use of commercial devices (i.e. potentially more economically feasible) as latent
heat energy storage LHTES devices. Three objectives were initially set out, the first one to
experimentallycharacterize amodified commercialindustrial shell and tubes heat exchangerto
acquire a deep understanding of the device thermal behavior when used a LHTES. The second
objective was to model the heat exchanger using a CFD software and to validate it with the
experimental campaign results. The third objective was to use the characterization and
modelling activitiesis to be able to define and quantify the modifications required forits use as
an LHTES system. An extense parametricstudy was carried out and the first objective was fully
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accomplished. Unfortunately, due to time restrictions the modelling task could not be concluded
and, as aresultthe expertise forthe modifications was not reached.

Bearingthis into mind, thisthesisis composed of five different studies, four of them regarding
the long term behavior of a PCM formed by a urea — Sodium nitrate eutectic mixture and alast
one regarding the characterization of a commercial HEX employed as a LHTES device. Chapters
2, 3,4 and5 are devoted to the material characterization and Chapter 6is devoted to the LHTES
characterization. It has to be highlighted that the introduction and state of the art regarding
eachtopicisincluded atthe beginning of each chapter. Finally, Chapters 7and 8 are devoted to
the conclusions of the Ph. D. work and the references, respectively.

Chapter2 is devotedto the study of the water uptake by the ureaand Sodium nitrate eutectic
mixture under different conditions. Phaseidentificationand thermal properties evaluation (XRD
and DSC) were carried out in hydrated and dry samples to assess the need for drying the
materials in order to be used. Sample preparation methodology and handling conditions sere
developed foravoiding the wateruptake in the mixture.

Chapter 3 is devoted to the thermal degradation of the urea and Sodium nitrate eutectic
mixture. It is sought to determine if it is possible to use the material as a PCM for medium or
long term life-spans. Generally, the published literature report thermal cycling to evaluate the
thermal stability of the PCM. However, accelerated thermal cycling does not differentiate
different phenomena occurring in the material: thermal degradation due to instability at high
temperature, phase segregation, etc. For this reason, a different experimental approach was
usedinthe thesis, based onmeasuring the thermo-physical behavior after the material had been
exposed at high temperatures for long times. The materials characteristics were determined
after exposure (DSC measurements), specifically the melting latent enthalpy, melting onset
temperature and melting peaktemperature. These parameters stability is directly related to the
PCM thermal energy storage and its long-term stability. In addition, the degradation products
and theirinfluence onthe variation of the system properties were assessed.

Chapter 4 describes the study of an important aspect regarding the long-term use of the urea
and Sodium nitrate eutectic mixture, the phase segregation. The eutectic mixture showed
unforeseen segregation at temperatures above the melting point. This aspect has not been
identifiedin previous testing becauseitis not noticeable onthe DSC scale, and no testshad been
done with samples larger than 10-15 mg until the Ph. D. work started. Indeed, this type of
phenomenonisrarely discussed inotherarticles, with other PCMs, because most research works
are carried out with small samples (DSC mostly) under accelerated testing. Several tests were
done including thermal cycling, XRD, DSC and microscopy (PLM and SEM). The results
established arelationship between the operation conditions, more specifically the cooling rates,
with the resulting crystal structures, which explains the phase segregation occurred in the
eutectic mixture. A mitigation measure how to reduce it and how to reverse the process was
proposed.

Chapter 5 is devoted to the study of the supercooling. An approach different to the usual
approaches employed in the PCM research community. The aim was to further improve the
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knowledge aboutthe supercooling relationship to the system parameters, to efficiently design
LHTES systems to be used with materials that exhibit supercooling. Experiments were designed
to determine the relationship of the supercooling degree with parameters associated with the
system, like the sample volume, the cooling media properties, and finally the PCM properties.
To doit, several sample containers with different geometries and volumes, several cooling rates,
two heat transfer fluids (HTF) and two PCM were used (urea and Sodium nitrate eutectic
mixture and polyethylene glycol 10000).

Chapter 6 is devoted to the characterization of the modified industrial heat exchanger. A
complete parametriccampaign was carried out. Eventhough the herein studied PCM, the urea
and Sodium nitrate eutectic mixture, would have been ideally suited for the coherence of the
thesis, there were many uncertainties relatedto the PCMbehavior which could have jeopardize
the proposed approach. Therefore, the characterization was performed using RT60 paraffin as
PCM inside the shell, a well known commercial material, to assure the reproducibility of the
results, and water as heat transfer fluid HTF in the tubes. Several flow rates and temperature
ranges were used to obtain a greater scope of the operation of the device as LHTES. The work
included the determination of the thermal losses, and the study of charging and discharging
cycles with different HTF, initial and final temperatures, and flow rates. The temperatures of
both, the HTF and in the PCM, were monitored during the tests in several different locations.
Then, the charging and discharging times and parameters related to the stored and released
energy were determined.

. Hygroscopicity handling

PCM materials study

Urea (71.25 wt%) and
sodium nitrate (28.74
wit%) eutectic mixture

Thermal degradation

Phase segregation

Latent Heat

Energy Storage ' Supercooling assesment
LHTES -

LHTES device study E . tal
Xperimenta

Commercial shell and | characterization
tubes heat exchanger

Figure 1. 7 Scheme of the thesis organization.
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Chapter 2 : Urea and Sodium nitrate eutectic mixture handling and
sample preparation. Hygroscopicity behavior

2.1 INTRODUCTION

The urea and Sodium nitrate eutectic mixture has been studied to evaluate its feasibility as
phase change material for the DHW and space heating application. However, the mixture
presents some problemsthat hindersits use, amongthem the hygroscopicity.

The pure constituents of the mixture, ureaand Sodium nitrate, are hygroscopic materials [75]-
[79]. Previous research show that the water uptake affects the mixture thermal properties
because new phases formed [63]. The scientific literature reports that the Sodium nitrate
hygroscopicity does not result in the formation of new phases [77], but urea does. The
information regarding the urea-water binary system phase diagram and the urea-biuret-water
ternary system phase diagram (biuretis a by-productfrom urea degradation) [80] correspond
to eutectic systems. As a result, they include some compositions with melting temperatures
lowerthan the pure urea melting point. Thus, inthe case of the ureaand Sodiumnitrate eutectic
mixture, the reported new phase formed due to the mixture hygroscopic behavior points
towards a ternary eutectic system formed by urea, Sodium nitrate and water, although the
published literature does not provide evidence to back this up. However, additional hints that
point towards this possibility include the reduction of the melting point when the mixture
entraps water. When a ternary eutectic forms, the melting temperature is lower than the
melting temperature of the binary eutecticcompositions.

To carry out any characterization study with this PCM, humid atmosphere should be avoided in
order to properly discriminate the obtained values. In addition to forming new phases, water
reacts with urea promotingits degradation: Water combines with ureato form carbon dioxide
and ammonia [81], [82].

From the previous considerations, it can be foreseen that humid atmospheres affect the urea
and Sodium nitrate eutectic mixture by interacting to cause new phases, which decrease the
melting temperature, and to promote higherdegradation rates.

This chapteraims to determine how the waterabsorption affects the mixture thermal behavior
and potential degradation and to establish sample preparation procedures, and storage and
handling methodologies, to obtain nearly dry ureaand Sodiumnitrate eutectic mixture samples
without the need of complicated processing routes or facilities (i.e. the use of a glove box and
controlled atmospheres).

2.2 EXPERIMENTAL DESCRIPTION

A research approach was prepared to study the moisture content of the urea and Sodium
nitrate eutectic mixture, now on called U-SN eutectic, by means of the Karl Fischer
reaction. The variation of the thermal characteristics when the material contained different
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moisture contents were determined by means of DSC. Finally, XRD measurements were used
for the phase identification, to verifythat undesirable phases did not form afterdrying.

2.2.1. EUTECTIC MIXTURE PREPARATION

The preparation of the eutectic material was carried out according to the following
procedure:

e Pure urea and pure Sodium nitrate (see Table 2. 1 ) were weighed using a 0.1 mg
resolution precision scale (OhausDiscovery 114C) in aglass beaker to attain the eutectic
proportion (71.25 wt% urea-28.75 wt% Sodium nitrate).

® A magneticstirrerwas introduced into the beaker, which was closed using asilicone or
rubber plug, and immersed in a glycerin bath at 90°C. The glycerin bath with magnetic
stirring was used as a means to ensure the homogeneity of the temperature around the
sample.

e Theglycerin bath was heatedby means of a hot plate (MR Hei End by Heidolf), controlled
by a PT1000 external temperature sensor (x1°C) introduced into the glycerin to get a
stable temperature. Magnetic stirring inside the sample allows the pure urea and
Sodium nitrate to get into intimate contact at a temperature higher than the eutectic
melting temperature (85 °C), to produce the melting of both materialsand form aliquid
new phase. The stirring speed used was 300 rpm. Figure 2. 1 shows the glycerin bath
and the obtained molten sample.

Once the sample was melted, different paths were followed for the sample crystallization:

e Powdered sample: Pouring the liquid sample onto a large flat surface to obtain a
relatively thin plate, easy to break for subsequent grindingin a ball mill;

e Plague sample: Leaving approximately =1 ml height of liquid sample, to solidify inside
the closed beakertoforma thin plague (stirrer extracted).

Figure 2. 1 Eutectic preparation procedure: melting pure urea and Sodium nitrate. In the left the glycerin bath
assembly and in the right the molten sample

Afterwards, samples were submitted to different storing conditions to evaluate their water
uptake behavior. In addition, powdered and plaque samples were introduced in a desiccator
with phosphorus pentoxide to evaluate the sample drying potential. Phosphorus pentoxide was
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used for this aim because it is able to reach a very low relative humidity. In this case 6-7% HR
was achieved. Table 2. 1 summarizes the raw materials used for sample preparation.

Table 2. 1 Raw materials employed for the sample preparation

Material Supplier Purity Quality
Urea PanreacQuimica S.L.U. 99%
Sodium Nitrate PanreacQuimica S.L.U. 99% Laborgtory
Phosphorus Pentoxide | PanreacQuimica S.L.U. 98% grace

The samples humidity was determined according to the procedure explained in 2.2.2
Determination of the sample moisture content by means of Karl Fischer coulometrictitration.

After determining the humidity percentage, the thermal properties of the samples was
determined, as explained in 2.2.3 Evaluation of the thermal behavior by means of differential
scanning calorimetry DSC.

The samples were finallyanalyzed by X-ray diffraction, as explainedin 2.2.4 Phase identification
by means of X-ray diffraction XRD.

2.2.2. DETERMINATION OF THE SAMPLE MOISTURE CONTENT BY MEANS OF KARL FISCHER
COULOMETRIC TITRATION

Karl Fischer titration was used to determine the materials water content. A KF-31 coulometric
titration system from Mitsubishi Chemical was used, using Aquamicron AX and CXU as reagents.
The estimated accuracy of the device (forthe experimental conditions underwentin this work)
was 70.01 wt% of the total water content determined for each sample because of the small
guantity that could be measured. The methodology employed for the measurements is fully
described in [83]. Due to the expected moisture content, the evaluated samples consisted of
100 - 300 mg (forthe reactive not to saturate).

The sample is introduced in the titration vessel, which contains the reactive. It should dissolve
completelyto have a reliable measurement. Therefore, all samples were grinded before the
measurementin orderto guarantee the adequate reaction kinetics for the measurement.

The study was carried out followingasystematic procedure, carrying out measurements of
humidity in several conditions:

a) 15 minutes after the material solidified in contact with the air;

b) after a certain time stored in contact with open air;

c) after a certain time stored in the refrigerator;

d) after a certain time stored in a desiccator with phosphorus pentoxide;
e) storedin powderorin a plaque without grinding.

The obtained results have a qualitative characterbecause some variables, like the humidity
and ambient temperature, were not registered throughout the entire process, only at the
moment of the measurement. The procedure does not provide the required traceabilityin
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terms of the ambient temperature and humidityevolution for the samples that underwent long
storage period, so asto determine quantitative reliable values.

The measured relativeairhumidity values in the whole set of experimentsranged from 33to 47
HR %, and the room temperature oscillated between 17and 23 °C.

The moisture content of the pure urea and Sodium nitrate were also measured before the
sample preparation.

2.2.3. EVALUATION OF THE THERMAL BEHAVIOR BY MEANS OF DIFFERENTIAL SCANNING
CALORIMETRY DSC

Differential scanning calorimetry, DSC, measurements were made on samples of U-SN eutectic
with different humidity percentage, to evaluate the influence of the sample moisture content
on the thermal behavior of PCM.

Three samples were prepared:

e Adriedsample, withamoisture content of 0.08%;
e Afresh sampleaftergrinding, with 0.17% moisture content
e Asample with10% moisture content reached after 10days in contact withair.

Approximately 10 mg of each sample were placedin a aluminum 25 pl DSC crucible, and sealed with
a lid using by means of a press. The methodology employed for the DSC measurements is fully
describedin [62]. The apparatus used was a Mettler Toledo DSC 1.

The samples were submitted to a heating ramp from 25°C to 200°C at 5 K/min. Generally, when
DSC measurements are carried out, a first heating segment is performed to condition the
samples and get better contact with the crucible, followed by a cooling ramp, and finally a
second heating cycle servesto take the measurement. But in this case the procedure required
to be modified. To assess the phase transitions of the resulting on samples with water content,
this initial conditioning cycle had to be removed because the absorbed water can be released
during the first heating cycle, thus modifying the sample composition and rendering different
resultsin different consecutive cycles.

2.2.4. PHASE IDENTIFICATION BY MEANS OF X-RAY DIFFRACTION XRD

X-ray diffraction, XRD, measurements were made on dried U-SN eutectic samples to verify if
there are new phases derived from the mixture reactions due to the high temperature during
the preparation of the mixture (degradation), or due to water uptake or, also from potential
contamination with the desiccant agents.

The diffraction patterns were obtained usinga Philips X'pert Pro automatic diffractometer. The
methodology employed for the XRD measurements is fully described in [62]. The Powder
Diffraction File (PDF) database was consulted for phase identification.
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The analyzed samples included pure urea and pure Sodium nitrate, two samples of powdered
dry eutectic mixture (onesample was dried usingphosphorus pentoxide and the other one using
silicagel).

2.3 RESULTS

Determination of the sample moisture content by means of Karl Fischer coulometric titration

The purchased pure raw materials presentavery small water content: 0.1-0,2 wt%in urea and
0.03-0.06 wt% in Sodium nitrate.

15 minutes after sample preparation: After the eutectic mixture preparation, the grinded
samples exhibitedvalues between 0.1 and 0.17 wt% moisture, measured 15 minutes after the
sample preparation, where the samples solidification has taken partin contact with the air, and
inside a closed beaker.The moisture contentin both sampleswas similar, displaying valuesfrom
0.1 to 0.17 wt%. So it was determined, that the solidification of the sample in contact with air
does notreport a great waterabsorption.

1 dayin contact with the humid environmentalatmosphere versusin closed beaker: The
behavior of the powdered samples after 1 day in contact with the humid environmental air
increasesto more than 3 times higher humidity content thanthe samplesinthe closed beaker
surrounded by humid environmental air, and 2 times higherthan samplesinthe closed beaker
inthe refrigeratorasshownin Figure 2. 2 upperimage.

Closed containerinlab Closed containerin Opened containerinlab
atmosphere refrigerator atmosphere
Water uptake A Water uptakeB =1,5A Water uptakeC=3 A

The evolution of the moisture content in the powdered samples exposed to environmental air
increases significantly in 10days, reachinga moisture content of 10 wt% after only 7 days. After
22 days, small water drops could be observed on top of the samples. No measurement was
feasibleinthesesamples.

The samplesin the refrigerator show a milder water trap increase, to a final value of 3.3 wt%
after 22 days. The lower water trap inside the refrigerator is due to the influence of the lower
temperature, which admits lesser relative humidity.

The desiccator, fitted with the Phosphorus pentoxide, provided an atmosphere with a relative
humidity between 4-7%. Afteratime of 1 day all the samplesin the desiccator contained lower
moisture than the materials originally introduced in them. The humidity percentage remained
unchangedintime to a value around 0.08 wt%, regardlessif the samples werein plaquesorin
powder.

It was therefore concluded that it is possible to dry the grinded material by a method as
simple as storing the material in a dry environment (relative humidity within the container
< 7%). The minimum values reached by this method range between0.001 and 0.08% humidity.
The time required to reduce the moisture depends on the material mass to be dried and the
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relative humidity of desiccator. For sample masses between 20 and 100 grams, no more than
2 days are required when the relative humidity inside the desiccatoris lower than 7%.

0.6% O urea
X
Q,
2 0.5% A sodium nitrate
E 0.4%
£ Xin air
8 =
c 03%
8 Oin closed beaker
)
8 02% =
g 8 :;: [ + powder in dessicator
0} ™
0.1%
g ¢ plague in desiccator
0.0%
00 0.1 1.0 = powder in closed
Time [days] beaker in refrigerator
12.0% O urea
X
10.0% Pt A sodium nitrate
R
2 8.0% *in air
e
Q,
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8 4.0% o
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2.0%
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00% @ by é + O+ + +
0.0 0.1 1.0 10.0 100.0 = powder in dosed
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Figure 2. 2 Water content evolution in 1.4 g of urea and Sodium nitrate samples are stored in different conditions.
The figure on the top show samples up to 22 days. The figure on the bottom re present samples up to 1 day after
preparation.

The powdered samples were easier (quicker) to dry than the plaques, but they also absorbed
water more readily. Thisis due to the larger powder specificsurface in contact with the humid
air. From this fact, if the material were to be commerecially deployed, bulk material with lower
surface area can be usedin purpose for storingand handling to avoid greater water uptake.

Evaluation of the thermal behavior regarding the moisture content by means of differential scanning
calorimetry DSC

Three samples were evaluated: a) a dried sample with a moisture content of 0.08%; b) a fresh
sample after grinding, with 0.17% moisture content; and c) a sample with 10% moisture content
reached after 10 daysin contact with air. Figure 2. 3 shows the thermograms of the samples a
and b.They exhibitthe same geometry and relatively similar thermal characteristics. However,
sample b has a slightly lower melting temperature and fusion enthalpy. The thermogram of
sample c shows a geometry very different from that of samplesaand b. Two or more thermal
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events can be seen, which do not correspond to the melting temperature of the mixture. This
may indicate that the material becomes a ternary mixture with a eutectic point at a lower
temperature (46 °C).

These data confirmed that the U-SN eutectic mixture requires to be dried in order to achieve
the desired thermal behavior. However, the samples with 0.17 wt% moisture content do not
show significant thermal propertieschange, thus being possibleto use themifaclosed container
isused.
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Figure 2. 3 Thermograms of samples a, b and c. Moisture content of 0.08 wt%, 0.17 wt% and 10 wt% respectively.

Phase identification by means of X-ray diffraction XRD

Figure 2. 4 shows the diffractograms of the measured samples. Pure urea and pure Sodium
nitrate showed no contamination of other phases.

The diffractograms of the dry U-SN eutecticsamples 1and 2 show the same peaks, meaning no
new phase hasformed due to the use of phosphorus pentoxide orsilicagel as desiccant agents.

The sample 1 was afterwards exposed 30 minutesin contact with air at 20 °C and 46% relative
humidity, and a new diffraction measurement was carried out in order to verify the results
obtainedin [63] and to verify that the unidentified diffraction peaks are dueto the water uptake.
The diffractogram shows that some peaks emergedin positions different from those from urea
and Sodium nitrate, and are enclosed in black boxes. These peaks indicate the presence of a new
phase in the sample. This phase could not be identified in the available data bank for XRD
compound-identification, due to the fact that there were no coincidences sufficiently adjusted
with the existing phases in the database. The hypothesisisthis phase to be a hydrated phase
formed in the PCM. It is confirmed that humidity alters the crystalline phases in the U-SN
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eutectic, causingthe change of the thermal properties, threatening the potential use of U-SN as
a PCM.
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e’ A Sodium nitrate
=
Fey
§ J —A J—" A -~ Dry sample 1
£
J A l A—An s Dry sample 2
At L‘—L"-"""L'”‘ A Sample 1 after
10 20 30 40 50 60 30 minutes

Position 2Theta [°]

Figure 2. 4 Diffractogram of pure urea and Sodium nitrate, U-SN eutectic dry samples 1 and 2 (desiccating agent
phosphorous pentoxide and silica gel respectively), and sample 1 after 30 minutes in contact with humid air (20°C,
46% RH)

2.4 CONCLUSIONS AND REMARKS

The samples moisture content was determined from the sample preparation stage to 22 days
undervarious storage conditions. The results concluded that the samples preparedina closed
container, with ambient conditions in the range of 33-47 HR % and 17-23 °C, have a low initial
moisture content of 0.17 wt%.

The lowest water content obtained was 0.08 wt%. This was obtained by storing the material in
a closed container with a humidity level of 4-7% by means of a desiccating agent. The thermal
properties determined in this samples (melting temperature and latent enthalpy) were
considered as the reference forthe rest of the samples with larger humidity levels.

The samples with up to 0.17 wt% water content show negligible decrease on the propertiesin
comparisonto the dried mixture (0.08 wt%).

When samples are exposed to the humid air (normal environmental conditions), they absorb
water and changes on the original crystalline structure. New phase(s) form, which do not
correspond to any identified phase in the Powder Diffraction File (PDF) database. The
introduction of this phase (in small quantity) results in a decrease inthe melting temperature,
the melting starts at 45 °C. Two phase transition peak signals are observed in the hydrated
samples indicating that it may be a hypo or hypereutectic composition of a possible ternary
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system composed of urea, Sodium nitrateand water. Therefore, itis concluded that the samples
must be dry tobe used as PCM.

The methodology followed allows us to know that the humid samples can be dried using
desiccating agents, more readilyif they are ground, but it is also possible to dry the samplesin
thin plaques obtaining a humidity of the same order (=0.08 wt%). However, the handling of
powders is more complicated if the samples are in contact with air, so it is recommended to
store the U-SN eutecticmaterial in form of bulk plates and/orto use dry atmospheres.
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Chapter 3 : Thermal degradation study of the urea and Sodium
nitrate eutectic mixture

3.1 INTRODUCTION

The eutectic mixture formed by 71.25 wt% of urea (CO(NH,),) and 28.75 wt% of Sodium nitrate
(NaNO3) hasa melting point of 85°C, inthe range of the DHW and space heatingapplication. It
poses several interesting features, including high melting enthalpy, non-expensive price, large
availability and is biodegradable (its main use is for fertilizing soils)[62], [63]. The use of pure
Urea as PCM for thermal energy storage at a temperature of 132°C (Urea melting point) was
researched several decades ago [4], [15], [65], [84]—[87] being discarded duetoits poorthemal
stability: Liquid urea quickly degrades forming different compounds. In this context, no other
studies have been performed up to date that seek to prevent or eliminate the degradation or
the improvement of the thermal stability.

However, since the urea and Sodium nitrate eutectic mixture presents a melting point
significantly lowerthan pure urea, 85°C, the degradation rate could be significantly slowerand,
asaresult, the thermal degradation inthis case could become aninconvenienceinstead of being
a limiting factor for its use as PCM. Consequently, Diarce et al. (in collaboration with the
author)thoroughly studied the urea-Sodium nitrate system. Its phase diagram and main
thermophysical properties were reported in [62], [63], togetherwith a preliminary accelerated
thermal cycling test. It was concluded that the mixture can be considered agood PCM candidate,
although furtherstudies onits long-term stability and degradation were required.

The degradation behavior of pure urea and pure Sodium nitrate has thoroughly been studied
and reported in the literature. Pure urea is used as a precursor of ammonia in automobile
Selective CatalyticReduction SRC, forelimination of NOx in exhaust gases [81], [82], [88]—-[93];
and alsostudied as a degradation product of ureanitrate (CHsN;0,) thermolysis [94], [95].

The reported urea main degradation path is shown in Figure 3. 1. When submitted to high
temperatures, inafirst stage urea decomposes into ammoniaandisocyanicacid. Then, isocyanic
acid reacts with the unreacted ureato produce biuret. Afterwards, cyanuricacid may form due
to the reaction of biuret with isocyanicacid. This decomposition path takes placein the absence
of water. Inhumid atmosphere, the isocyanicacid reacts with the water causing more ammonia
and carbon dioxide. Evidence points out that the presence of water promotes higher
degradation rates [82]. Forthisreason, the present studywas carried outin an atmosphere with
controlled humidity.

In addition to the already mentioned decomposition products, other degradation compounds
are mentioned in the literature when urea is heated up to very high temperatures under
different conditions, like ammelide, ammeline, and melamine, which are formed by
polymerization; and/or anions such as cyanurates, isocyanates, acetates, formates, nitrates and
nitrites[92]. Indeed, most published works dealing with ureathermolysis analyze the process at
temperatures higher than the operating temperature range herein sought for the urea and
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Sodium nitrate eutectic mixture (<100°C). Only some few works(Désiletsetal. [94]; Bernhard et
al. [81]) reported urea degradation at temperatures as low as 100°C (below pure urea melting
point). Besides, the degradation was generally studied on conditions different from those
designed for themal energy storage (open container, catalysts, solid urea/dissolved in water,
etc) and cannot be considered as a reference for the potential behavior of the mixture under
the PCM working conditions. Actually, most quantitative research regarding urea thermolysis
has been approached with the final objective of attaining the maximum potential conversion of
urea into ammonia, for the development of system suitable for NOx elimination. As a result,
they pursue to identify the operating conditions that will promote maximum urea degradation,
whichisthe opposite objective to the aim of the present study.

For the herein studied application, however, urea decomposition is aimed to be reduced or
eliminated if possible. Animportant parameterin the attemptto reducethe degradation of urea
is the use of tightly closed containers that will lead to an equilibrium pressure of the gaseous
byproducts, thus limiting the degradation of the original material.

The literature regarding the degradation of Sodium nitrate [77], [96], [97] indicates that the
thermal decomposition of NaNO; depends on the temperature: at very hightemperature, above
700 °C, nitrate decomposes and releases nitrogen oxides; at intermediate temperatures, from
450 °C to 700 °C, part of the Nitrate decomposesforming Nitrites, reaching an equilibrium; at
low temperatures, from 308 to 450 °C (NaNO; melting temperature is, 308 °C) a small
percentage of nitrite forms. Bauer et al. [77] exposed Sodium nitrate to 350°C at atmospheric
pressure. The results showed thatabout 0.1 wt% nitrites (NO,’) formed within afew hours, but
the decomposition progressed slowly, with a nitrite content of 0.2to 0.25 wt% after a period
longer than 100 days at 350 °C. Overall, it can be concluded that NaNO; is thermally stable at
350 °C since decomposition is limited to the formation of a very small amount of nitrite.
Consequently,the decompositionof Sodiumnitrate below 100°C is foreseento be negligible. As
aresult, only ureadecompositioninthe urea-Sodium nitrate mixture requires consideration.

AMMONIA

ISOCYANIC ACID

v

-
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ISOCYANICACID 4 + | glURET | _> [EaZANVEIVNaI NN +  AMMONIA

Figure 3. 1 Urea main degradation path
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During the last decade, the identification of new potential phase change materials (PCM) had
beenamainresearch objective amongthe latent heatthermal energy storage (LHTES) research
groups. Asaresult, ithas been common practice to employ a quick method to discard materials
with poorthermal stability and verify potential candidates. Most reported works determine the
potential PCM thermal stability by means of accelerated melting-solidification thermal cyding
tests carried out in a DSC, measuring the variation of thermal characteristics along these tests
[98]. However, this type of tests may not describe the real stability/degradation behavior of
PCM. Actually, the thermal cycling tests do not isolate the thermal degradation problem, but
include other potential degradation features that could act together, likeforinstance the phase
segregation, crystallization problems, supercooling, etc. Accelerated thermal cycling tests are
not suitable to determine the thermal degradation due to instability of the material at high
temperature. Hence, the development of reliable methods to test the degradation of PCM is
one of the working focus of the international research community in thisfield. In this sense, the
Solar Heating & Cooling Programme, Task 58 from the International Energy Agency IEA[99], is
an international working group with the aim to develop and study thermal energy storage
materials, where the authors collaborate. One of the objectives aimed by the group shared
working programme is the development of measurement procedures for relevant material
properties, including realisticthermal degradation testing.

Accordingly, the present chapter presents the study for the determination of the thermal
stability of the urea and Sodium nitrate eutectic mixture, from a perspective different to the
most widely employed accelerated thermal cycling, to assess the reliability of the urea and
Sodium nitrate eutecticmixture asa PCM. The study includesthe thermal degradation of molten
samples at a temperature slightly higher to the maximum operation temperature, and the
subsequent thermaland compositional analysis by means of different analytical techniques after
different degradationtimes up tooneyear.

3.2 EXPERIMENTAL DESCRIPTION

Samples of the urea and Sodium nitrate eutectic mixture were introduced in DSC closed
crucibles. The crucibleswerekeptinsideaheating cabinet at 100°C for times ranging from 1day
to 1 year. Afterwards, their main thermal properties were determined by DSC (Differential
Scanning Calorimetry). Selected samples were also analyzed by different techniquesin order to
determinethe compounds presentinthe degraded samples. The techniquesused were: for that
purpose were: HPLC (High Performance Liquid Chromatography), XRD (X-ray Diffraction) and
FTIR (Fourier-Transform Infrared Spectroscopy). The detailed procedure is subsequently
described.

3.2.1. SAMPLE PREPARATION

Dry samples, with a composition of 71.25 wt% urea and 28.75 wt% Sodium nitrate (from now
on called the U-SN eutectic mixture), were produced in glass vials and introduced in DSC closed
crucibles. Table 3. 1gathers the detailsof the relevant instruments usedfor sample preparation,
while Table 3.2 includes the main features of the employed raw materials. Special efforts were
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takento preventany moisture uptake by the samples, due toits potentialinfluence onthe urea
degradation results.

Pure reactants were first introduced into glass vials in powder; 2.85 grams of urea and 1.15
grams of Sodium nitrate were used, amountingto 4 grams of the eutectic mixture. A magnetic
stirrerwas introduced and the vial was tightly closed with a threaded cap. The closed vials were
immersedintoaglycerin bath with magneticstirringat 90°C for 30 minutes.

By means of a micropipette, 20 ul of the molten material were poured into DSC stainless steel
crucibles. The crucibles with the PCM (still without the closure-lids)were placed in a desiccator
containing phosphorus pentoxide as desiccating agent. The samples remained for 3 days inside
the desiccatoratroomtemperature, under 7% relative humidityatmosphere. The water content
of selected samples was measured afterthis process by Karl Fisher titration[83]. All the samples
showed awater contentbelow 0.1%.

The desiccator was then introduced inside a glove-box with dry air (16% relative humidity),
where the DSC crucibles were closed. Medium-pressure crucibles with a sealing gasket were
used to ensure tightness. PCTFE O-rings were employed since they are not permeable to
ammoniagas. The closed crucibles were finally weighed ina 0.1 mg resolution scale.

Table 3. 1 Equipment used for the sample preparation

Equipment Brand Model

Precision balance Ohaus Discovery 114C
. . Medium pressure stainless steel

Gas-tight crucibles MettlerToledo crucibles with PCTFE O-rings
Micropipete Rainin by Mettler Toledo Pipet-Lite XLS monocanal
Glove box Plas-Labs, Inc. 330 ABB
Karl Fischer coulometric Mitsubishi Chemical KF-31
Tritration

Table 3. 2 Raw materials employed for the sample preparation

Material Supplier Purity Quality
Urea PanreacQuimica S.L.U. 99%
Sodium Nitrate PanreacQuimica S.L.U. 99% Lat;cr);:';ory
Phosphorus Pentoxide | PanreacQuimica S.L.U. 98%

3.2.2. DEGRADATION PROCEDURE

The sealed crucibles were introduced into an oven at 100 °C (£ 5 °C) for a predefined soaking
time. The crucibles were placed onto an aluminum sheet with a grid to keep control of each
sample and to provide ahomogeneous temperature to all the crucibles (see Figure 3. 2). Three
samples (3 DSC crucibles) were prepared and introduced in the furnace for each degradation
time.
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When the predefined time elapsed, the corresponding crucibles were removed from the oven
and placedinadesiccatorfor 30 minutes. Afterwards, they were weighted to record any sample
mass variation.

Figure 3. 2 The sample rack with some of the samples in it inside the heating cabinet

3.2.3. ANALYTICAL PROCEDURE AND TECHNIQUES

The degraded samples were analyzed by different techniques. DSC was used to determine the
evolution of melting temperature and melting enthalpy over increasing degradation time.
Besides, HPLC, XRD and FTIRwere used for a further understanding of the thermal degradation.
Table 3. 3 gathers the equipment employed. The methodology employed for the DSC, XRD and
HPLC measurements are fully described in [62]. A summary of their most important details is
described onwards.

Table 3. 3 Analytical techniques used for the characterization of degraded samples

Analytical technique Brand Model
Differential Scanning Calorimetry (DSC) Mettler Toledo DSC1

High Performance Liquid Chromatography-
Mass Spectrometry (HPLC-MS)

X Ray Diffraction (XRD) Philips X'pert Pro
Powder Diffraction File (PDF) database - -

Fourier-Transform Infrared Spectroscopy
(FTIR)

Agilent Technologies 1200 Series

Jasco 4200

Differential scanning calorimetry DSC

The used temperature programisshownin Figure 3. 3. It consisted ontwo heatingramps and
one coolingramp. The first heating segmentintended to settle the sample on the bottom of the
crucible to achieve agood contact. The thermal properties were evaluated from the cooling and
second heatingramp. Both heating and cooling rates were of 1°C/min, and isothermal segments
of 10 minutes on eitherside of the dynamicsegments.
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Figure 3. 3 DSC temperature program

Highly degraded samples showed crystallization problems, and did not always crystallize
completely during the cooling ramp due to the high coolingrate. In some cases, the end of the

crystallizationwas determined duringthe heating. Inthese cases DSCtests were repeated using
heating and cooling rates of 0.5 K/min.

The onset and peak temperatures, the latent heat and the total enthalpy exchange on the
temperature range from60to 95°C, were determinedon the cooling segment and on the second
heatingsegment. The total enthalpy exchange was determined (see Figure 3. 4) by measuring
the area(a) that correspondsto latent enthalpy and the addition of area (b), which corresponds
to sensible and latent heat between 60 and 95°C. In the samples where any new peaks or
artifacts different from the eutectic melting features occurred, they were recorded for further
analysis.
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Figure 3. 4 Determination of the total enthalpy exchange. Area “a” corresponds to the melting enthalpy, and area
“b” corresponds to the sensible enthalpy in the 60 to 95°C temperature range
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High performance liquid chromatography HPLC

The HPLC technique was employed to determine the urea content on the degraded samples, as
well as to identify and determine the content of the non-gaseous byproducts of urea on those
samples. Aworking methodology was developed to determine the concentrationof urea, biuret
and cyanuric acid since these are the foreseen decomposition products. For it, only the
evaluation of theirspecificspectrarange was evaluated. In addition, samples degraded for 180
days were submitted to a procedure which covered the evaluation of a wider range of the
spectrain orderto determine whetherotherdegradation compounds were present.

Calibration curves were prepared using different concentration solutions, fitted by the least
squares method (linear estimation) with a correlation coefficient greaterthan 0.996 in all cases.

In addition, an analytical validation using pure urea, biuretand cyanuric acid samples to obtain
the method precision and accuracy. Table 3. 1 summarizes the results. Urea measurements do
not provide agood accuracy. Intraday precision valuesare not good as well. Forthat reason, the
results from this methodology were not used to attain a proper degradation kinetics of the
material, nor mass balance of the reactants and products. However, they were meant to
evaluate the global evolution trends of ureaand its decomposition products.

Table 3. 4 HPLC intraday and interday precision (measured within a day and on different days), and accuracy

Precision
Accuracy %
RSD% intraday | RSD% interday
Urea 0.6 11.9 88.4
Biuret 0.9 6.9 97.2
Cyanuricacid 0.8 15.9 97.3

The samples were prepared for analysis by dissolving approximately 10 mg of each degraded
sample in 25 ml of distilled water. For the chromatographic analysis, this solution was further
diluted with distilled water to 1/100 and 1/50 ml/ml respectively. 5 pulL of the diluted samples
were injected into the HPLC-MS for analysis. Two samples from the dilutions 1/100 and one
sample fromthe dilution 1/50 were measured for each of the degraded samples.

X-ray diffraction XRD

X ray diffraction was used to determine the crystalline materialsinthe degraded samples, and
determine potential formation of glassy material. It has to be reminded that the function of a
PCM is to store and exchange the latent heat of melting/crystallization. As a result,
determination of the crystalline species and the potential glass formation are important aspects
to analyze the validity of the material as a PCM. The samples with different degradation times
were analyzed, and the evolution of the diffraction patterns were analyzed. The te chnique
allows to determinethe compositionand crystallographic nature ofthe crystalline materials,but
it does not allow to determine the composition of the amorphous compounds that could have
formed.
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In a previous article of the authors [62], it was determined that the U-SN eutectic mixture
presents a metastable phase different from urea and from Sodium nitrate, whose diffraction
patternsare unknown, or have not beenincluded onthe XRD pattern(s) database available for
the analysis (see table 3). This phase is different form the one attained in samples exposed to
humid air. Due to this fact, all the samples were annealed to obtain the equilibrium phasesand
make it possible to identify the potential byproducts appearing in the degraded samples with
time. The annealingthermal treatment consisted in holding each selected sample into the DSC,
at 80°C for 10 hours.

After annealing, all the material contained in the DSC crucible (around 20 mg) was removed,
hand-grinded on an agate mortarto obtain a fine powder, and placedin sample holders for XRD
analysis.

Fourier transform infrared spectroscopy FT-IR

Fourier-transform Infrared spectroscopy, FTIR, was used as a complementary technique to
determine the composition of the samples by the determination of their infrared spectra. The
technique is capable of providing additional informationto ascertain the composition of the
samples, including new compounds that could have formedin the degraded samples, which may
be non-crystalline. The KBrtablet technique was employed, being the most usual methodology
for the analysis of powdered samples. It was in transmittance mode, using a disc or tablet of
potassium bromide (KBr, spectroscopic purity).

The tablets were prepared by mixing the solid samples (previously grounded) with KBr powder
(approximately 300 mg), and then the mixture was ground again to obtain a good dispersion of
the sample. This mixture was transferred to an IR tablet mold and placed in a hydraulic press.
The pressure wasincreased to 10 tons and held for3 minutesto obtaina KBr discin whichthe
sample was homogeneously distributed. Afterwards, the infrared spectra was obtained in the
400 to 4000 cm? region following the standard procedure, with a spectral resolution of 4 cm™!
and accumulating 40 scans to obtain a good signal-to-noiseratio.

Pure urea and Sodium nitrate samples were firstanalyzedin orderto obtainthe spectraof the
pure components used forthe sample preparation. Then 3 U-SN eutectic mixture samples were
analyzed, corresponding to three different degradation times: non-degraded, 40 days and 120
days.

3.2.4. DETERMINATION OF THE EQUILIBRIUM PRESSURE

The objective is to determine the potential gas evolution of the U-SN eutectic mixture when
submitted to 100 °C in a tightly closed container. Urea thermal decomposition reaction is
heterogeneous and some of the products are gases. As a result, if the material is tightly closed,
and assumingthat it is a reversible reaction, whenthe equilibriumis reached the pressure will
reach a certainvalue. The degradation stops when the equilibriumis reached.

To determine the pressure evolution and the equilibrium pressure of the U-SN eutectic mixture
at 100°C, a simple experimental device was developed. Figure 3. 5depicts the experimental set-
up. A gas-tight containerfilled in withthe PCM s placed inside the heating cabinet at 100°C. A
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thin tube connects the container interior to a manometer placed outside the oven. As urea
degrades, the ammonia production increases the pressure until the equilibrium is reached.
When this occurs, the pressure stabilizes. Several different devices and test-attempts were
carried out (copper tubes with regular gas fittings, Ace pressure tubes with PTFE plugs and o-
rings) and demonstrated poortightnessinthe working conditions. Finally, adevice with all the
fixtures and components made of 316 stainless steel was produced (Figure 3. 6). The PCM-
container consisted on a tube (10 mm inner diameter, 200 mm length and, 15.7 cm?3 useful
volume) sealed by means of a plug on the bottom and by a number of fittings on the top. The
upperfittings serve to enable connection to the manometer, placed outside the oven. The plug
and upper fittings (Gyrolok series from Hoke®) have a double ferrule system to provide a
mechanical tight-seal (Figure 3. 6). The upperfitting connects theinterior of the tube with a thin
tube (2 mm inner diameter) to the manometer placed outside the oven, through an aperture
available in the oven wall. To make the effective connection to the manometer an easy plug
adapter and a 4mm diameter silicone tube were used. The digital manometer used had a
resolution of Imbar, a measuring pressure range of 2000 mbar, and an accuracy of +2%.

The PCM containerwas filled in with previously prepared U-SN eutectic mixture. Approximately
14 cm? of liquid material (20 grams) were directly poured in, filling-up the available volume
almost entirely. Inthis way, the gas-volumeavailablein the tube was relatively smallin orderto
minimize the experimental time required to reach equilibrium. The gas-volume available in the
connection tubes between the containerand the manometeramounted toonly 2.7 cm3.

The oven temperature was monitored by a T-type thermocouple. The temperature and pressure
signals were continuously recorded. The experiment lasted 120 h, from which 117 h correspond
to a stable pressure.

Due tothe fact that the systemin the initial conditionscontains air, and it should also contribute
to the pressure raise with temperature, a test was done with the container filled with an inert
material (sand). Forthe analysis of the results, the internal pressure of the airentrappedin the
device when heated up at 100°C should be subtracted from the total pressure fordetermining
the ammonia partial pressure.

y Y

Thermocouple

PCM
container

| TR

- >

Figure 3. 5 Scheme of the experimental set-up for the determination of the equilibrium at 100°C
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Figure 3. 6 Photograph of the actual device employed for the determination of the equilibrium pressure, with the
sketches of the fittings interior design to ensure gas-tightness taken from the Hoke Gyrolok fittings catalog [100].

3.3 RESULTS

This section is devoted to present the main results experimentally attained for the thermal
stability and degradation study of the U-SN eutectic mixture after controlled degradation was
performedin closedcontainers. Besides, the results obtained in the studyforthe determination
of the ureadecomposition equilibriumpressureat =100 °Care also presented. The discussion of
the analysis of resultsis presentedinthe next section.

3.3.1. MASSLOSS

The Urea decomposition path evolves with gas production. As a result, the degradation
equilibrium and kinetics depend on these products partial pressure. If the material is contained
into a gas-tightened enclosure, with no leakage, the degradation rate will be different than if
the container leaks. The gas-tightness is, therefore, an important parameter for the U-SN
eutectic mixture thermal stability. The leakage of gas products (gaseous mass loss) makes the
reaction displace towards the formation of more products, promoting the degradation of the
reactant,i.e.urea. The cruciblesemployed in thisdegradation studywereselected fortheir gas-
tightness according to the supplier’s specifications, which indicated a maximum allowed
pressure of 2MPa (20 bars) and maximum working temperature <220°C, both well below the
operational conditionsin this study. However, the measurements carried out show that the DSC
crucibles exposed at 100°C for a certain time, reported small mass variations.

All samples were weighted before and after the corresponding test at high temperature,
summingup 42 samplesintotal (3samples pereach degradationtime). Thee of the samples had
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to be discarded fora poor crucible tightness. The average mass loss evolution and the standard
deviationare plottedin Figure 3. 7. After370 days the crucibles show an average mass loss of
2.2%. The mass loss trend increases with time, however the mass loss during the initial stages
doesnot follow alineartendency. Discussion about the samples masslossisapproachedin the
following sections.

2,5%
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Figure 3. 7 Evolution of average mass loss with time; the bars represent the standard deviation

3.3.2. DIFFERENTIAL SCANNING CALORIMETRY DSC

The samples thermal properties were measured by means of DSC. Figure 3. 8 gathers some
thermographs of selected samples, each one degraded for a different period of time. All the
thermographs have been analyzed, taking into account the evolution of the graphs geometry:
the melting and solidification peaks and any unexpected peak or artifacts.

The enthalpy loss, the latent heat loss and the melting temperature change are gathered in
Table 3. 5, which shows the original mixture values (average of three samples) and those after
370 daysat 100+5 °C. The meltingenthalpy loss is smallerthan 25%, and reduced to 20% in the
case of the total enthalpy exchangeinthe 60-95°C temperature range.

Table 3. 5 Main thermal characteristics of the U-SN eutectic mixture: non-degraded and after 370 days at 100°C
(average values of three samples each)

non-degraded | after 360 days
refergnce at 100 °C ! % loss
avg. onset temperature [°C] 84.63 75.91 10%
avg. peak temperature [°C] 87.97 82.22 7%
avg. Latent heat [kJ/kg] 168.94 128.82 24%
avg. l+s heat (60-95°C) [kJ/kg] 238.18 189.74 20%

The general evolution of the melting signal with increasing degradation time shows a tendency
for the endothermic peak to displace towards lower onset and lower peak temperatures. In
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addition, peakswidenin detriment of sharpness and thereis areduction of the melting enthalpy
and total enthalpy change inthe 60-95°C temperature range. Figure 3. 9 and Figure 3. 10 show
the evolution of the average onset temperatures, peak temperatures, and enthalpies, as well as
theirstandard deviation.
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Figure 3. 8 Evolution of the thermograms with increasing degradation time (some selected samples)
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Figure 3. 9 Evolution of onset and peak temperatures in heating, and the onset temperature in cooling. The
standard deviation is included as well.
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Some of the degraded samples showed asmall new peak on heating, around 74°C, prior to the
melting signal. This newpeak was determined in some samplesduring the first 90 days at 100°C.
After long degradation times the melting peak becomes wider and the onset temperature
descend from the initial 85°C to temperatures as low as 75°C. This suggests that the new peak
which formed in some samples at 75°C, while the original peak at 85 °C was also present,
indicating two phasesto be present orthatthe samples do not show any more aunique melting
point but show a semisolidinterval. These two signals have overlapped, thus forminga unique
wide peakinthe samplesexposedtolongdegradation time.

Some of the degraded samples showed asmall new peak on heating, around 74°C, priorto the
melting signal. This newpeak was determined in some samplesduringthe first 90 days at 100°C.
After long degradation times the melting peak becomes wider and the onset temperature
descend from the initial 85°C to temperatures as low as 75°C. This suggests that the new peak
which formed in some samples at 75°C, while the original peak at 85 °C was also present,
indicating two phasesto be present orthatthe samples do not show any more a unique melting
point but show a semisolidinterval. These two signals have overlapped, thus forminga unique
wide peakinthe samplesexposedtolongdegradation time.
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Figure 3. 10 Evolution of the average enthalpy measured on melting and on crystallization (main peaks), and the
average enthalpy measured on the secondary peak on melting. The secondary peak forms in thermograms of some
degraded samples, prior to the main peak. Each spot corresponds to the average of three samples. The bars
represent the standard deviation.

Large supercooling occurs on crystallization, showing the large scattering typical of its stochastic
nature when smallsamplesare used. However, the scattering is almost negligible on the samples
tested for a time longer than 120 days, as Figure 3. 9 shows. In all cases the enthalpy of
crystallizationis lower than the melting enthalpy. This phenomenonis well known, due to the
recalescence that occurs afterthe supercooling, meaning that part of the latent heatis used for
heatingthe sample.
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To summarize, the thermal storage capacity (melting enthalpy) and the melting temperature of
the samples submitted to 10015 °C for different times decrease within the first 40 days, and
remained stableat=125J/gand =75°C respectivelyuntil 370days elapsed, being this periodthe
maximum degradation time tested in this study. If this trend is stable, these final values are
adequate forthe use of the U-SN eutecticmixture asa PCM forthe intended application (DHW
and heating) since the melting temperature is inthe range (60-95°C) and the melting enthalpy
issimilartocommercial PCM (for example, Rubitherm RT60 paraffin has a melting point around
60°C and meltingenthalpy 120 J/g), while its price and sustainability are more very good. If the
energy storage density (enthalpy per unit volume) of the U-SN eutectic mixture and that of a
typical paraffin are compared, the herein studied eutectic mixture after 370 days at 100°C
presents a value of 177.5 KJ/dm? (initially 245 KJ/dm?3), almost double of the value offered by
paraffins (94. KJ/dm3).

The 370 days testing period (at 100°C) analyzed in the present study would be equivalent to
different periods of use, depending on the design and operational use of the thermal storage
system. In any case, it resemblesan in-use period longerthan 1 year. Nevertheless, stability
conditionsforlonger periods should be assessed to confirm the use of the material asa PCM.

3.3.3. HIGH PERFORMANCE LIQUID CHROMATOGRAPHY HPLC

HPLC was used to identify and quantify the urea and potential urea degradation products
presentinthe samples. Figure 3. 11 and Figure 3. 12 show the compounds evolution detected
by means of HPLC-MS. The values shown in the plot were calculated as a percentage of the
theoretical urea that should be presentin the samples if they were not degraded (eutectic
composition, where urea corresponds to 71.25% of the total mass). Each value correspondsto
one sample (notthe average of several samples).

All analyzedsamples presentedurea. Biuret and cyanuricacid were only detected inthe samples
dilutions 1/50 because of the low concentration of these compounds on the degraded samples.
Indeed, the chromatographic signals corresponding to these two compounds were lower than
those corresponding to the lowest concentrations prepared for the calibration. Therefore,
extrapolation from the calibration curves was required to determine the biuret and cyanuric
acid concentrationinthe samples.

Additionally, the scan performed to determine othercompoundsinasample degraded for 180
daysat 100°C did not detectany other compound different from urea, biuret and cyanuricacid.
However, this method only serves to confirm the presence of compounds when they are
detected, butitdoes notserve todiscard their presence whentheyare notdetected.

Urea content decreased with increasing degradation time. However, a steeper slope can be
appreciated from the original sample to the sample tested for 40 days. Afterwards, the urea
percentage does not significantly vary with time. The presence of Biuret was determined in all
samplessince day one of thermal treatment. The quantity, however, is very small and does not
significantly increase with testingtime. Onthe opposite, the Biuret percentage decreases after
one year. Cyanuricacid was presentinthe samples tested for periods longer than 40days. Again,
in very low quantity like in the case of Biuret. However, the percentage of the Cyanuric acid
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slightly increases after 1 year, which matches with the biuret decrease. Henceforth, this agrees
with the degradation path exposed in the theoretical background of this article, and is better
explained in the discussion, which propose that the cyanuric acid forms from the previously
existing biuret.
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Figure 3. 11 Evolution of the Urea, Biuret and Cyanuric Acid content in the selected samples.
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Figure 3. 12 Evolution of the Biuret and Cyanuric Acid content in the selected samples

3.3.4. X-RAY DIFFRACTION XRD

Samples from selected degradation times were analyzed by XRD in order to identify the
crystalline phases present. Figure 3. 13 shows the X-ray diffraction pattern of a non-degraded
sample, containing 71.25wt% of urea and 28.75 wt% of Sodium nitrate, and illustratesthe peaks
identification. The peaks on the diffraction patterns identified in red correspond to pure urea

63



..............

b enadiff

]
a IVERSITE
Sl P LaTEP
Universidad  Euskal Herriko ] PAYS DE LADOUR EDERATION IPRA FR CNRS 295

del Pais Vasco  Unibertsitatea

and those identifiedin blue correspond to Sodium nitrate. The diffraction patternsinclude four
peaks that correspond neither to urea nor to Sodium nitrate (nor to sample holder and k-beta
reflections).They are very low intensity peaks and do not match the peaks corresponding to any
foreseen degradation compound: biuret, cyanuric acid, ammelide, melamine, etc. Because of
the poor intensity of the few non-identified peaks, the determination of any additional
compound by the XRD technique is not feasible. The quantitative analysis performed does not
allow a good accuracy (10%), but it is a useful tool to determine gross changes in the
crystallographicnature of compounds. The analysis of the diffraction patterns indicated that the
urea/Sodium nitrate proportion in all samples remained in an approximate proportion of 70-
80% urea and 20-30% Sodium nitrate, close to the original eutecticcomposition: 71.25 wt% of
ureaand 28.75 wt% of Sodium nitrate.
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Figure 3. 13 Diffraction pattern and peak identification of a non-degraded sample (blue lines correspond to Sodium
nitrate and redto urea peak positions).
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Figure 3. 14 Evolution of the diffraction patterns of samples tested for different times at 100°C.
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Figure 3. 14 depicts the evolution of the diffraction patterns with testingtime. The diffraction
patterns of all degraded samples showthe highestintensity peaksinthe same 2Theta positions.
However, alongtestingtime, there are intensity proportionality changes between the ureaand
Sodium nitrate peaks. Thesevariations are not large, but point towards a certain decrease inthe
urea content. Again, it must be reminded thatthe XRD methodology used is not well suitedfor
accurate determination of compositional changes. Figure 3. 15 (a) shows the diffraction
patternsin the 2Theta positionsfrom 31 to 33 degrees showing two peaks, one corresponding
to ureaand the otherone corresponding to Sodium nitrate. Figure 3. 15 (b) plots the evolution
of the relative intensity ratio of these two peaks along testing time. It can be seen thatthe ratio
gradually reduces from 0 days to 20 days, while after that period the ratio reaches a stable
intensity proportion. Even though a quantitative conclusion cannot be de rived from thisanalysis,
itdoes points towards a major urea degradation in thefirst 20days, reachingequilibrium around
that period (inthe herein employed testing conditions).
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Figure 3. 15(a) Evolution of two characteristic peaks for Urea (left peak) and Sodium Nitrate (right peak). (b) Ratio
of the intensity reached by the urea peak versus the nitrate peak of the tested samples
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Figure 3. 16 Diffraction pattern baselines for a non-degraded sample and a sample tested for 120 days at 100 °C.
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The diffraction-patterns shape provides also other noteworthy observations. The geometry of
the baseline of most degraded samplesdiverts to some extentfrom the pattern obtained in non-
degraded samples. Thiscanbe seeninFigure3. 16, where the degraded samplessignal-baseline
is slightly “bell-shaped”. From this change, it can be derived that the samples submitted to
longer degradation times decrease in crystallinity and therefore, part of the degradation
products might be amorphous (no informationcan be extractedfrom the amorphous part of the
sample using XRD).

3.3.5. FOURIER TRANSFORM INFRARED SPECTROSCOPY FT-IR

The FTIR analysis was used for compounds identification in the samples. Measurements were
carried outin a non-degraded sample, and in two samples degraded for 40 days and 120 days
respectively. The results, depicted in Figure 3. 17, show that all the samples have the mixed
spectrum of the urea and Sodium nitrate compounds, being the geometry of the spectrum a
superposition of both pure materials. None of the spectra presented bands matched any of the
foreseen degradation products.

Compared to the non-degraded sample, the degraded samples show a widening of the peaks
correspondingto awavelength between3000and 3800 cm™* with higher degradationtimes. This
is thought to be caused by the potential presence of moisture in the samples due to the
uncontrolled ambient humidity at the time of preparing the FT-IR samples and producing the
measurement, which were produced and measured one by one, while the first sample was
measured the other were already introduced in the equipment with no humidity control. Oliver
et al. studied the evolution of the urea spectra with hydration and dehydration processes with
a similarresult [101].
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NaNO3
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% Transmitance
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Figure 3. 17 FTIR spectra corresponding to pure Urea, pure Sodium Nitrate and the samples tested for 0, 40 and 120
days at 100°C.
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3.3.6. DETERMINATION OF THE EQUILIBRIUM PRESSURE

The pressure evolution on the experimental set-up was very fast. Even though the experiment
lasted for 5 days, a stable pressure was reached within 7 hours from the introduction of the
containerwiththe PCM inthe oven. Figure 3. 18 depicts the evolution of the relative pressure
inside the device when containingthe PCM mixture, and the evolution of the relative pressure
when the container is filled in with a reference blank. The pressure measured in the PCM-
container represents the relative pressure of the gaseous products evolved from the mixture
degradation plus the air initially present in the container. The reference blank consists of the
same air-gap asinthe PCMexperiment. The figure only shows the evolution of the first 15 hours
(900 minutes) of the main experiment, where the relative pressure stabilizes. The variation up
to 5 dayswas negligible.

It has to be reminded that the experimental set-up was purposefully prepared for the
degradation reaction to reach the equilibrium in a short time, by including a large PCM mass
while leavingatiny volume availablefor gas evolution,and being the system totallygas-tight.

The determined pressure values do not correspond to the gas at 100°C, even if the connections
between the PCM container and the manometer were insulated. Because the available
manometer maximum temperature is 50°C, it cannot be introduced inthe heating cabinet. So,
the experiment may not serve to establish the precise value of the gas equilibrium-pressure at
100°C, but to confirm that the equilibrium of the reaction can be reached when a completely
gas-tight containeris used.
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Figure 3. 18 Evolution of the relative pressure with time at 100°C

3.4 OVERALLDISCUSSION OF THE RESULTS

The objective of the experimental work was to gather knowledge about the U-SN eutectic
mixture thermal degradation under the highest operation temperature of the application
(=100°C). The main results attained by each technique have been presented in the previous
sections. The aim of the present section is to holistically combine the information and results
obtained fromall the techniques to acquire a better understanding of the process taking place.



man ta 23001 82

A 0
o | 4B .
f 3 » IVERSITE
o ensadiffh el Preneme LaTEP
Universidad ~ Euskal Herriko A -4 o PAYS DE ADOUR
del Pais Vasco  Unibertsitatea =~

The resultsfrom XRD and FTIR rendered substantial qualitative and compositional information
about the evolution of the samples, confirming that urea and Sodium nitrate were the major
constituents of all the samples. The qualitative analysis does not excludethe presence of other
compounds differentfromthe original ina very low proportion. However, these results do not
render a quantitative scale that can be directly related to quantitative results determined by
othertechniquesforthe jointanalysis of the samples degradation.

DSC and HPLC experimental data supply quantitative data about the PCM degradation. The
melting-enthalpy (DSC) and the urea-percentage (HPLC) variation show the same evolution
along degradation time, initially decreasing and afterwards presenting a stable value. The HPLC
results point out that the decomposition of urea leads to the formation of biuret and cyanuric
acid. The formation of these compounds results in modification of the PCM composition.
Solution of biuret (andpossiblycyanuricacid as well)in the urea-Sodium nitrate molten mixture
leads toachange of the thermal characteristics, such as onset temperature and storage capacity.

Figure 3. 19 plots the melting enthalpy values (DSC) versus the urea loss (HPLC). It shows that
thereisalinearrelationship. Then, it can be concluded that melting enthalpy isclearly influenced
by the measured urealoss. Figure 3. 20 showsthe urealoss (HPLC) versus the massloss of the
samples. In these figures, it can be observed that surprisingly, the urea mass-loss does not
necessarilyincrease with increasingtime. This findingis apparently incongruent. However, the
mass loss determined after the degradation process showed that the containers tightness was
not as good as it was foreseen according to the supplier specifications (they were selected
specifically for their gas-tightness). Therefore, due to the gas-leaks the equilibrium is not
reached and urea decomposition proceeds.
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Figure 3. 19 Meltingenthalpyloss measured by DSCvs. Urea lossmeasured by HPLC

It is important to highlight the importance of parameters that are not generally taken into
account, but can have great influence in the degradation and thermal behavior of systems. In
this regard, the mass loss is analyzed in following paragraphs, because it has been proved to
conditionthe systemthe degradation process and consequently the degraded sample thermal
behavior.
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The most widely accepted urea thermal decomposition process takes place according to the
following steps [16-24]:

NH, — CO — NH, N NH; + HNCO (3.1)
Urea Ammonia Isocyanic acid
NH, — CO — NH, + HNCO — NH, —CO— NH —CO — NH, (3.2)
Urea Isocyanicacid Biuret
NH, —CO— NH—-CO— NH, + HNCO -  NH; + [C(O)NH]; (33)
Biuret Isocyanicacid Ammonia Cyanuricacid

Figure 3. 20 showsthe urealoss,the increment ofbiuretand cyanuricacid (calculated as percent
of the original urea present in the sample) versus mass loss in selected crucibles analyzed by
means of HPLC and DSC. It can be derived that, inthe conditions employed in the experiments,
the urea decreases linearly with the massloss, and then, remain nearly constant regardless the
mass loss. Indeed, two stages can be distinguished.

In the first stage, biuret percentage increases as urea decreases, both of them linearly with
crucible mass loss. As depicted by equation 1, urea decomposes into gaseous ammonia and
isocyanic acid, which a is very reactive compound which immediately reacts with urea to form
biuret (equation 2). It can be assumed that the mass loss in stage 1 corresponds to volatile
ammonia and possibly isocyanic acid as well. This will promote further urea degradation to
displace the reaction for the production of the gases.

In stage 2, the crucible mass loss is nearly independent of the urea loss, while as the crucible
mass loss increases the biuret proportion reduces and the Cyanuricacid proportionincreases. A
plausible hypothesis is that, when the biuret proportion reaches a certain value, the reaction
depicted in equation 3 takes place, competing with the reaction in equation 2. Therefore,
Isocyanic acid combines with biuret to produce cyanuric acid and more ammonia gas. In this
situation, even though the massloss correspondsto gaseousammonia, itdoes correspondtoa
different reaction, where asolid product (cyanuricacid) must form togetherwith the ammonia
gas. Usually, heterogeneous reactions where solid products form have significantly slower
kinetics than the reactions evolving into gas products. The reaction rate of any process
conformed by sequential reactions is determined by the slowest step in the process, which
therefore controls the process. As a result, once the biuret proportion in the mixture is high
enough, the urea degradation rate drastically slows down. This would be in agreement with
Bernhard et al. [81] conclusion for the order of reaction rates at 100 °C: the rate for biuret
formationreaction (equation 2) is larger than the rate for cyanuricacid reaction (equation 3).

The urea loss and the formation of other products affects the behavior of the material, since it
changes the phase diagram. A first modification, the urealoss makes the mixture to deviate from
the eutecticcomposition, becoming a mixture with a semisolid melting range (not unique phase
transition temperature), where the eutectic melting temperature will remain the same.
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However, the experimental results obtained in the study show a decrease of the melting
temperatures (both, onset and peak temperatures), which evidences the incorporation of the
newly formed compounds into the system, further modifying the eutectic temperature. The
formation of compounds other than urea and Sodium nitrate change the thermophysical
properties of the initial thermodynamicsystem.

There is a remarkable variation of the thermograms geometry with increasing degradation
times. Figure 3. 21 plots the thermograms (2"¢ heating section) of the samples analyzed by HPLC.
Each thermogram has been labelled with the biuret and the cyanuric acid percentage (related
to the original urea in the samples). The onset (melting) temperature decreases as the biuret
percentage increases, and slightly increases when the cyanuric acid percentage surpasses the
biuret percentage.

These experimental results showed that, increasing degradation timereduced the supercooling
degree and the scattering of the crystallization temperature (Figure 3. 9). A plausible
explanation forthis behavior could be the introduction of new compoundsinto the system.
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Figure 3. 20 Evolution of the composition (HPLC) and latent enthalpy (DSC) versus the total mass lossdetermined
in the crucibles employedto carryoutthe tests. Urea Mass loss, biuret mass gain and cya nuric acid mass gain have
been calculated as mass percentage with respect to the urea masscontainedin the original, non degraded sample.

The results point towards the hypothesis that a ternary system could form (urea-biuret-Sodium
nitrate) as biuret percentage increases. It is thought that it might be a ternary eutectic system
with a eutectic melting temperature around 75°C. In order to have a better understanding on
the influence of biuret in the studied system, samples with different proportions of urea and
biuret were prepared and analyzed by DSC (28.75 wt% Sodium nitrate percentage in all cases).
The analyzed compositions were: 3 wt% biuret - 68.25 wt% urea; 5 wt% biuret - 66.25 wt%
urea; 7 wt% biuret- 64.25 wt% ureaand 10 wt% biuret, 61.25 wt% urea.

Figure 3. 22 shows the thermograms of the biuret, urea and Sodium nitrate studied
compositions,and the ureaand Sodium nitrate eutecticcomposition. The thermograms of most
of the samples that contained biuret show 2 peaks: the first peak had an onsettemperature of
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75°C, and the second peak had differentintensities and endsettemperatures. Itis thought that
the first peak correspondsto the eutecticsignal and the second peak corresponds to the semi-
solid range transitionsignal. The sample containing 10% of biuret show one peak, but due to the
irregular geometry with a posterior bump, it is not considered the eutectic composition (but
very close) with the bump correspondingto the semi-solid range transition.
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Figure 3. 21 Evolution of the DSC thermograms of selected samples, including the percentage of biuret and cyanuric
acid inthose samples (measured by HPLC)
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Figure 3. 22Thermograms of urea, biuret and Sodium nitrite samples with different urea and biuret composition,
prepared from pure components to evaluate the phase transitions occurring with different compositions and the
temperatures at which the phase transition occurs
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Going back to the U-SN degradation study, the samples degraded for 90 days presented two
peaksinthe DSC measurements. The secondary peak onset temperature matches with the onset
temperature of the hypothesized ternary eutectic biuret-urea-Sodium nitrate. The samples
degraded forlongertime show one broad peak, considered to be a superposition of two peaks,
with the same onsettemperature. A full studyof the ternary system formed by urea, biuret and
Sodium nitrate would help in determining the characteristics of the potential mixture formed by
the system degradation.

The degraded mixtures alsocontain cyanuricacid, which may alsoinfluence the mixture thermal
properties. Presently no study about the potential ternary or quaternary systems has been
foundinthe scientificliterature.

Theoretical considerations regarding the equilibrium of the system

The chemical reactions taking place in the urea-Sodium nitrate system at atemperature around
100°C follow a degradation path with heterogeneous reactions, where gases, liquid and solids
products form and interact. If the materialis placed ina tightly closed container, the degradation
process continues until the equilibrium is reached because there is no mass loss, and the
reactants and products are inintimate contact.

The concentration of the reactant and products (or their partial pressure in the case of gaseous
compounds) are related with each other by means of the equilibriumconstant, K., which varies
with temperature and pressure. If the global degradation reaction is taken into account
(equation 8), the equilibrium constant correspondsto the ratio of ammonia, biuret and cyanuric
acidand the reactant, i.e. urea, activities as shownin equation 9. The activity of urea, biuretand
cyanuric acid can be estimated as 1 because solids and liquids effective concentration is
considered constant, while the activity of gaseous ammonia is equal to its partial pressure (if
considered as an ideal gas). As a result, the equilibrium constant will be a function of the
ammonia partial pressure.

A
NH, —CO—NH, () -4 NH;(g) + NH, — CO — NH — CO — NH, ({,s) + [C(O)NH], (s)

Urea Ammonia Biuret Cyanuricacid

4 1 1
K _ A ammonia " ABiuret " 4cya _
e

4
qap — P, Ammonia

a%lrea
Consequently, underthis assumption the lifespan of the U-SN eutecticas a PCM can be greatly
controlled by the use of a gas tight system where the evolution stops when the ammonia
equilibrium pressure is reached. Experimentally, it was determined that the U-SN eutectic
mixture can rapidly reach the equilibrium at 100°C if gas-tightened containeris used. Even
though the equilibrium pressure was not effectively determined in the experiments, the results
of the pressure measurements are in agreement with the theoretical basis presented.
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The DSC crucibles tested reported small mass variations with time, which do not exceed 2.2% of
theinitial mass after one yearat high temperature. The massloss corresponds to a disturbance
of the equilibrium conditions, which lead to further degradation of urea. In this case, even
though the mass variation is smallthe degradation produced has agreatinfluencein the storage
capacity of the system. To produce fully gas-tightened thermal storage devices will pose alarge
difference on the PCM behavior and lifetime under operational conditions. In addition, the
potential use of ammonia atmospheresinside the container could prevent urea degradation by
reaching the thermolysis process equilibrium pressure from the beginning, and potentially
maintainingtheinitialureamass, i.e. initialthermal storage capacity. As aresult, a properdesign
of an LHTES device to operate with the U-SN PCM should be gas-tightened, made of a material
which does not reacts with ammonia (Copper alloys discarded), and designed to withstand an
internal pressure larger than the ammonia equilibrium pressure (of the Urea degradation
process) withoutdeformation orfracture. Determiningthe ammonia equilibrium pressure is one
of the mandatory steps fora properdesign of such LHTES device.

3.5 CONCLUSIONS

The present work presents a study for the determination of the thermal stability and reliability
of a PCM consistinginthe ureaand Sodium nitrate eutectic mixture, composed of 71.25 wt% of
urea and 28.75 wt% of Sodium nitrate, and identified with the acronym U-SN eutectic mixture
in the text. The study has been carried out from a perspective different to the most widely
employedaccelerated thermalcycling. The proposed methodology consisted on holding molten
samplesinside aheating cabinetat 100 °Cfor differenttime periods, up to one year. Afterwards,
thermal and compositionalanalysis were performed by meansof different analytical techniques.

The analysis showed that after one yearthe meltingtemperature decreasedin 10%, from 85 °C
to final values of 75 °C, while the latent enthalpy decreased 24%, from 165 J/g to a final value
of 125 J/g. The energy storage density after 1yearat 100°C is 177.5 KJ/dm?3. However, the values
decreasedinthe first40days and tend to remain stable until oneyear. If the trend would remain
stableinlongertime-periods thanthoseassessedin this study, these valuescould be considered
the operational values forlongterm use. More researchis required to confirm this hypothesis.
In this case, the U-SN eutectic mixture would be an adequate PCMfor the intended application
(DHW and heating) since the melting temperatureisin the required range (60-95°C), the melting
enthalpyissimilartothat o paraffincommercial PCMwith similar melting temperature, while it
would offera significantly larger energy storage density.

The study showed that the cause for the thermal properties variations was the urea thermal
decomposition to produce other compounds. Biuret and cyanuric acid were identified in the
degraded samples, which is in agreement with urea thermal decomposition mechanisms
proposed in the literature. The presence of this compounds modifies the initial U-SN eutectic
composition with the result of diminishingits thermal properties (melting enthalpy and melting
temperature). Furthermore, the formation of these products was relatedto the mass loss, which
had a huge relevance in the material degradation. Despite that the maximum mass loss after
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one year at 100 °C was only of 2.2% of the initial mass, itaccounts for nearly 25% of its thermal
storage capacity.

It was experimentally determined that if a gas-tight device is employed, the urea and Sodium
nitrate eutectic mixture can reach the equilibrium and, consequently stop the degradation
process. Hence, the degradation process can be very limited when there is no mass loss. Then,
itis concluded that the lifespan of the urea and Sodium nitrate eutectic mixture as a PCM can
be greatly controlled by the use of a gas tight system where the product evolution stops when
the ammoniaequilibrium pressure is reached. Furtherstudies should determine effectively the
system equilibrium pressure, evaluate the feasibility of obtaining an effective closed system and
compatibility of the PCMand ammoniawith the potential containers.

Finally, itisimportantto highlight the importance of havingastrict control of the handlingand
experimental parameters. Parameters such as mass loss and water-uptake are not generally
taken into account, but can have great influence in the degradation and thermal behavior of
systems.
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Chapter 4 : Phase segregation study of the urea and Sodium nitrate
eutectic mixture

4.1 INTRODUCTION

When mixtures are to be used as PCM, several additional concerns must be taken into
consideration, which do not existin pure materials. The phase segregationis one of theseissues.
A material undergoes phase segregation when it does not melt/ solidify congruently. Thisis, it
melts into two different phases, usually a solid phase and a liquid phase, with composition
different from each other (and different from the stoichiometricone), as well as with different
specific-weight. This is the case of most mixtures, they present a semisolid melting interval
instead of amelting point. Due to the solid-liquid specific-weightmismatch, the solid segregates
from the liquid, generally falling down to the bottom of the container. When the material
solidifies again, the contact between thetwo phasesis not good and as aresult, it can occur that
the original composition cannot regenerate. Thus, the phase segregation can severely reduce
the storage density because the latent heat on solidification can not be released completely,
sometimes only toasmall fraction. To retrieve the latent heat stored in the initial material, the
correct composition of the mixture constituentsisrequired throughout the whole sample [5].

For a long time, PCM based in eutectic mixtures have been considered agood option. Eutectic
mixtures are made up of two or more components, in a specific composition that exhibit a
unique melting pointinstead of asemisolid interval witha melting temperaturerange [15], [50],
[54], [102]. As a result, it has traditionally been considered that eutectic mixtures melt and
solidify congruently like pure materials, preventing the phase segregation. Even though this is
true, the solidification of an eutectic composition proceeds differently from that of pure
materials, by transformation of the liquid into a two-phases solid, each of them exhibiting a
different composition.

The urea and Sodium nitrate eutectic mixture had been previously studied by the author and
coworkers, who determined the phase diagram and the main thermal properties [62], [63]. The
ureaand Sodium nitrate eutecticmixture has a melting point of 85°C, a melting enthalpy of 172
J/g and a price below 1 euro/kg, which makes the mixture a good PCM candidate for the
application understudy, a TES for domestichot water (DHW) and space heating. Nevertheless,
during the recent research studies devoted to determine the stability and long-term
crystallization behavior, reversible phase segregation was observed. It takes place during
thermal cycling in samples with a significant mass. The thermal cycling tests performed in the
small DSC crucibles did not lead to phase segregation. The fact that the segregation can be
reversedimpliesthatitis not caused by material thermal-degradation.

Phase segregation has rarely been reported, or even mentioned, in eutectic mixtures used as
PCM. Congruent melting and solidification is always assumed in those cases [5], [15], [102].
However, some few authors claim that the eutectics behavior may notalways be ideal. Rathod
and Banerjee [54] stated that the use of these (eutectic) materialsis very new to thermal storage
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application and only limited data are available on thermo-physical properties. Therefore, the
stability of the new eutectics has not been sufficiently researched to ensure their long-term
performance.

Regarding the phase segregation phenomenon, few authors report about the possibility orthe
phenomenonto occurin PCM eutectics. Lane [6] states that when one of the componentsinan
eutectic mixture presents supercooling while the other one solidifies on the melting
temperature, segregation can occur although it does not usually happen. On the other hand,
Gunasekara et al. [46] claimed that eutectic compositions are almost ideal as PCM if
supercooling is absent. They state that, although it is not well known why an eutectic may
supercool, upon supercooling phase segregation occurs due to the mixture compositional
changes that take place and, the consequent phase separation is understood using the lever rule
on the supercooled phasesinthe phase diagram.

In additionto beingan uncommon phenomenon, the reasons why so few articles report phase
segregation when studying eutectic mixtures as PCM, also include the fact that the published
research has generally been carried out in small containers, most of them consisting in DSC
measurements. The calorimeter dimensions are important in observing phase segregation.
Materials segregate because of their specific-weight difference, and the DSC crucible height is
too small for preventing the good contact between the segregated components. When larger
containers are used, effective phase segregation can occur, preventing the segregated
components to have a good contact during the thermal cycling process. Therefore, itis possible
that using the same mixture, phase segregation could be observed in a T-history experiment
while notina DSC, as itis the case of the semicongruent melting of CaCl,-6H,0 [103].

Metallurgists have gathered a deep scientificknowledge concerning very elementary aspects of
metallicalloys crystallization. They include several classifications of eutectictypology according
to differentaspects, like the crystal growth mechanism orthe microstructure morphology, and
also the mechanisms that drive the eutectics to segregate and to report macro-segregation in
eutecticalloys [104]-[106].

According to the crystal-growth mechanism, eutectics can be classified in two different types.
One is defined as cooperative (or coupled) growth and the other one is divorced growth.
Cooperative growth consistsin the two eutecticphasesgrowing together, as adiffusion couple:
when a first solid crystal is formed the compositional change in the surroundings induces the
crystallization of the other compound. Divorced growth occurs when the two eutectic phases
grow separately. This case occurs whenthereis no direct exchange of solute between the two
solid phases.

A second classification identifies different types of eutectic microstructures according to the
interface morphology. The crystal growth kinetics of each phase cause different interface
morphologies. The phases with high growth-anisotropy tend to grow fast in the prefermed
directions and slowly in other directions, forming facets. Isotropic phases, or those with low
anisotropy, can grow at similarratesin many directions. Depending on the isotropy-anisotropy
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combination of the mixture phases, the following eutectic classification is proposed: non-
faceted/non-faceted (nf/nf), non-faceted/faceted (nf/f), and faceted/faceted(f/f).

The nf/nf eutectics form when both solid phases have isotropicgrowth-rate. They form regular
microstructures, typically lamellar or rod-like. The nf/f eutectics form when one of the phases
present isotropic growth-rate while the other one is anisotropic. The microstructure is formed
by irregular or complex-regular morphologies. The f/f eutectics form when both solid phases
have anisotropicgrowth-rate. The obtained microstructure isformedby irregular morphologies
[107]-[109]. Examples of these regular, complex regular and irregular microstructures are

shownin Figure 4. 1.

Figure 4. 1 Micrographs of materials displaying different microstructures. a) nf/nf regular (lamellar) Sn-Cd eutectic, b)
nf/f complex regular Al-Si eutectic, c) nf/f irregular Al-Si eutectic, d) f/f irregular (divorced growth) Azobenzene-benzil
eutectic [107]

Several authors suggest that the non-dimensional entropy of fusion, AS;/R, where AS; is the
entropy change on meltingand Ris the gas constant, can be used to distinguish between faceted
and non-faceted interface morphologies[107], [108], [110], [111]. The materials with high AS/R
have high crystal growth anisotropy. If AS;/R<2for both phases, then the eutecticis nf /nf. If the
AS/R of one phase is>2 and the otherone s <2 the eutecticcrystallization is nf/f. If AS¢/R>2 in
both phases, the eutecticmorphology is f/f. The nf/nf and nf/f types show coupled growth and
the f/f show divorced crystal growth [112]. Crocker et al. [110] propose an more extensive
assessment of the resulting geometrical configurations with entropy of solution (As,) and the
volume fraction (V;) parametersindicated asin Figure 4. 2.

Many nonmetallic materials present f-f typology because they commonly have high entropy of
fusion. The microstructures are mostly irregular and they grow near each other, but the
crystallization of the first phase does not necessarily promote the crystallization of the second
phase, following irregular structures in coupled growth or divorced growth [107]. This type of
eutectic morphology has not been thoroughly studied because it not common in metallurgy.
Irregular eutectics are prone to compositional heterogeneities, such as zones with higher
spacing betweenthe mixture constituents, zones which are richerin one of the compounds, etc.
This could explain the phenomenon of segregation. Thus, a relationship between the eutectic
type and the segregation may exist, but the fact that certaintypologies produce segregationis
not clearly specifiedin the literature.
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Figure 4. 2 Correlation of eutectic structures with entropy of solution (As«) and the volume fraction (Vy) parameters in
a specific growth rate. 1 regular lame structures (nf/nf). 2 reqular rod morphologies (nf/nf). 3 broken-lamellar
structure s (nf/f). 4irreqular morphologies(f/f). 5 complex regular morphologies and regular structure in different
proportions (nf/f). 6 quasi regular systems that show high degrees of ordered structures but can not be called

regular (nf/f).[110]

Onthe otherhand, the scientificliterature reports two main theories about the causesof macro-
segregation: natural convection within solidification (most accepted) [104], [109], [113], and
the material bulk supercooling (more recent approach) [114], [115].

Boettingerand Banerjee[109], state that convection can cause long-range transport of individual
species causing macro-segregation in metallicalloys. The solidification process is fundamentally
driven by the heat transferfrom the material, which pose a highertemperature because of the
initial temperature condition and because of the latent heat after the phase change, to the
coolersurroundings. Itinvolves the consideration of important temperature and compositional
gradients taking place in the liquid and in the solid phases, leading to density variationsin the
liguidthatresultin buoyancy-driven convection. The container contraction due to the cooling,
and the volume change in the solidifying material also contribute to liquid movement.
Therefore, solidification includes energy (heat transfer), species (solute), and momentum
transport (motion of liquid and solid material). Khadivinassab et al. [104] points out that
macrosegregation occurs when the alloying elements are transported over lengths larger than
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the grain size causing depletion or enrichment in solute levels within the sample. Allen et al.
[116] claimthatif segregation occurs and the phasesinvolved have very different densities, the
effectisamplified by repeated melting/solidification cycles.

An example of eutectic composition that poses macrosegregation is the Sn-CugsSn; eutectic
mixture. Drevet et al. studiedthis systemregarding natural convection [105]. It was determined
thatalongthe sample there were zones with compositional differences. Indeed, the segregation
appearedinthe hypoeutecticzones, notappearinginzones where the composition was purely
eutectic. The microstructure of the segregated region was very disordered, with a high
dispersion in terms of eutectic spacing when compared to the homogeneous zones, which
showed aregular morphology.

Flemings [113]and Heinrich [117] report that, under convection, the cause of segregation can
be related to the interdendritic flow phenomenon (flow of enriched melt exuded near the
dendrite arms solidification-surface). Besides, dendritic microstructures are the consequence of
a solid growth in an unstable liquid medium. This phenomenon, known as “Mullins-Sekerka
instability”, may happen when a solid grows into a supercooled liquid, following a process of
dendritic formation [118]. However, thisonly happens in low melting entropy materials [107],
i.e.those withisotropicgrowth rate.

Several authors report that there is a strong relationship between the obtained eutectic
structures, the crystallization conditions (specially the cooling rate), the supercooling and the
macro-segregation. The dynamics of the eutectic nucleation is acomplex processinvolving many
different parameters, and as a result leading to different microstructures [119], [120].
Experimental testing evidences that coarser crystals (generally dendrites) form in undercooled
samples at slow cooling rates. In those samples, higher amounts of segregation were always
found. In counterpart, quenched samples showedless amountof segregation [114], [115]. It was
alsoobserved that the eutectic morphology substantially changeswith the supercooling degree:
lower supercooling results in more regular structures and higher supercooling produces more
irregular (anomalous) structures, which tend to have greater eutectic spacing [110], [115].
However, it must be taken into account that the supercooling degree in most cases is also a
function of the coolingrate.

Galenko et al [121], determined that rapid solidification of eutectic systems can suppress the
eutecticformation and,instead produceahomogeneous metastable phaseformedby the initial
chemical composition (the liquid phase composition).

When the supercooling phenomenon is taken into account to understand the segregation
phenomenon in eutectic mixtures, authors point out that the instability introduced by
supercooling causes the change the eutectic composition. Bevan Ott et al. [122] stated that
supercoolingisafrequent cause forthe formation of metastablesolids. Figure4. 3 representsa
phase diagram of an eutecticsystem, where the Solidusand Liquidus lines corresponding to the
equilibrium conditions are the continuous lines. The dashed lines represent the freezing lines
for the metastable forms when supercooling occurs. The metastability can be the cause of the
phase segregation since the eutectic melting point and composition are modified. Indeed, this
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agrees with the remark made by Gunasekera et al.[46] about eutectic PCM showing phase
segregation whenthey had supercooling.

250 T T T T

230

THK)

210

190 1 1 1 1

]
Figure 4. 3(Solid + liquid) phase equilibrium for {x1C6H5Br + x21,3,5 C6H3(CH3)3}. Continuous lines represent
liquidus and solidus equilibrium temperatures, andthe dashed lines represent metastable equilibrium between the
liquid solution and unstable forms of 1,3,5-C6H3(CH3)3 [122]

The ease of a material to nucleate and the influence of one phase inthe nucleation of the other
oneis also of greatimportance in the eutecticsegregation, as shown by Kobayashi etal. inthe
Al-Sialloys [123]. Chiba and Spittler [124] showed in various eutectic compositions of different
metallicsystemsthat nonreciprocal nucleation have great effect on the castings microstructure-
morphology . Non-reciprocal nucleationrefersto the inabilityof one phaseto act as an effective
heterogeneous nucleation site forthe other phase. De Groh [114] highlights the influence that
a significant difference in the nucleation barriers for each phase can have in the segregation of
undercooled eutectics, and s likely to resultin non-reciprocal nucleationbehavior.Benicio et al.
[115] studied the Pb-Sn eutectic system, which corresponds to a non-reciprocal nucleation
system. It was observed that solidification of the eutecticcomposition formed microstructures
similarto those of hypoeutecticcompositions, exhibiting two nucleation temperatures: one for
the primary phase crystals, and one forthe eutecticcrystallization.

Summarizing, the scientificliteratureindicates that several parameters may influence the phase
segregation in eutectic mixtures. In a first place, depending on the materials characteristics
(morphology of the crystal interface, density of each mixture-component, their ease of
crystallization, etc.), the testing conditions (specially the cooling rate), and the supercooling
degree different crystalline microstructures will form. These parameters determine the
formation of different phases (stable or metastable) which, inturn, can produce compositional
changes and thereby phase segregation. In addition, it is well known that the compositional
distribution canvary by convection during the solidification process; and mixtures of materials
with high density difference tend to enhance the segregation when the separation of the
segregatedsolidsis pronounced, thus the segregation during the cycling process becomes non
reversible.
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4.2 EXPERIMENTAL WORK APPROACH

The presentstudy aimsto analyze the phase segregation phenomenon of the ureaand Sodium
nitrate eutectic mixture (onwards identified by the acronym U-SN eutectic) in orderto evaluate
its suitability to be used as a PCM. Phase segregation can be a problem for a reproducible and
reliable use of the mixture as a phase change material for latent heat thermal energy storage
[5]. The research analyzes the phase segregation phenomenon occurred in the mixture under
various cooling rates and different container configurations. The objective isto understand the
mechanisms and the experimental factors that cause phase segregation, and to be able to
propose preventive measures to avoidit,ortoreverse it. The produced eutectic microstructures
have been analyzed to see whether they have influence on the phase segregation of the U-SN
eutectic.

Preliminary thermal cycling tests carried out in containers with 4-5 grams of the U-SN eutectic
mixture indicated that the mixture segregated solid material on the bottom of the tubes upon
repeated melting-solidification cycles. This phenomenon did not occur when the material was
molten for a long time, without thermal cycling. The observed segregation depended on the
experimental conditions, but the reason was not assessed. The present work aims at
determining the reasons and mechanisms behind the observed phase segregation, as wellas its
relationship with the main experimental working conditions.

The experimental work was scheduled to determine the influence of different parameterson
the phase segregation observed. Thermal cycling experiments were carried out under different
cooling rates and with two different container geometries. The cooling rate influences many
aspects of the materials crystallization, including the formation of metastable phases, and phase
segregation.

The container geometry is important in the convection processes, and convection may play a
significantrolein phasesegregation. Taking a defined container volume asareference, avertical
arrangement of the volume promotes high natural convection when a temperature change
occurs. When density changes take place in addition to the temperature change, fluid
movement pulls down the denser portions, aided by gravity. This motion, by definition, occurs
mainlyinthe vertical direction, the direction of gravity. If the same containervolumeis placed
ina horizontal arrangement, convection forces willbe lowerthanin thevertical case. Asaresult,
segregation might be affected by the container design. In order to assess whether the vertical
or horizontal disposition of the tubesinfluences the phase segregation, two tube configurations
with the same volume and aspectratio (diameter & length) were used in the study.

The segregated phases were analyzed by means of X-ray diffraction (XRD) to determine the
composition of the segregated solids. Differential scanning calorimetry (DSC) was employed to
determine the materials thermal behavior after segregation occurred, and after the segregated
mixture was recombined and molten again.

The microstructure and the morphological features of the microconstituents were observed
under polarized light microscopy PLM, and scanning electron microscopy SEM aided with X -ray
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EDS microanalysis. The feasibility of using the material as a PCM after the mixture segregated
was assessed. Table 1. 1 summarizes the tests performed.

Table 4. 1 Summary of the tests performed

Testing Testing details Analytic technique

Visual inspection

PCM temperature

35 cycles, 4 vertical o
monitorization

tubes
i, XRD (segregated
0.3 °C/min mixing and dissolution of and mixed
segregates (aftercycling) samples)
Thermal Cycling DSC (mixed
samples)

16 cycles, one vertical

. Visual inspection
and one horizontal tube P

Visual inspection

2 °C/min 80 cycles, 4 vertical tubes | PCMtemperature
monitorization
. One hour at
Nucleation and . L .
Vel ot isothermal conditions: one vertical and one Visual inspection
ystalg 85°C, 84°C, 83°C and horizontal tube P
assessment 82°C

Sample covered (glass

Quenching 95to 20 °C .
coverslip)

Microstructure

and . Quenching 95 to 20 °C Crystalllz§t|on promoted
morphological by spreading, not covered
determination

PLM / SEM

Sample covered (glass

Slow coolingat 80 °C .
coverslip)

4.2.1. SAMPLE PREPARATION

The U-SN eutectic was prepared made of the pure components (99.9 purity), purchased from
Sigma-Aldrich. Asample containing 50 grams of mixture was prepared.A precisionbalance with
0.1 mg accuracy was used to weight the pure urea and pure Sodium nitrate to produce the
eutectic composition: 71.25 wt% of urea and 28.75 wt% of Sodium nitrate. The sample was
introducedin a glassflask, closed with a rubber plugand introduced into a glycerine bath at 95
°C until it was fully molten. Two magnetic stirrers, one inside the sample and one inside the
glycerine bath, were usedin orderto provide agood temperature homogeneity.

When the mixture was molten, the test-tubes forthermal cyclingwere filled in with 4-5g of the
liguid material and, to prevent water absorption due to the hygroscopicnature of the material,
the tubeswere introduced in a desiccator with phosphorus pentoxide as desiccating agent, for
the solidification to take place.
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4.2.2. THERMAL CYCLING TESTS

Two different test-tube types were used in order to evaluate the potential influence of the
vertical and horizontal arrangement on the phase segregation. Both tube types were made of
glass, 0.002 m innerradius and 0.001 thickness. One type had a vertical arrangement, consisted
in a regular tube of 0.1 m height filled up to 0.08 m. The other tube type had a horizontal
arrangement, an inverted “T” shape, with the horizontal section being 0.08 m long, and the
vertical section of 0.02 m height. The vertical tubeswere Ace pressure tubes purchased from
Sigma Aldrich, while the horizontal tubes were tailored made on purpose to resemble the Ace
tubes placed on the horizontal position, likeis shownin Figure 4. 4.

#®
w0
£
£
2,
o
o
=
o

Figure 4. 4 Tube types used to achieve vertical and horizontal arrangement of the sample, containing the same
sample mass

The eutecticmixture was introduced in the test-tubes, which wereimmersedina programmable
thermostatic bath, Lauda RP845 thermostatic bath using Bluesil 47V20 silicone thermal oil as
heattransferfluid (heating and cooling media).

Testswere carried out undertwo cooling rates: afast cooling rate of 2°C/ min and aslow cooling
rate of 0.3 °C/min. Figure 4. 5 depicts the temperature programs followed percycle.

Samplesinthe vertical configuration (Figure 4. 6) were submitted to 80 cycles with fast cooling
rate (2 °C/ min), and 33 cyclesfor the slow coolingrate (0.3 °C/min). Undereach coolingrate 4
samples were tested. One of the samples included a T-type thermocouple (accuracy 0.5 °C)
inside the PCM to monitor the temperature and to determine the melting and crystallization
temperaturesin each case. The thermocouple section outsidethe tube was insulated using2cm
width EDPMfoamin orderto eliminatethermal bridges.

Samples on the horizontal configuration were tested solely under the slow cooling rate (0.3
°C/min) for 16 cycles, togetherwith the corresponding vertical samplesin the bath, at the same
time.
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Visual observation was used as the assessment method to determine solid phase segre gation
during the solidification process alongthe thermal cycles.
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Figure 4. 5 Temperature programs for thermal cycling of U-SN eutectic: heating and cooling ramps (0.3 and 2
°C/min) with isothermal segments (15 min) in between

Figure 4. 6 U-SN eutectic samples for thermal cycling tests
X-ray diffraction XRD of the segregated material

X-Ray diffractionwas carried out on the raw materials employed to prepare the eutectic mixture,
the pure urea and the pure Sodium nitrate, on the fresh (non-cycled) eutectic mixture and on
one of the previously thermally cycled samples. The sample selected for the X-ray diffraction
had been submitted to 35 cycles at 0.3 °C/min. In this case, the sample was left to cool down
into the tube until room temperature was reached, then the tube was broken down with care
and, afterwards the solid sample was cutinto three specimens, one fromthe bottom area, one
from the upper part and the middle zone was the third specimen. All the specimens were
manually grounded in an Agata mortar and were stored in a desiccator until the XRD tests took
place. The methodology employed forthe XRD measurementsis fullydescribedin [62].

84



Study of a urea-based phase change material for thermal energy storage

4.2.3. NUCLEATION AND CRYSTAL GROWTH ASSESSMENT IN THE SUPERCOOLED LIQUID

An additional seriesof tests was carried out to determine the minimumtemperature needed for
the nucleation to take place, and how the subsequent crystal growth develops. For this, 2
samples (oneinahorizontal tube and one in a vertical tube) were prepared following the same
methodology as for the previous studies.

The experimental procedure consisted in melting the samplesat 95 °C in the thermostatic bath,
then the temperature of the thermostaticbath was lowered to a pre-defined temperature and
held at that temperature for one hour to see whether crystallization occurred within this time
by means of visual recognition. Inthe first experiment, the set-uptemperature was the melting
point of the eutectic mixture, 85 °C. The series of experiments consisted of repeating this
procedure by decreasingthe set-temperature in 1degree each time, to 84 °C, 83 °Cand 82 °C.

4.2.4. USE FEASIBILITY OF THE MATERIAL AFTER SEGREGATION

In order to evaluate the reversibility of the phase segregation one additional experiment was
carried out. One sample that had been tested for 35 thermal cycles at 0.3°C/min, showing three
segregated zones (all the samples tested under those conditions showed the same behavior)
was heated up to 95 °C, then gently stirred (by hand) with the result of complete sample
melting. The resulting liquid (after stirringand complete dissolution) was analyzed with the aim
of determining if the material remained similar to the original mixture. X-ray diffraction and
differential scanning calorimetry, DSC, were usedto determine whetherthe composition and/or
the thermal properties were different from those of the original eutecticmixture.

Temperature [°C]

0 50 100 150 200 250
Time [min]

Figure 4. 7 DSC temperature program

The methodology employed for the XRD and DSC measurements are fully described in [62]. The
temperature programusedin DSC (Figure 4. 7) consisted on two heating ramps and one cooling
ramp. The first heating segment serves to settle the sample on the bottom of the crucible to
achieve a good contact. The thermal properties were evaluated from the cooling and second
heating ramp. Both heatingand cooling rates were of 1 °C/min, and isothermal segments of 10
minutes on eitherside of the dynamicsegments.
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4.2.5. MICROSTRUCTURAL AND MORPHOLOGICAL ANALYSIS

The material microstructure could be one of the causes for the phase segregation. In order to
analyze it, the U-SN eutectic microstructures produced underdifferent cooling conditions have
been determined. Polarized light microscopy PLM, and scanning electron microscopy SEM, were
used with thisaim.

Generally, microstructural and morphological features are observed by light or electronic
microscopy on samplesthatrequire a preparation, which includes sample cutting and polishing.
Inthis case, however,due to the low meting point of the materialand toits solubilityinto water,
it was not possible to prepare metallographic or minerallurgy-inspection samples for the
microstructural observation. As aresult, an alternative method was devised.

Three samples were prepared by pouring the liquid material on top of glass sample holders. Two
of themwere produced by quenching the material from the moltentemperature, 95°C, to room
temperature (samples 1 and 2), one sample was produced by slow cooling inside a heating
cabinet at 80 °C (sample 3). Inthe samples 1and 3 a coverslip glass was placed on top of the
liquid, thus producing thin solid materials. In sample 2, after the liquid was poured, it was
purposefully spreaded with a glass coverslip, but not covered withiit.

A Panasonic DMC-FZ100 camera (resolution of 14 mega pixels) was used to take samples
macrographs. A Leica DMLP polarizing light microscope with an attached camera was used to
observe and take micrographs of different morphological features. A JEOLJSM-7000-F scanning
electron microscope, equipped withan EDX spectrometer from Oxford InstrumentsINCA Energy
350, was used to observe and analyze the samples microstructure and to identify the
compoundsineach differentfeature.

The samples were coated with a Carbon layer of about 20 nm, by evaporation under vacuum
using a Quorum Technologies Q150T ES, by passing an electric current through a bar of pure
carbon in a high vacuum (4-10 mbar). The carbon temperature increases to over 3000 K,
sublimates, and afterwards condense onto the sample.

The measurements were done under 10 kV using a beam current of the order of 0.1 nA.
Secondary electrons and backscattered electrons imaging were employed, as well as EDX
chemical identification. The observation of the microstructural featuresin the SEM, as well as
the microanalysis, were limited by its low melting point.

4.3 RESULTS AND DISCUSSION

4.3.1. THERMAL CYCLING TESTS

During the thermal cycling, phase segregation was observed. Solids gradually appeared after
each cycle, both on the top and on the bottom of the samples, without fully disappearing on
heatingabove the eutectictemperature. Consequently, three zones can be distinguished in the
samples: solid material on the top (translucent crystals), solid material in the bottom (very thin
white crystals), andliquidinthe middle zone.
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4.3.2. INFLUENCE OF THE COOLING RATE

Segregation took place under both cooling rates employedin the study. Figure 4. 8 shows the
evolutionof the samples segregation after melting/solidification cycleswith acooling rate of 0.3
°C/min (images on the left) and 2 °C/min (images on the right). The distribution of the
segregation on the bottom and onto the uppermost part of the sample is due to the density
difference of the segregated materials and the liquid. The density of solid Sodium nitrate (2.26
g/cm3)is higherthanthe liquid mixture density (1.42g/cm?3[62]), which is higher than solid pure
ureadensity (1.32g/cm3). Then, the heavier Sodium nitrate fallsdownand the lighter urearises
up. The middle zone, liquid material (at 95°C), corresponds to the remaining molten eutectic
mixture. This behavior is confirmed by XRD and explained in detail after the visual inspection
analysis of the cycled samples.

Duringthe tests, somebubbles formed, which evidence gaseousammonia formation that comes
fromthe ureathermal degradation. The formation of degradation productsis studied in another
chapter of the thesis.

The segregationis more significantin the samplesexposed to 0.3 °C/min cooling rate than in the
samples tested under 2 °C/min cooling rate. After only 8 cycles, the segregated solid in the
samples tested under the slow cooling rate is visually 3 or 4 times larger than the solid
segregated in the samples tested under the fast cooling rate. Indeed, the segregated amount
produced after 14 cycles in the samples tested under the slow cooling rate is similar to that
produced after35 cyclesunderfast coolingrate.

The segregates obtained in the samples at the end of the test (33 cycles and 80 cycles for the
slow cooling rate and high cooling rate respectively) show a similar amount of the material on
the bottom of the tubes on both cases (visual inspection, not a quantitative measurement). The
material segregated to the upperpart of the tubes submitted to different cooling rates, on the
contrary, presents a different appearance. Due to the material volume-change in the melting-
solidification, the liquid lifted the lighter material upwards. The samples that cooled down at 2
°C/min, after several thermal cycles, presented a void between the upper segregated part and
the rest of the material. The solid segregated on the upper part of the beakersremainsin that
place alongthe following thermal cycles. Due to the rapid cooling rate, the shrinkage that takes
part upon liquid solidification creates a void between this segregated solid and the rest of the
sample. This did not occur in the samples tested at 0.3 °C/min cooling rate (in the studied
number of cycles) because the process was slow enough forthe segregates to follow the liquid
volume change.

The monitored temperature indicated that supercooling varies upon increasing number of
thermal cycles. Figure 4. 9 shows the supercooling degree of the samples tested under both
cooling rates. The supercooling degree slightly decreased with the number of cycles, which
evidences that the pre-existence of crystals promotes the samples crystallization. The highest
supercooling degree was registeredin a sample tested under 2 °C/min cooling rate, which did
notshow the highest phase segregation. This provides evidence that a higher supercooling does
not necessarily cause a higher segregation as might have been expected according to the
literature [110], [115].
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Figure 4. 8 Images of U-SN eutectic samples after selected number of thermal cycles at cooling rates of 0.3 °C/min
(images on the left) and 2 °C/min (images on the right) where phase segregation is observed
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Figure 4. 9 Crystallization temperature of monitored samples during thermal cycling with cooling rates of 0.3 °C/min
and 2°C/min

4.3.3. X-RAY DIFFRACTION XRD OF THE SEGREGATED MATERIAL

Figure 4. 10 shows the XRD patterns of the segregated solids placed on the top, middle, and
bottom of the tubes afterthermal cycling, as wellas those of the pure urea, pure Sodium nitrate
and the fresh eutecticmixture. It also includes the XRD pattern of a sample that was stirred to
mix-up the segregated and liquid zones.

The peaks-position analysis showed that no new phase had formed in any of the studied cases.
Only urea and Sodium nitrate were present in the cycled samples. As a result, it can be
concludedthatthe mixturedid not degrade ordecomposeto asignificantamount.

The relativeintensity of the peaksand their position serve to evaluate the compositional changes
ina qualitative manner. Ata first glance, the patterns corresponding to the segregated top and
bottom zones are different from each other. The diffractogram of the upper portion show both
ureaand Sodium nitrate peaks, howeverthe intensity of the peak placed atthe 2Theta position
of 22.42 degree corresponding to urea, has a much higher intensity compared to the intensity
corresponding to Sodium nitrate peaks, this is that the proportion ratio between peaks is not
the same. This indicates that it has a greater urea content than the eutectic mixture. On the
other hand, the specimen from the bottom portion of the tube shows the opposite behavior.
The diffractogram shows almost no urea, but Sodium nitrate appears in a greater proportion,
which gives evidence that the solids in the bottom of the tube are Sodium nitrate crystals. It
must be reminded that the specimens were extracted afterfull solidification took place, cutting
them out from the selected zones in the sample, they were not extracted from the liquid
material.

These results are in agreement with the physical characteristics of each compound: Sodium
nitrate isdenser(2.26 g/cm3) than the eutecticliquid (1.42 g/cm?) fall down to the bottom, while
ureathatis lighter(1.32 g/cm?3) than the liquid float ontoit.
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Figure 4. 10 Diffractograms of pure urea and Sodium nitrate, the non-segregated eutectic mixture, the liquid
resulting from the redissolution of solid segregates, and the top, middle and bottom sections of a segregated sample

4.3.4. INFLUENCE OF THE CONTAINER DISPOSITION: VERTICAL AND HORIZONTAL ARRANGEMENTS

No reliable conclusion could be drawn from the experiments carried out in vertical and
horizontal position due to the circumstances that are explained onwards. However, several
interesting observations can be pointed out. Figure 4. 11 shows the segregationinthe samples
after 16 cycles. It can be noticed that segregation occursin both tubes and the horizontal tube
has similaror slightly greater segregation. Itis thoughtthat it is due to undesired (unforeseen)
differentthermal conditions between the two samples: The horizontal tube wasvery shortand
therefore, itsimmersioninthe thermostaticfluid was very shallow, close to the air-oil surface.
As a result, the sample might have not followed the temperature program in an efficientand
reliable way, being the heating and cooling conditions presumably different from those in the
vertical tube. In addition, the curvature of the tube distorts the image observed, hinderinga
reliable comparison between the tubes.

In spite of the potential different cooling conditions of both samples, the experiments servedto
certify that the convection does not play animportant role inthe phase segregationtaking place
onthe samples, becausethe horizontal arrangement showed the same or even more segregates
than the vertical arrangement. If the convection was responsible for the segregation, then the
horizontal tube should show no orlessersegregated solids than the vertical tube. However, its
role may be more importantin highervolumes.
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Figure 4. 11 Comparison of the phase segregation taking place in the U-SN eutectic when horizontal and vertical
geometrical dispositions are used. Tests carried out for 16 melting/solidification cycles

4.3.5. NUCLEATION AND CRYSTAL GROWTH ASSESSMENT IN THE SUPERCOOLED LIQUID

The experiment consisted in submitting the U-SN eutectic to isothermal segments from 85 °C
(melting temperature) to 82°C, decreasing the temperature 1 degree each time for 1 hour to
determineif thecrystallizationhappened at these temperatures. 82°Cwas the first temperature
to promote crystallization.

Figure 4. 12 Evolution of the primary crystal growth at 82 °C in horizontal and vertical arrangements (Images a, b, ¢
and d) and the molten sample at 95 °C (image e)

Figure 4. 12 shows the first crystals formed at this temperature, which consist of needles that
seemto appear from more than one initial nucleationpointand grow to form acicular or fibrous
radial structures. The round shape of the tubes distorts the image of the needles, which indeed
are straight not curved. The first needle formation could be observed after ap proximately 4
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minutes at 82°C. They grew up and the sample was fully solid after more than 30 minutestime
at 82°C. It can be noticed that these primary crystals did grow long for asignificant time without
inducing the crystallization of the secondary phase, to grow coupled together (as it could be
expected from aeutecticcomposition). On the contrary, non-reciprocal nucleationis observed,
because the primary nucleating phase do not promote the crystallization of the secondary
phase, thus beingevidence of adivorced growth of both phasesin this eutectic mixture in the
experimental conditions. Figure 4. 12.e shows the presence of small crystals that did not melt
after1 cycle, thusenduring how phase segregation starts already i n the first solidification cyde.

4.3.6. USE FEASIBILITY OF THE MATERIAL AFTER SEGREGATION

The factthat the produced solid phases dissolvedinto the molten liquid upon stirring, evidenced
that the phenomenon was phase segregation.

The results fromthe XRD analysis indicated that the redissolved sample and the sample obtained
from the middle of the tube (liquid portion with no segregates) show the same peaks of the
eutecticmixture, i.e.the pureureaand Sodium nitrate peaks. Therefore, it can be said that there
is no modification onthe composition. The difference in the intensity of the peaks of the three
diffractogramsis due to the mass difference of the studied samples, however they render similar
intensity proportion between peaks associated with urea and peaks associated with Sodium
nitrate. It was therefore concluded that the phase-segregation does not have a direct
relationship with other degradation processes that could occurin the samples.
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Figure 4. 13 Thermogram of a sample that has been redissolved by mechanical stirring after phase segregation and
a fresh non-cycled U -SN eutectic sample. Thermal behavior on heating and cooling

The Differential scanning calorimetry measurements of the liquid obtained after the segregate
redissolution indicatethe following results: Figure 4. 13 corresponds to the thermograms of the
coolingand second heating ramp of asample afterthe redissolution of the segregatesand fresh
non-cycled U-SN eutectic sample. It shows an onset temperature of 83.69 °C and a latent
enthalpy of 174.20 J/g during melting and an onset temperature of 61.39 °C and a latent
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enthalpy of 160.3 J/g during crystallization. The fresh non-cycles eutectic sample showed an
onset of 84.38 °C and a latent enthalpy of 168.8 J/g during melting and an onset temperature of
28.63 °C and a latententhalpy of 153.4 J/g during crystallization.

Then, itwas confirmed that the liquid obtained after redissolution of the solid segregates poses
similarthermal properties as the non-cycled U-SN eutecticon melting. The stochastic nature of
supercooling in small samples make that the crystallization onset was not alike. However, the
supercooling characterizationis studied and discussed in chapter5.

The material potential-use after it experienced segregationis therefore feasible if a suitable
stirring meansisimplementedinthe system.

4.3.7. MICROSTRUCTURAL AND MORPHOLOGICAL ANALYSIS

The different sample preparationproduced different morphological featuresevenunder simple
visual inspection, without the need of amicroscope. Samples 1and 2 solidified by quenching at
room temperature and therefore the rapid crystallization that gave smaller crystals. Sample 3
crystallized in conditions closerto equilibrium and large crystals formed.

Figure 4. 14 Sample 1 produced by quenching at room temperature. Macrograph of the whole sample and micrographs
showing the different zones that display details of the produced structures

Figure 4. 14, Figure 4. 15 and Figure 4. 16 gather macrographs and micrographs of samples 1, 2
and 3 respectively (macro pictures and PLMimages). Figure 4. 14 (a) shows the sample 1 (upper
marks represent millimeters); Figure 4. 14 (b) and Figure 4. 14 (c) show spherulites where the
crystallization starting point can be clearly observed, together with prismatic-like grains. Figure
4. 14 (e) and Figure 4. 14 (d) correspond to the central part of sample 1. It presents adisordered
mix of two phases. Figure 4. 14 (e) also shows a transition betweenthe central (disordered) zone
and spherulites produced in the border of the sample. Figure 4. 14 (f) corresponds to a zone
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where spherulites grewout from the coverslip, thus looks lesshomogeneo usbecause the crystal
growth was notlimitedin the perpendiculardirection tothe sample holderdirection.

Sample 2 is shown in Figure 4. 15. At first sight it seems that the whole sample has a similar
acicular structure, which looks like small disordered needlelike crystalsinto a continuous matrix.
Onthe visual inspectionthere isnot any distinctivefeature inthe sample. Figure 4. 15(b), Figure
4. 15 (c) and Figure 4. 15 (d) show that underthe PLM the crystals can be observed atthe edges
because the layer of material isthinnerthere and the light transmits easier.

Figure 4. 15 Sample 2 produced by quenching at room temperature and induced nucleation. Macrograph of the
whole sample and micrographs showing zones that display details of the produced structures

Figure 4. 16 showssample 3. An extremely large grain grows fromabubble (Figure4. 16 (a) and
Figure 4.16 (d)), with elongated crystals radiallygrowing fromit. At first sight, the crystals seem
to have grown radially following a band or dendritic-like pattern. Figure 4. 16 € shows a zone
where crystals have growninauniquedirection. Figure4. 16 (b) and Figure 4. 16 (c) show details
of zones where various crystals are confronted.

The PLM gives anidea of the different macro structures that are formed under the experimental
conditions. However, it does not allow the identification of the microstructures that form the
eutectic or the compositional differences in the structure. Therefore, scanning electron
microscopy was used.

Even though secondary electrons were used to observe the microstructure, only the images
from the backscattered electrons have been included in the general analysis. Backscattered
electrons images serve to distinguish microstructural features with different composition.
Microconstituents that contain heavier elements in their chemical composition have a high
backscattered-electronsintensityand therefore, they are visualized as bright light-grey or white
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colored features. The microconstituents composed of low atomicweight elements have a poor
backscattered-electronsintensity and, as a result they render dark features, dark grey to black.

Figure 4. 16 Sample 3 produced by solidification taking place isothermally at 80 °C. Macrograph of the whole sample
and micrographs showing the different zones that display details of the produced structures
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Figure 4. 17 EDXidentification of elements presentin different crystal formations

In the presentcase, Ureais formedby H, C, N and O while Sodium nitrate iscomposed of N, O
and Na. The Sodium Nitrate grains render bright light-grey images while the Urea crystals
correspond to the dark-grey features. In any case, for the aim of confidently identifying the
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composition of the different microstructuralfeatures, EDX spectra of selected crystalswere also
carried out. Figure 4. 17 shows a micrograph of sample 3together with the EDX spectrum of the
different crystal formations observedinit. The EDX peaks correspondingtothe darkercrystals
in the image indicate the presence of Carbon, Oxygen and Nitrogen which match with the urea
(CO(NH2)2) elemental constituents. The EDX spectrum of the lighter crystalsindicates Sodium,
Carbon, Oxygen and Nitrogen peaks, which corresponds to Sodium nitrate (NaNOj3). However it
also shows Carbon, which may be caused by the Carbon coating onto the samples.

Figure 4. 18 allows to take a closerlook of the macrostructures previously identified in the PLM
micrographs. Figure 4. 19 shows further magnifications of the imagesin Figure 4. 18. Four
different microstructural features (habits) can be distinguished, which have been identified in
Figure 4. 19 with the numbers 1 to 4: large columns, acicular/fibrous crystal clusters, prismatic
crystals and drusy conglomerates.

Columnar crystals are stout long prisms with a column-like appearance. A single column might
contain multiple parallel crystals. Acicular crystals have a needle-like shapethat tapers to a point
or a blunt termination. Their lengthis much greater than its width or diameter. Many acicular
crystals can be clusteredto produce fan-shaped or radially-shaped aggregates. Fibrous crystals
are very fine sinew, string, or hair-like fibers. The habit also includes aggregates made up of a
large number of parallel or radial fibers. Prismatic are well-developed elongated crystals with
opposite faces normally parallelto one another.The crystals are oftenstriatedalongtheirlength
or across their width. Then columnar, acicular, fibrous, and prismatic can resemble the same
slendershape, howeverfibrousisthe thinner, followed by acicular, then the prismaticand the
thicker is columnar (also longer). Finally, the drusy habit describes an aggregate of minute
crystals coatinga surface or cavity.

Dark-grey large columns or prismatic crystals (identified in Figure 4. 19 with the number 1) of
differentsizes were observedin all the samples. They are made of Urea and can be considered
the main crystallization habit for Urea. The fact that the samples were purposefully producedas
a thin layer lead to observe long columnar crystals grown horizontally, and small prismatic
crystals growing perpendiculartothe sample holderdirection. These great crystal columns are
thought to be caused by the non-reciprocal nucleation behavior observed during the nucleation
and crystal growth assessment test, were isothermal crystallization conditions at 82 °C were
imposed. Large acicular crystals formed in the first place,and the remaining space was latter on
filled in with smaller crystal formations that should be of the eutectic type. This behavior
resembles hypoeutectic crystallization, and is a reported cause of semi-congruent melting, i.e.
phase segregation [115], [123].

Then, the conglomerate crystals that grow in between of the urea columns should correspond
to the eutectic structures. This is thought to be the clear-grey acicular/fibrous crystal clusters
(identified in Figure 4. 19 as 2) can be seenin all the samples. The EDX tests confirmed they
contain Sodium. However, this crystal clusters formations are differentin samples 1, 2 and 3.
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Figure 4. 20 gathers some images of the acicular/fibrous crystal clusters, taken in each sample.
The clusters in sample 1 are composed of urea matrix and Sodium nitrate precipitated small
crystals, which resemblea eutecticintimate mix. Samples2and 3 show fibers of different sizes.

It is thought that the fibers in sample 2 may be a metastable phase containing both urea and
Sodium nitrate produced due to rapid solidification, and if they were able to diffuse the result
would be precipitated Sodium nitrate in aureamatrix as insample 1.

Sample 1

: spherulite and rhombus central zone:
sphertic grain boundary disordered structure
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Samples 1 to 3 show different macro
structures. The images show differences in
the size and direction of the crystalline
structures even if the crystal habits are not
: : fully distinguished. The colour-change in the
pherulite to ey in the images evidence compositional
 zone transiti i35 changes.
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Figure 4. 18 Micrographs of the macrostructures previously identified in the PLM micrographs
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Besides, it was observed during the SEM imaging that these formations where modified by the
electron beam at high magnification, and it could be clearly seen that the lighter grey material
(Sodium nitrate) precipitated into the urea matrix. Since the melting temperature of the
material isvery low, the electron beam energy, whenfocused ona tiny area, is high enough to
produce diffusion and formation of the stable phases. Indeed, local melting was observed in
some points.

Sample 1

Four morphological features are
distinguished: dark-grey urea columns or
prismatic crystals (1) in different sizes;
Light-grey material containing Sodium form
acicular/fibrous crystal clusters (2); Light-
grey prismatic crystals (3) and drusy
conglomerates (4)-.

Sample 2

Figure 4. 19 Micrographs displaying the four identified morphological features in samples 1, 2 and 3
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The metastable formation in rapid solidification is in agreement to Galenko et al [121] work,
who determined that rapid solidification of eutectic systemscan suppress the eutecticformation
and instead produce a homogeneous metastable phase formed by the initial chemical
composition (the composition of the liquid phase). Besides, Bevan Ottetal. [122] state that the
cause of metastable solids formation in eutectic systems is the supercooling (that have been
determined greater in faster cooling rates during the cycling tests). The appearance of this
metastable phase inthe U-SN eutectic mixture would be in agreement to the results of Chapter
3, inwhichthe XRD results show the existence of one or more metastable phases that disappear
by thermal treatment. However, the reason of the appearance of these phases was not
apprehended in the study in Chapter 5, with the present study it can be concluded that it
dependsonthe cooling conditions (which in previous studies were not completely controlled).

Sample 1

The acicular/fibrous crystal clusters are different
in samples 1, 2 and 3. Sample 1 shows that these

fibers are a composite: urea matrix and sodium

nitrate reinforcement. Samples 2 and 3 show
homogeneous fibers of different sizes. Sample 2 —
drusy conglomerates, seem a mixture of small  10q Hm
urea and sodium nitrate crystals covered by an

unknown material (transparent to electrons).

Sample 3 shows the sodium nitrate prismatic

crystals.

Figure 4. 20 Micrographs showing in detail the acicular/fibrous crystal clusters, drusy precipitates and prismatic
crystals on sample 1,2 and 3
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Sample 1

1 N

Detail of the small structures containing Sodium. Sample 1
shows a composite structure (image on the left) with urea as the
matrix and sodium nitrate precipitated crystals. Sample 2 fibers
are thought to be a metastable phase containing both urea and
sodium nitrate. Sample 3 tiny fibers are though to be pure
sodium nitrate. Samples 1 and 2 show urea crystals, which
contain sodium nitrate. Some sodium nitrate precipitates from
supersaturated urea can be seen in sample 1 (image on the left).
Sample 2 larger precipitates are thought to be sodium nitrate
but itis not clear if they precipitated form the fibers or columns.

Figure 4. 21 Micrographs of the smaller crystals containing Sodium insamples 1, 2 and 3

The very smallfibers containing Sodiumin sample 3 pose the same morphology (notsize) that
those in sample 2, however, are not likely to correspond to a metastable phase, due the close
to equilibrium conditions of the sample. They are more likely to be eutectic.

Light colored prismaticcrystals (identified in Figure 4. 19 as 3) are only presentin sample 3. They
correspond to Sodium Nitrate. This sample was produced with extremelyslow solidification rate,
whichisin agreementwith the growth of large crystals, not obtained in normal cooling rates. A
larger magnification of the crystalsis included in Figure 4. 21. They appear most commonly in
clusters between the huge urea columns. Moreover, due to the great size of the crystals the
differentiated zones pose composition heterogeneity, and is assumable that during melting
phase segregationis produced.

From the SEM images it can be derived that the mixture crystallizes in the form of single crystals
that grow independentfrom each other, sometimes even voids exist between them. Itimplies
that the crystallization of each phase is not coupled or cooperative, but divorced. Accordingto
the interface morphology classification [108] the two componentsin the eutectic mixtures have
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non-dimensional entropies greater than 2 (equations 4.1 and 4.2), which correspond to f-f
typology (which show irregular divorced eutectics).

J
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f}';”ea - "}OLK = 4.32 > 2 (faceted)
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AS¢ sodiumnitrate 26.87 m({l K
- = = = 3.23 > 2 (faceted) (4.2)
R 83—
mol.K

This type of crystal growth makes thatthe ureaand Sodium nitrate crystalsdo not grow forming
an intimate mixture any more. In addition to this, the distance betweenlarger urea crystals
formed because of the non-reciprocal nucleation and the microconstituents of Sodium nitrate
makes that the melting does not completely occuras a eutectic. This causes the segregation to
take place during fusion. The crystals that remain unmolten (because the mixture compounds
are not in intimate contact) are subsequently segregated. Figure 4. 22 shows a picture of a
sample duringthe meltingat 95 °C, itcan be seenthat there are solid particlesin suspensionin
the liquid, and segregates on the top and bottom of the liquid.

Figure 4. 22 U-SN sample after the melting process, showing solids in suspension, and segregated on top and bottom
of the sample
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Figure 4. 23 Micrographs of sample 2 showing drusy conglomerate precipitates from the fibrous structures. The
precipitates can be observed in the backscattered electron micrograph in the right, and the topography of the
covering material (transparent to backscattered electrons) is shown in secondary electron image in the left

Figure 4. 23Figure 4. 21 shows some detailsof the Sodium nitrate precipitatedinto urea crystals,
presumably from metastable phases orfrom supersaturated urea. Drusy crystal conglomerates
(identified in Figure 4. 19 as 4) are only present in sample 2. They are formed by a mixture of
small urea and Sodium nitrate crystals gathered and/or covered by a material which could not
be identified by the backscattered electrons because itis transparent tothem as shown in Figure
4. 23 (extremely light material, some polymers and hydrocarbons often present this behavior).
Besides, it can not be discarded to be glassy material, that has not crystallized due to the fast
coolingrate. The small Sodium Nitrate crystals observedinthese images might have also been
produced while the electron beam swept the sample at high magnification.

4.4 CONCLUSIONS

It was determined that the phase segregation of the U-SN eutectic varies depending on the
microstructure, attained with different cooling rates during solidification upon cycling. Higher
coolingrates showed less phase segregationthan slower cooling rates. However, slower cooling
rates are closer to the equilibrium and it might be assumed that in conditions closer to
equilibriumthe phase segregationwould be diminished, howeveritis notthe case. This behavior
can be explained by the microstructure morphology.

The U-SN eutecticis faceted/faceted type, which implies that the urea and Sodium nitrate
phases do not crystallize in a cooperative way, but separately. In addition, non-reciprocal
nucleation was observed, the primary urea phase crystallization does not promote the
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crystallizationof the Sodium nitrate, resulting in coarser urea crystals and a crystallization similar
to that foreseen in hypoeutecticcompositions.

As a result of the non-reciprocal nucleation, the Sodium nitrate poses higher supercooling
degree than urea. However, in the monitored samples only one peak was identified, in
disagreement with Benicio et al. [115]. There is not a conclusive explanation to this finding,
which could be due to a supercooling degree difference too small to be experimentally
determined.

The hypothesis of a small difference on the supercooling degree betweenthe two obtained
phases can be backed with fact that, under normal cooling rates the microstructure forms in
with large urea primary crystalsand a homogeneous metastable phase, instead of forming the
Sodium Nitrate eutectic microconstituent, as indicated by the SEM micrographs and EDX
measurements. Accordingtothe observations carried outin the SEM, this metastable phase is
deemed to be supersaturated urea, from which the Sodium nitrate crystals precipitated by
diffusion when the temperature is high enough to promote it. In fact, the Sodium Nitrate
precipitation took place during the SEM observation when the electrons-beamintensity was
high. Even though the thermal properties of the metastable supersaturated urea could not be
assessed, itcan be foreseen asupercooling degreecloseto that of the U-SN mixture. On heating,
previoustothe melting the formation of Sodium nitrate will take place due to diffusion, which
takes place at the eutectictemperature.

As a result of the crystallization habits in these eutectic types, segregation can be foreseen. In
the case of the U-SN eutectic mixture, XRD assessment confirmed that urea crystals rose to the
uppermost part of the thermally cycled samples due toits density being lighter than the liquid
eutecticdensity, and the heavy Sodium nitrate crystals felldown to the bottom. Smaller crystals
were obtained when sampleswere quenched, resultingin more homogeneous microstructures,
opposite to the higher size crystals produced at slower cooling rates, which could be seen by
visual recognition. Literature supports that higher crystal size results in higher phase
segregation.

Natural convection is not likely to determine the phase segregation occurrence, however it
serves as a mechanism by which the segregated mixture separates because of the density
difference. The cycling tests with the sample in horizontal and vertical arrangements yielded
similar results in terms of the amount segregated for both arrangements. Therefore, it served
to certify that natural convection does not play animportant rolein the phase segregation taking
place onthe studied samples. However, it cannot be discardedthat its role may be significantin
highervolumes.

It was confirmed that the segregated samples can be recombined by melting and mixing aided
with mechanical stirring or with other stirringmeans. The mixture thermal propertiesare similar
to a fresh non-cycled eutectic mixture and, therefore the utilization as a PCM is feasible after
the segregate is re-mixed. Furthermore, XRD diffraction confirmed that the phases present were
ureaand Sodium nitrate in the eutecticproportion.
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It is concluded, the phase segregation of U-SN eutectic could be reduced by using fast cooling
rates for the discharging process, although the possibilities for complete prevention seem
unfeasible.However, the material potential-use after segregation is possible if a suitable stirring
meansisimplementedin the system.
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Chapter 5 : Supercooling characterization and modelling

5.1 INTRODUCTION

Supercoolingisafeature posedby many PCMcandidate materials [67]. The phenomenon occurs
when the molten material is cooled down and does not crystallize at the melting temperature
(liquid-solid equilibrium temperature), but ata lowertemperature. The difference between the
melting temperature and the actual crystallization temperature is called supercooling or
undercooling. Supercooling occursin most crystalline solids and especially, in highly crystalline
solids. The supercooled solidification temperature is deemed to be stochastic, making actual
crystallization temperature difficult to predict. In most TES systems, supercooling is an
undesirable phenomenon, although some applications use it advantageously. In these cases, a
triggering device which promotes nucleation on demand, is designed and implemented [125]-
[127].

Organic PCM have been traditionally deemed as supercooling-free materials, while inorganic
materials generally present important supercooling [4], [50], [128]—[130]. Inorganic materials,
such as salthydrates and salt mixtures, can exhibit supercooling degrees up to 100 °C [41], [42],
[131]. In the case of organic materials, paraffins have little or no supercoolingin bulk volumes,
whilst fatty acids presenta supercooling degree inferiorto 5 °C [35], low enough to discard the
need of any crystallization-triggering method in most potential thermal storage applications.
However, supercoolingisasignificant problemin microencapsulated paraffins [132]-[134] and
also in most sugar alcohols, which in addition to a large supercooling exhibit very slow crystal
grow rates [37], [39]. These materials have very high viscosity which increases while the
temperature decreases, leading in many cases to the formation of glassy solids instead of
crystallization. It is worthwhile to mention that the existing literature on PCM supercooling is
mostly devotedto determineand develop methods to avoid it, like the use of nucleating agents,
cold finger devices, ultrasounds, stirring, mechanical shock, bubbling, electricand magnetic
fields [135]-[138], with much less attention to the study of mechanisms and variables-related
features.

Safari et al. [138] stated that the factors influencing the supercooling degree have notyet been
clarified in the literature ,as a result there is not presently a standardized, or widely accepted,
protocole toselecta specificadditive ora methodology to reduce the supercooling degreeof a
material. A material-supercooling degree depends on the experimental conditions, being the
mostimportant ones: the sample mass orvolume, which is linked to the stochastic nature of the
homogeneousnucleation mechanism (the higher volumes, the higher the probability to produce
stable nuclei, the lower the supercooling); the presence of impurities and rough surfaces, which
lead to the possibility of heterogeneous nucleation; and the cooling rate. These three factors
are thought to influence the lag between the temperature for crystallization and the melting
temperature. However, it is not known to what extent these parameters influence each
material, and there are no set methodologies for the supercooling assessment or for the
prediction of the supercooling degrees, which relate to technical parameters to be usedin a
defined application.
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The main objective of the present study is to contribute to the clarification of the factors
influencing supercooling from an application-related point of view. Thus, in addition to the
above mentioned variables, mass (volume) and cooling rate, several application-related
potential variables have also been takeninto consideration, like the PCM container geometry,
the heat transferregime, and the material thermal properties. For thataim, a study comprising
two different PCMhas been carried out. The first PCMis the U-SN eutectic(71.25 wt% urea and
21.75 wt% Sodium nitrate) and the second PCM is polyethylene glycol 10000. The experiments
included testing samples ranging from 7 mg to 0.45 kg, in containers of different geometries
(cylinders, and boxes), submitted to different cooling rates, from very slow (0.3 °C/min) to very
fast (upto4600 °C/min), using different coolingmedia (airand thermal oil). A statistical analysis
of the results was made to stablish which parameters are more relevant in the crystallization
process andfinally, proposelinear regression models thatinclude the most relevant parameters.

5.2 THEORETICAL BACKGROUND

The existing theories on homogenous and heterogeneous nucleation try to explain the
supercooling phenomenon exhibited on crystallization on a physical basis, taking into account
the thermodynamics of the crystal formation from the molten material according to the site at
which nucleating events occur. In the homogeneous nucleation, the solid phase nuclei form
uniformly throughout the liquid phase, whereas in the heterogeneous nucleation, nuclei form
preferentially at structural heterogeneities, such as container surfaces, insoluble impurities,
grain boundaries, dislocations, etc. These are microscopicornanoscale considerations, since the
crystallizationstarts from aninitial nucleus or clusterthatis formed by a small number of atoms
or molecules. The distinctionbetween both types of nucleation is explainedin more detail inthe
following paragraphs according to the literature on the topic [56], [139]-[141].

5.2.1. HOMOGENEOUS NUCLEATION

Homogeneous nucleation refers to the primary nucleation that occurs spontaneously from a
supercooled liquid in a system free of any crystalline nucleus. Thus, the new phase is formed
when an embryo grows and reaches a certain critical size to become stable. Below this critical
size the embryos are extremely unstable and redissolve. Eventhough the shape of these primal
seedsisunknown,itisassumedthat each nucleusisspherical and has aradius r. In addition, the
moleculesformingthe new crystal have to become oriented into a fixed lattice contributing to
the complexity of the process.

The solidification process can be analyzed throughthe Gibbs free energy (AG), which is made up
of twoterms. The first one correspondsto the free energy change dueto the atomicaggregation
to form a solid nucleus of a certain volume. When the temperature (atone point) is lower than
the melting temperature, this free energy presents a negative value. The second term is
associated to the liquid-solid boundary or surface free energy, which is always positive. The
larger the surface, the larger the free energy. According to equation 5.1, due to the opposite
increment of both terms in the equation, and to the fact that they depend differently on the
radius, AG increases to reach a maximum and then decreases as shownin Figure 5. 1.
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Figure 5. 1 a) Schematic curves for volume free energy and surface free energy contributions to the total free energy
change attending to the formation of a spherical nucleus during solidification. b) Schematic plot of the free energy
versus the nucleus radius, presenting the critical free energy change (AG*) and the critical nucleus radius (r*)[51]

Asthe AG value decreases the nuclei total surface increases. Only when the free energy change
reaches a negative value the phase transformation will occur spontaneously. Whenthe radius
of the embryo increases up to r* a critical radius has been reached (equation 5.2), which
corresponds tothe maximum AG value (equation5. 3). Once the nucleus reaches r* any further
incrementwill decreasethe freeenergy change,and therefore radius grow will continue leading
to a spontaneous decrease of the free energy. Those embryos with radius smaller than the r*
will strive to grow or to shrink and dissolve.

4

AG = §1TT3 AG,, + 4mr?y (5.1)

« 2y
= —E (5.2)

v

16my3
AG* = ————

3(AG,)? 53)

Itisverydifficult to achieve the formation of the critical nucleusin equilibrium conditions. Most
embryos do not manage to reach the critical size but rather redissolve, thus not achieving
crystallization at the melting temperature. In other words, the decrease of the first term on
equation 1, more precisely the volume free energy AG,, corresponding to equation 4, is the
drivingforce for the solidification process. The lowerthe temperature of the system below the
melting temperature, T, the easier the nucleation will occur.

AHf (T, — T) (5.4)

AG, =
v T
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However, it hasto be considered thatin real systemsembryosmay not follow aspherical shape
leadingtoamore complexbehavior. Besides, on the macroscopic systems under real conditions,
the energy level is not generally homogeneous all over the volume. In turn, there will be a
statistical distribution of molecularkineticenergy within the system. In supersaturated regions,
where the energy level temporarily rises to a high value, nucleation will be favored. For this
reason, the homogenous nucleation is said to be a stochastic phenomenon, dependent of the
volume/mass, because the smaller the volume the smaller the probability to have nucleation
embryos that grow to be stable nucleus. Considering all this, the high volume involved in the
real processes make the nucleation to be affected by other variables not conveniently
considered by the classical thermodynamics, like those which influence the temperature
distribution (thermal gradients) in the macro scale samples.

5.2.2. HETEROGENEOUS NUCLEATION

For a homogeneous nucleation to take place, the material should be free of any surface in
contact with the liquid that may act as a nucleus. The presence of impurities, foreign bodies,
pre-existing crystals within the systemor even the container superficial roughness can affect the
nucleation. As there is no general rule that explains this, each case (every material) should be
analyzedindependently.

The presence of suitable foreign bodies or “sympathetic” surface can induce nucleation at
supercooling degrees lower than those required for the spontaneous nucleation. The overall
free energy associated with the formation of acritical nucleus under heterogeneous conditions
AG* is of an inferiorvalue than the associated with homogeneous nucleation. The particle size
and the interfacial tension are important factors for the heterogeneous nucleation process. It
can occur by seeding from embryos retainedin cavities, e.g.inforeignbodies or the walls of the
retaining vessel, under conditions in which the embryos would normally be unstable on a flat
surface. Therefore, for the supercooling characterization, the fact that there is an uncertainty
regardingthe existence of foreignbodies withinthe melt whichare able to produce the material
crystallization, hampers the assessment of the crystallization mechanism occurredin testing. In
any case, the largerthe volume the largerthe probability for external nucleus to exist.

The heterogeneous nucleation is purposefully used in metallurgy to produce small grain size
alloys by seeding the molten alloy with a large amount of exogenous nuclei. Seeding, using
adequate nucleatingagents, is alsoa method to reduce the supercooling degree of a material,
to get crystallization temperatures closer to the melting temperatures. Thus, the published
research about PCM supercoolingis mostly devoted to developing methods to avoid or reduce
it in different materials, instead of designing the studies to attain a deeper knowledge on the
parameters thatinfluence the phenomenon.

5.3 DESCRIPTION OF THE EXPERIMENTAL APPROACH

In spite of the apparently highly stochastic nucleation that might be initially foreseen on the
PCM related applications, from the original premises it can be deduced thatin real applications
the sample volume will be large enough to conclude that some exogenous nucleus will be
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presentin mostcases (agas bubble, arough surface, atrapped impurity oran entrapped crystal
seed, etc). The exogenous nucleus undetermined-nature could be partly responsible for the
unpredictable supercooling reported in PCM. However, the claimed unpredictability could be
partly due tothe system heterogeneoustemperature distribution. The temperature distribution
is highly dependent on the system geometry and the external cooling conditions. Besides,
different PCM materials may have a different nucleation response because of their different
characteristics. Studying the influence of these parameters in the supercooling degree lead to a
practical/technical approach of the supercooling characterization. As a result, an experimental
campaign was designed to assess the influence of several process-related parameters on the
crystallization temperature with the aimto get knowledge about the extent they could have on
the supercooling degree and to help in predicting the nucleation behavior of a material. Table
5. 1 gathersthe parametersinvolvedinthe performed study.

Table 5. 1 Description of the parameters involved in the experimental study

Study parameters | Independentvariables | Designation | Units
Mass m kg
Volume
Characteristiclength Lc m
. . Coolingrate v °C/min
Cooling media N
Heat transfer coeffidient h W/K.m
Thermal conductivity k W/K.m
PCM >
Thermal diffusivity o m?/s

The followingindependent variables where considered: The sample mass (m), which represents
the sample volume, but remains unaffected by the temperature changes; The characteristic
length (Lc) orvolume/surface ratio,as ameasurement of the geometry (linked withthe volume,
butincludesinformation aboutthe disposition); The cooling rate (v) orthe velocity at which the
cooling media lowers the PCM temperature; The heat transfer coefficient (h) which describes
the external cooling flow regime; The PCM thermal conductivity (k) and thermal diffusivity (o),
as the thermal properties of the material that governthe heattransferthroughit.

In orderto evaluate the influence of the described variables, the study comprised the use of five
different container configurations (different mass and characteristic length), two
heating/cooling media (different heat transfer coefficients), several different cooling rates, and
two different PCM materials. Allthe experiments began heatingup the PCMsamples above the
melting temperature to ensure the full melting. Then the samples were cooled-down upon
different experimental conditions to reproduce different cooling rates.

5.3.1. MATERIALS USED: UREA AND SODIUM NITRATE EUTECTIC MIXTURE AND POLYETHYLENE
GLycoL 10000

Two materials were studied: the urea and Sodium nitrate eutectic mixture (71.25wt% urea and
21.75 wt% Sodium nitrate) and Polyethylene glycol 10000. Pure urea, Sodium nitrate and
polyethylene glycol (>99% purity) were purchased from Sigma-Aldrich.
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The urea and Sodium nitrate eutectic mixture, hereinafter called by the name U-SN eutectic,
shows a meltingtemperature of 85 °C and the melting enthalpy of 172 J/g. The phase diagram,
the main thermophysical properties, and the characterization of the mixture main physical
properties can be consulted in previously published articles [62], [63]. A preliminary
supercooling assessment was also performed using differential scanning calorimetry, DSC, to
evaluate supercooling dependency on the cooling rate using 10 mg samples. The study
submitted samples to subsequent coolingrampsat0.5, 2, 4 and 8 °C/min. The study concluded
that there was not a clear correlation between the cooling rate and the supercooling. Only the
measurements performed at 8 K/min showed a cleartendency towards highersupercooling, as
expected because of the faster cooling rate. Forlower cooling rates, it was only possible to state
that all samples crystallized between 70 °C and 30 °C. The minimum supercooling degree
observed was 15 °C.

Polyethylene glycol 10000, hereinafter called by the name PEG 10000, melts at 58 °C (though
the manufacturer reports 62-65 °C) and has a latent enthalpy of 175 J/g (both experimentally
determined by DSC). The selection for this material was prompted by the need to have a pure
material, not a mixture, with a melting temperature on the application temperature-range.
Mixtures could pose phase segregation and a complex two-phase crystallization behavior and
since the U-SN eutectic was already such a complex material, a pure material was selected to
ease the analysis. Most pure materials posing a melting temperature between 50-90 °C show
very limited supercooling degree, , however, polyethylene glycol 10000 was selected because
accordingto several authors [142]-[144] itexhibited asupercooling degree up to 20 °C.

5.3.2. CONTAINERS

5 containertypologies were employedinthestudy, asitcan be seenin Table5. 2, which include:
Mettler Toledo DSC crucibles, modified Ace Pressure tubes, self-manufactured Copper tubesand
rectangularaluminumboxes. Forthe sake of brevity inthe latter discussion, they are referenced
as DSC, GDO, CuD1, CuD2, and RB respectively.

The DSC crucibles are 25 pl (very small) containers used to analyze samplesinthe DSC. They are
closedbyalidwhichissealed usingapress. Ace pressure tubes are 8ml containers made of glass
and closed by athreaded Teflonplug. The Coppertubesconsistin two different diameters tubes.
They were home-made by cutting a Coppertube to the desired length, welded toa Coppercap
on the bottom and close at the upperend usingarubber plug. The rectangularaluminumboxes
were home-made of commercial rectangularaluminum profiles, cutto the desired length, and
the lids were welded to close the container. To carry out some of the experiments with very
slow coolingrates, the containers were insulated using 2cm width EPDM foam.

Table 5. 1Table 5. 2 summarizes the container characteristics and internal dimensions (to be
filled in with the PCM). The last column, Lc [m] indicates the characteristic length parameter,
whichisthe result of the volume divided by the surface of the sample geometry.

A thermocouplewas placed inside all the containers (except the DSCcrucibles), to be in contact
with the contained PCM. Thermocouples were placed in the cylinder at 0.065 m from the
bottom. In the case of the rectangular box, the thermocouple was introduced using stainless
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steal fittings added to the openings onthe upperlidat 0.03 m distance from lateral end and at
0.01 m distance from both large walls, to reach a depth of 0.06 m.

Table 5. 2 PCM container characteristics and dimensions

Container | Container | Container PCM PCM Dimensions [m] Lc [m]
ref. Shape | Material | Mass (kg) | Height | Radius | Width | Depth
DSC round box | Aluminum 7 10°® 0.001 | 0.00125 - - 0.001
GDO cylinder DO Glass 4,5 103 0.04 0.002 - - 0.0079
CuD1 cylinderD1 | Copper 0.037 0.13 0.008 - - 0.0038
CuD2 | cylinderD2| Copper 0178 | 013 | 00175 | - = | o.0082
RB re“sgf“'ar Aluminum | 0.45 0.12 - 0.2 | 002 | 0.00097
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Figure 5. 2 PCM containers used in the supercooling characterization tests. The coin and the ruler (scale incm) were

5.3.3. COOLING CONDITIONS

placed beside each container to an idea of their size

Three different cooling conditions were defined, from now on called: quenching cooling,

programmed coolingand insulated free cooling. For the sake of brevityinthe latter exposition
of the experimentsperformed, theyare referred as Q, P and FCrespectively. Experimental types

induce different cooling rates and heat transfer coefficients. The cooling rates were
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consequence of the experimental type. The heat transfer coefficients depend on the HTF itself
and the stirring of the fluid, which was controlled by different intensities of the bomb in the
thermostaticbath, and the use of fan inside the climaticchamber.Table 5. 3 describes the main
characteristics of the equipment where the experiments were carried out. All experimental
types were performed using the U-SN eutectic. However only programmed cooling experiments
were performed with PEG 10000, with differentstirring configurations one of the objectivesof
these experiments was to determinethe relevance of the different heat transfer coefficients on
the supercooling.

Quenching, Q, consisted on melting and heatingthe PCMto a predefined temperature (100and
95 °C) and suddenlyintroducingitinto athermostatic bath or climaticchamber at atemperature
close toroom temperature (35and 25 °C). One stirring level was used for the thermostatic bath
and climaticchamberforthis experiment. Thermally insulated and non-insulated samples were
tested following this cooling sequence.

Programmed cooling, P, consisted in submitting the samplesto a temperature program, where
specificheating and coolingrates of the heat transferfluid (from now on, HTF) were stablished.
Experiments were carried out in the thermostatic bath and in the climatic chamber. The
experiments with the U-SN were carried out with the lowerstirrings levels (lower heat transfer
coefficients for each apparatus). And in the case of the climatic chamber experiments, two
experimental arrangements were tested: insulated and non-insulated tubes, which generate
different cooling scenarios. The experiments with PEG 10000 carried out in the thermostatic
bath, were performed onfour differentintensities of the bomb. Those carried out the climatic
chamber used two stirring levels: the forced convection given by the equipment, and by
additionally introducingafaninside.

Insulated free cooling, FC, consisted in heating the samples inside a heating cabinet up to the
desired temperature allowing soaking time to ensure fully melting. Once fully melted, the
heating device was turned off while the samples remained inside the cabinet until room
temperature was reached again, without forced ventilation. Two scenarios were tested: closed
and opened doorof the heating cabinet.

Table 5. 3 Description of the equipment used in the experimental campaigns

Equipment Brand Model HTF
Thermostaticbath | Lauda RP845 Bluesil 47V20 silicone thermal oil
Climaticchamber Ineltec PR-920 Air
Heating cabinet Memmert OvenU Air
Hot plate Heidolf MR HeiEnd | Glycerin
DSC MettlerToledo | DSC1 N,

The experiments continuously monitored and recorded the HTF temperature to determine the
HTF imposed cooling rate. Besides, the PCM temperature was also continuously monitored to
determine the PCM cooling rate, which depends not only on the HTF cooling rate, but also on
the material and on the container geometry. The PCM temperature was measured inside the
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sample in all cases except on the DSC samples. In those cases, due to the small mass in DSC
crucibles, a negligible gradient is foreseeninside the PCM and the cooling rate is calculated
according to the equipment.

It hasto be reminded that each HTF, each stirring level of the HTF, and insulation condition have
a different heat transfer coefficient h (or equivalent h in case of the insulated samples). The
determination of h foreach case is explained inthe nextsection.

5.3.4. DETERMINATION OF THE HEAT TRANSFER COEFFICIENT

The PCM cooling process occurs by the thermal contact of the container with a HTF. Thus, to
analyze the influence of the cooling rate and cooling conditions on the supercooling it is
necessary to determine the heattransfer coefficient, h, of each experiment.

Thermostatic bath —
water at 95°C
Thermostatic bath —
thermal oil at 30°C

7 Data acquisition
system
water Copper coil
) Flowmeter
7. T-type

thermocouples

Figure 5. 3 Scheme of the experimental set up used for the determination of the convective heat transfer coefficient
of the thermostatic bath

1. Climatic chamber

-airat30°C

2. Thermostatic bath
—water at 95°C

3. Data acquisition
system

4. Copper coil

5. Flowmeter
6. 7.8.T-type
thermocouples

T
Figure 5. 4 Scheme of the experimental set up used for the determination of the convective heat transfer coefficient
of the climatic chamber
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For the case of the climaticchamberand thermostaticbath, the heat transfer coefficients were
experimentally determined. To do so, a specific experiment was carried out, consisting in
circulating water (flow rate of 3 L/min and 95 °C) through a copper coil (1.45 m long, 0.008 m
innerdiameterand 0.002 m thickness) immersed in the thermostaticbath with a HTFs at 30 °C.
A similarexperimentwas carried out inthe climaticchamber (different HTF). In both cases the
mass flow rate, and the inlet and outlet temperatures of the waterin the coil were continuously
monitored, as well as the temperatures of the thermostaticbath and the climaticchamber. The
experimental set-ups employed in each case are schematicallydepictedin Figure5. 3 and Figure
5.4.

Thenthe heat transfer coefficient was calculated (likein a heat exchanger) by the energybalance

of the two fluids, using equation 5.5, where the overall heat transfer coefficient, U, corresponds
to equation 5.6.

mCyAT = UAAT,, (5.5)
7= 1
1 Ley 1 (5.6)
h kCu hint

The heat transfer coefficient of the water inside the copper coil, h;y;, is calculated from
empirical correlations. Specifically, the Gnielinski’s correlation for forced convection in pipes
with uponturbulent flowisincluded to Containthe Nusselt number (equation 5.7 and equation
5.8), which dependson the Reynolds number (equation 5.9), the Prandt number (equation 5.10),
and the friction factor. The thermophysical properties of the water (thermal conductivity,
viscosities, and thermal diffusivity) are evaluated at the free temperature of the fluid, which are
well known and taken from literature.

To calculate the friction factor for rough surfaces the Colebrookequation (equation 5.11)is used.
The roughness of the surface € is 0.0015 mm forthe copper coil.

Nu = hintz (5.7)
(f/g) RePr
Nu = (5.8)
05
14127 (f /g) @rz-1)
e i
e= D (5.9)
pr =Y
r=- (5.10)
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(5.11)

In the case of insulated samplesin climatic chamber and heating cabinet, the overall heat
transfer coefficient was calculated by introducing the thermal resistance of the insulation layer
(equation 5.12). Forthe experiments performed in the heating cabinet (no forced convection, it
was turned off for the tests) no experimental measurements were done. In order to calculate
the equivalent heat transfer coefficient, typical heat transfer coefficient values for free
convection of airwere assumed forthe air inthe surroundings.

1

+ Lcont.wall + Linsul

U=h*= 1 (5.12)

h kcont.wall kinsul

In the DSC case, determining the heat transfer coefficient, or any equivalent parameter, is a
complex problem. The heattransfer in the DSC takes place mainly by conduction between the
bottom of the crucible and the ceramic plate where the crucibles are placed, which are in direct
contact with the heating/cooling surface. The apparatus working procedure employs Nitrogen
gas flow, which enters into the chamber at room temperature, but the configuration does not
point towards a remarkable contribution of the heat-convection. For this reason, the heat
transfer coefficient or equivalentfor DSCsamples was set out of the discussion.

5.3.5. EXPERIMENTAL CAMPAIGN

Table 5. 4 gathers the summary of the experimental conditions employed in the studies
performed withthe U-SN eutectic; while Table 5. 5 gathers those employed with the PEG 10000.
At least 2 repetitions were carried out for all experimental conditions.

Table 5. 4 Summary of the experiment types performed using U-SN eutectic.

Equipment
Testtype | Containertype Cooling (W /T(.m’) E’;Zg::;:: Repetitions
Thermostaticbath 862.2 U-SN CuD1 Q1 3
cubl Climaticchamber 55.31 U-SN CuD1Q2 3
) Thermostaticbath 862.2 U-SN CuD2 Q3 3
Quenching cub2 Climaticchamber 5531 | U-SNCuD2 Q4 3
Insulated CuD1 Climaticchamber 2.3* U-SN CuD1 Q5 2
Insulated CuD2 Climaticchamber 2.3* U-SN CuD2 Q6 2
GDO Thermostatic bath 862.2 U-SN GDO P1 3
Program RB D'Cf:cimatic.clh;mbe'r 55.31 U-SNRB P2 11
ifferential Scannin,
bSC Calorimeter DSC ° i U-SNDSCP3 10
Free Insulated GDO | Heatingcabinet turned off | 0.00001* | U-SN GDO FC1 4
cooling Insulated RB Heating cabinet turned off | 2.189* U-SNRB FC2 3

*Calculated equivalent heat transfer coefficient
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Table 5. 5 Description of the experimental types performed using PEG 10000. Different h within a same experiment
type represent different stirring levels of the HTF

Equipment |
Test Container . o ) Experiment "
type type Cooling h (W/°C.m2) Designation Repetitions

Al | 822 | PEGCuD1A1P1 3
. A2 1056 PEG CuD1 A2P1 3

Thermostatic Bath
A3 1182 | PEG CuD1 A3P1 2

CuD1

A4 | 1250 | PEGCuD1 A4P1 3
. . A5 55.31 | PEGCuD1 A5P2 3

ClimaticChamber
A6 103.9 | PEG CuD1 A6P2 3
Program Al | 8622 | PEGCuD2 A1P3 3
(P) _ A2 | 1056 | PEGCuD2 A2P3 3

Thermostatic Bath
A3 1182 | PEGCuD2 A3 P3 2

CuD2

A4 1250 | PEG CuD2 A4 P3 3
. . A5 55.31 | PEG CuD2 A5 P4 3

ClimaticChamber
A6 103.9 | PEG CuD2 A5 P4 3
DSC lefererltlal scanning ) ) PEG DSC P5 10

calorimeter DSC

5.4 RESULTS AND DISCUSSION

The crystallization temperaturesof both experimental campaignswererecorded and theresults,
together with its analysis are exposed below.A first observation of the results indicate that in
the experimental conditions, the crystallization of U-SN eutecticneveroccurred at the melting
temperature of =85°C. The measured supercoolingdegreerangesfrom3.2°Cto 51 °C. The PEG
10000 crystallization temperature determined in the experiments was in all cases lower than
the melting temperature =58 °C, with a supercooling degree ranging from 6.26 to 10.77 °C. Thus,
the supercooling degreeanditsvariationisratherlowerthan that of the U-SN eutectic.

Alongthe cooling process, the molten PCMand the HTF cool down at different rates, where the
PCM follow the temperature variation of the HTF. The difference between these two cooling
rates, and therefore theirtemperature profiles depends on both, the materials properties (PCM
and HTF) and the geometry of the container.

Figure 5. 5 exposes the experimental crystallization temperatures of the U-SN eutectic
dependingonthe HTF cooling rate (graph on top), PCM cooling rate (graph on the middle)and
mass (bottom graph) respectively. The graph on the top shows that the crystallization
temperatures are grouped around two zones depending on the HTF cooling rate, the
experiments where low HTF cooling rates took place refer to the imposed temperature
programs tests(P) in orangeand free cooling tests (FC) in green pose lower supercooling degrees
with a maximum of 13 °C (except forthe DSC measurements which show supercooling degrees
from 5 to 45 °C approximately), and the higher cooling rates refer to quenching (Q), in
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purple/blue, which pose supercooling degrees from 7 to 43 °C. At a first glance, there is no
indication that the degree of supercooling could be just related to the HTF cooling rate.

Figure 5.5, middle, showsthe evolution of the crystallization temperature withthe PCM cooling
rate. It follows awell defined decreasing trend as the cooling rate increases. It can be observed
that the supercooling increases linearly with increasing PCM cooling rates except for the DSC
experiments, which showagreatdispersion of samples with the same cooling rate as previously
indicated.

Figure 5. 5, bottom, shows the crystallization temperature versus the sample mass. No direct
relationship between the sample mass and the crystallization temperature was found. However,
thereisaremarkable behaviorthatis assumed to happen because of the sample mass (volume).
DSC samples (7-10 milligrams) present large supercooling degrees and a meaningful dispersion
of the crystallization temperature. This is explained by the smaller probability of nucleation in
small volumes. The data points towardsthe fact that above a certain sample-massthe stochastic
nucleus formation in homogeneous nucleation is not a process defining-factor any more. This
mass threshold has not been determined, but in any case it is lower than 4-5 grams (mass on
the GDO containers), which is the smallest mass employed in the study above the DSC. When
the PCM mass is above that threshold, other parameters have significantly greater influence
than the mass on the supercooling degree.

Figure 5. 6 includes the PEG crystallization temperature as a function of the HTF cooling rate
(uppergraph), the PCM cooling rate (middle graph) and the mass (bottom graph) respectively.
At afirstglance, thereis noindication of crystallizationtemperature dependence on the HTF or
PCM cooling rates with the CuD1 and CuD2 samples, however a linear trend is seen regarding
the DSC samples. The crystallization temperature versus the mass show that, there is a
correlation between the determined crystallization temperature and the sample mass in similar
HTF coolingrates (assumingitis ore correct due to the fact that there was the temperature was
not measured inside the container). DSC samples were tested in slower HTF cooling rates,
showinglessersupercoolinginthose measurement, accounting forthe temperatures that seem
out of trend in the sample mass vs HTF cooling rate chart, where DSC samples show greater
dispersion.

Both materials show very different supercooling behavior, both the supercooling degree and its
scattering, when very small mass is employed (5-10 mg, DSC tests). U-SN eutectic has a higher
tendency to supercool, being the nucleation a problem in small masses as the homogeneous
nucleation theory indicates. In the case of the PEG 10000 nucleation does not seem to be related
to the mass (volume) because the experiments carried out in the DSC crucibles show no
significant dispersion within the same coolingrate, no stochasticbehaviorin such small sample
mass. Instead, those experiments indicate a direct correlation to the cooling rate, which may
imply a greater temperature lag between the sample and the container (in this tests the
temperature is measured outside the container, notinsidethe PCM).
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Figure 5. 5 Crystallization temperatures of U-SN eutectic depending on the HTF and PCM cooling rates, and mass
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Figure 5. 6 Crystallization temperatures of PEG 10000 depending on the HTF and, PCM cooling rates and mass
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5.5 DATA ANALYSIS

The experimentalresults (except DSC experiments) were analysed with the aim of determining
if any of the selected parameters could explain the nucleation phenomenon. The DSC results
were discarded from the statistical analysisdue to the different nucleation process that seemed
to take place inthose experiments and the high complexity and unreliability of the h calculation
of this case.

A statistical analysis was carried out using R-Commander [145]. The crystallizationtemperature,
Tc, was setas the dependentvariable or outcome variable, whichis the variableto be explained
by the model. The independent variables, also called predictor variables are the variables used
to explainthe dependent variable behaviorand are those that can be modified oracted on. The
independent variables set for the study were: the mass, m; the cooling rate inside the PCM,
v(PCM); the cooling rate of the heat transfer fluid, v(HTF); the heat transfer coefficient, h; the
characteristic length, Lc; the thermal conductivity, k; the thermal diffusivity, a; and the Biot
number, Bi.

The dimensionless Biot number (equation 5.13) was included in the study because it could be
relatedtothe supercooling phenomenon ssince it is anindirectindication of the existing thermal
gradients when the body is heated or cooled from the surface. It gives the ratio of the heat
transferresistance inside of abody and the surroundingatmosphere.

_ReL

.
TR

(5.13)

The data set from the U-SN eutectic experimental campaign contains 30 values. The
crystallization median temperature is 77.67 °C and the standard deviationis 10.53. Figure 5. 7
depicts the distribution of the obtained crystallization temperatures and the frequency. The
frequency referstothe number of times a data value occurs on each temperature range. It can
be observed that most of the values (21 values of 30) are inthe 77.4 °C - 81.8 °C interval, which
do not representa very strong supercooling. The lowervalues from 37.55 to 67.05 °C with low
frequencies correspond to the quenching experiments performed using the thermostatic bath
(thermal oil as HTF), which showed PCM cooling rates ranging from 100 to 4600 °C/min. Then,
the temperature ranges from 67.05 to 81.8 correspond to the remaining quenching tests
(performedinthe climaticchamber, thus airas HTF), program and free cooling tests.

The data setfrom the PEG 10000 experimental campaign contains34values. The crystallization
median temperature is 49.72 °C and the standard deviation is 1.54. Figure 5. 8 depicts the
distribution of the obtained crystallization temperatures and frequencies. It can be seen that
data are distributed heterogeneously in the small range of crystallization temperatures. This is
because of the sample size and cooling mediainfluence. The higher crystallization temperature
ranges (49.74 to 51.67 °C) represent the temperatures obtained with the larger size container
CuD2, which ensured slower cooling rates. The lower temperature ranges (47.16 to 49.09 °C)
resultfromthe higherinfluence of the cooling mediain the CuD1 smaller size samples.
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Figure 5. 8 Distribution of the PEG 10000 experimental crystallization temperatures

The crystallization temperature distribution depending on the experiment typology highlights
that eachtype (quenching, program and free cooling) canintroduce additional factors different
from the defined variables that may affect the supercooling. Aspects, which have not been
included in the studied variables, like for example the containers material, the temperature
gradients of the HTF, the influence of the thermocouple, etc., might pose a significant effect on
the supercoling. However, the different use of differentequipmentas cooling media, different
containers, etc. make it possible to recreate a greater range of heat transfer coefficients,
characteristic length/mass and cooling rates, which was the aim of the study. For that reason,
the potential dependency of the testtype and the supercoolingis nottakeninto consideration
in the present study. Besides, the use of temperature sensors is necessary to measure the
crystallization temperature of the PCM, and can not be avoided.
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5.5.1. RELEVANCE OF THE INDEPENDENT VARIABLES IN THE CRYSTALLIZATION TEMPERATURES.
CORRELATION TEST

The first step in the evaluation of the dependent variable, Tc, with the independent variables
was to check the linear correlation between them.Then a correlation test was performed using
the Pearson correlation coefficient as a measure of each individual variable relevance on Tc. This
coefficient shows the relevance in values between +1 and -1, where 1 is total positive linear
correlation, Ois no linearcorrelation, and -1 is total negative linear correlation.

Figure 5. 9 shows the Pearson coefficients for the crystallization temperature and the
independentvariablesfor U-SN. Thermal conductivity and thermal diffusivity are not shown as
they are constant for all the experiments (of the same material). The results show that the
greaterindividual relevance correspondsto v(PCM), h and the Bi. Theyare all negative, which
meansthatthey the higherthe variablevalue, the lowerthe crystallization temperature,i.e.the
largerthe supercooling degree. The Pearson correlation coefficientfor v(PCM) is 0.94, indicating
thatit hasa very good linearrelationship with Tc. For h, 0.8 also renders good linear relationship
with Tc. The coefficientfor Biis <0.7, then discarded because itis considered too low to have a
significant relevance comparedto v(PCM) and h.

Pearson Correlation Coefficient
L, OO0 00060S 000000000

l . - | |

Independent Variables

RPLONTUTREWNRORNWRUNOD~ND WD

Figure 5. 9 Pearson correlation coefficients for the crystallization temperatures and the independent variables
corresponding to the U-SN eutectic experimental campaign

Figure 5. 10 shows the Pearson coefficients for the crystallization temperature and the
independent variables for PEG 10000. The results show that the greater individual relevance
correspondstothe Lcand m(0.93 in both cases), which are measure of the samplevolume, then
correspond to the same study parameter. The following parameterinimportance, is the v(PCM)
however presentsasmallerrelevance, 0.64.

The linear correlation test yielded different relevance regarding the relationship of the
dependentvariable, Tc, with the independent variables. Thisis deemed to be mostly due to the
different experimental ranges studied in both cases, very limited in the case of the PEG 10000
(as stated before), comprising fewer test configurations regarding the sample volume and
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cooling rates, thus limiting the comparison of the results of both experimental campaigns.
However, itis observedthatthe single v(PCM)variable is morerelevantthan the v(HTF) by itself,
and can highly describe the phenomenon. There is no consensus for the other parameters,
because the individual relevance seems to be highly dependent on the experimental.

Bi m Lc

Pearson Correlation Coefficient
,  DOPDODDPOD 000000000
OO U s WrR O WSO~ 000

Independent Variables

Figure 5. 10 Pearson correlation coefficients for the crystallization temperatures and independent variables
corresponding to the PEG 10000 experimental campaign

Besides, the aggrupation of some variables may better describe the effects to be evaluated
(temperature distribution behavior depending on the sample volume, cooling media
characteristics and PCM properties) and pose a larger relevance in the supercooling
phenomenon thansingle variables. For this reason, the first step in order to make associations
was to multiply and divide each variable by the set of the remaining variables.

Figure 5. 11 depicts the Pearson correlation coefficients for the values resulting from multiplying
the independent variables of the U-SN eutectic. The highest relevance comes from the
multiplication of v(PCM) with other variables, and secondarily multiplication of the h with the
other variables. However, the Pearson correlation coefficient in these cases was smaller than
the one fromsingle v(PCM) and h. The multiplication of v(HTF)times h surpasses the individual
Pearson coefficient of both terms, but it does not overcome the v(PCM). Then it is concluded
that the multiplication of the single variables do not report higher relevance to the one of the
single parameters, and then all these parameters are discarded for further evaluation.

Figure 5. 12 depicts the Pearson correlation coefficients for the values resulting from multiplying
the independent variables of PEG 10000. The same effect resulted fromthe multiplication of the
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variablesin both materials, no enhancement of the relevance was observed regarding the single
variables.

Independent Variables

o 000000000
oMW NXD -

Lc.k -

m.ct

Oy

m.Lc

Le.a -

Y=<
o
v(HTF).m |

-0.5
-0.6
-0.7
-0.8
-0.9

Pearson Correlation Coefficient

Figure 5. 11 Pearson correlation coefficients of the dependent variable Tc and the multiplication of independent
variables of the U-SN eutectic experimental campaign
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Figure 5. 12 Pearson correlation coefficients of the dependent variable Tc and the multiplication of independent
variables of the PEG 10000 experimental campaign

Figure 5. 13 and Figure 5. 14 summarizes the interactions resulting from dividing the variables
of U-SN eutecticand PEG 10000. The results for the U-SN points towards most of the high
relevantvariablesto be related to v(PCM) and h. And in the case of PEG 10000, relatedtomand
Lc. However, the highest Pearson correlation coefficients are -0.97 (very close to the total
negative linear correlation), and in both cases comes from the division of the v(HTF) and the Lc
of the PCM container. v(HTF)/m was showed the same relevance in the PEG 10000 analysis,
howeverdescribes the same effect,and as the geometries inthese experimental campaignwere
limited, then the v(HTF)/Lc parameter was preferred as in the U-SN results. This ratio was
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encountered to be significantly relevant in both materials, regardless their experimental
differences, and therefore is selected for furtheranalysis.

It is physically meaningful that a significant relationship exist between the PCM crystallization
temperature, Tc, and these variables because v(PCM)(which is the direct parameter acting on
the supercooling determined previously) depend on both parameters. It is worthwhile to note
that the v(HTF) and Lc are variablesthat can be controlled and modified in application, not the
case of the v(PCM), which need to be determined by means of experimental testing or
modelling. The v(PCM) may serve to understand the phenomenonbut can not be used in a
practical approach to design anindustrial process.

1

0.9
- 0.8
c 07
2 06
= 05
=
o 04
9 03
g o

0.2
c
§ 01 lllIIIIIIIIIIIIIIIIIIIIIIIIIIII
g ol |
-}
o -0.1 l!u_gmniﬁﬁgga—‘;;gi{{u-cﬁﬁﬁﬁﬁ LI mL TSSE EESE"{U_“‘
§ 02 . e R
Q -0 TE =T L2FO IFFILFIS >
g 04 cia N 1 SRS
8 -0.5 g
§ 06 =

0.7
[

-0.8

-0.9

Independent Variables

Figure 5. 13 Pearson correlation coefficients of the dependent variable Tc and the division of independent variables
of the U-SN eutectic experimental campaign
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Figure 5. 14 Pearson correlation coefficients of the dependent variable Tc and the division of independent variables
of the PEG 10000 experimental campaign
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5.5.2. LINEAR REGRESSION MODELLING

In addition, according to the relevance obtained by the single independent variables and their
aggrupation, linear regression models were determined. Regression modelling is a form of
predictive modelling technique, which investigates the relationship between a dependent
variable or the variable to be explained, and one or more independent variables, also called
explanatory variablesorpredictors. Itisatool forfinding the causal effect relationship between
variables. In linear regression, the relationships are modeled using linear functions whose
parameters are estimated from the data.

For the U-SN eutectic three models were compared involving the following independent
parameters: the individualindependent variable with highest relevance, v(PCM); the interaction
with highest relevance, v(HTF)/Lc ratio and a model that included both v(HTF)/Lc ratio and h,
which corresponded the second highest relevance of the individual parameter. Table 5. 6
presentsthe obtained modelsincluding R-squared and p-value parameters.Therefore, recalling
the study parameters: volume, cooling media and PCM (in Table 5. 1), M1 represent the
combined effect of the cooling mediaand PCM properties (cooling rate of the PCMis influenced
directly by the HTF cooling rate and the PCM properties). M2 represents a combined effect of
the sample volume and the cooling media, by the influence of the cooling rate but not the
influence or of the HTF. M3 also represents the combined effect of the cooling media, but taking
into account both cooling velocity and HTF considerations. The m, k, a and Bi independent
variables are discarded as variables that describe the supercooling using a simple regression
linear model methodology implemented.

In order to evaluate the models the p-value and R-squared parameters were used. These
parameters are generally usedin statistics forthe evaluation of research data [146]. The p-value
expresses the level of statistical significance between 0 and 1. The larger the p-value, the
strongerevidenceforhavingarelationship between the dependent and independent variables.
R-squared is a statistical measure that represents the proportion of the variance (dispersion
fromthe average value) foradependentvariablethatis explained by the independent variables
in a regression model. It provides a measure of how well the experimental outcomes are
replicated by the model, where listhe betterfitting.

Accordingto the p-values, the three analyzed models support the hypothesis that the selected
variables and interactions have great influence in the supercooling behavior. Besides, the
obtained 3 equations have a good R-squared value, close to 1. The best fitting model is M3 U-
SN, which includes h and v(HTF)/Lc, with a R-squared value of 0.95. Therefore, it has been
selected as the mostrelevant modelto describe the influence of the studied parameters on the
supercooling degree of the U-SN eutectic.

Table 5. 6 Selected linear models for the U-SN eutectic

Model Equation Adjusted R-squared | p-value
U-SN M1 Tc’=7.616329 +(0.1017.v(PCM) 0.875 2.234e-14
U-SN M2 Tc’=6.702+(3.916e-8.v(HTF)/Lc) 0.938 <2.2e-16
U-SN M3 Tc’=6.151+(0.0052.h)+(03.385e-8.v(HTF)/Lc) 0.951 <2.2e-16
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Figure 5. 15 and Figure 5. 16 depictthe results forthe experimentally determined supercooling
degree versus several variables HTF cooling rate and characteristic length ratio, and heat
transfer coefficientrespectively), and that predicted by the best fitting model, M3U-SN model.
Figure 5. 17 shows the fitting curve for the model where the experimental crystallization
temperature values are represented in the x-axis and the modelled values in the y-axis.

It has to be remarked that, the determined models are valid only for the U-SN eutectic in the
experimental intervals approached in this study. If the experimental conditions greatly differ
from those herein employed (much larger or smaller cooling rates, heat transfer coefficients,
etc.) or a different materialis used, the models might not be valid.
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Figure 5. 15 Experimentally determined and modelled supercooling degree versus HTF cooling rate and characteristic
length ratio values for U-SN eutectic
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Figure 5. 16 Experimentally determined and modelled supercooling degree versus heat transfer coefficient values for
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In orderto analyze the potential validity of the use of the selected independent or explanatory
variablesto predictthe supercoolingina different PCM, two models were determined for PEG

10000. Table 5. 7 presentsthe obtained models including R-squared and p-value parameters.

Table 5. 7 Selected linear models for the PEG 10000

v(HTF)/Lc [°C/min.m]

Model Equation Adjusted R-squared p-value
PEG M1 ATc’=4.827+(5.067e-3.v(HTF)/Lc) 0.9366 <2.2e-16
PEG M2 ATc’=4.753+(1.668¢e-4.h)+(5.003e-3.v(HTF)/Lc) 0.9375 <2.2e-16
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Figure 5. 18 Experimentally determined and modelled supercooling degree versus HTF cooling rate and characteristic

length ratio

values for PEG 10000
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Figure 5. 19 Experimentally determined and modelled supercooling degree versus heat transfer coefficient values for
PEG 10000
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Figure 5. 20 PEG M2 model fit with the experimental results

The p-values forboth modelsare very low, so there is a strong evidence that the supercooling
degree depends on the defined characteristics (h and v(HTF)/Lc ratio). R-squared values are
above 0.9, giving agood fitting of the modelsto the experimentalresults. Evenif h did not show
a high relevance as an individual variable in the PEG 10000 it was included to the model. This
was done in order to evaluate the previous U-SN model parameters, which is based on the
experimental results performed in a wider experimental range. Finally it was determined that
including h increased the R-squared value. As a result, PEG M2 is selected as the best fitting
model in this case. Figure 5. 18 and Figure 5. 19 show both, the experimental results and the
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modelled supercooling accordingto PEG M2. Figure 5. 20 shows the PEG M2 model fit with the
experimental results.

5.6 OVERALL ANALYSIS OF THE RESULTS

In spite of the experimental differences, both studies report that the highest relevance comes
from the v(HTF)/Lc. This is an indirect indication of how the temperature varies inside the
geometry. However, the v(HTF)/Lc is thought not to describe completely the supercooling
phenomenon, becausethe cooling rate describe the velocity of the temperature change but not
the effectivity of the heat exchange with the PCM container surface. The convective heat
transfer coefficient introduces the effect produced by the use of different HTFs and/or the
stirring. The results of the wider study (U-SN eutectic experimental)supportthis hypothesis. In
fact, the ideal correlation should include all the study parameters (volume, cooling media and
PCM parameters) then the PCM properties should be also included to fully describe the
phenomenonin different materials. However, as the studied modelsonly consider one material,
no relevance comes fromthe PCMproperties. Then if both materials parameters are evaluated
jointly, a model that includes parameters regarding the PCM properties and the previously
identified influencing parameter can be evaluated. Table 5. 8 shows the model following the
crystallization temperatures for both U-SN eutectic and PEG 10000. The p-value forthe MJ is
verylow, and R-squaredvalueis0.85, giving a good fitting but not as good as the obtained for
models of the single materials.

Table 5. 8 Linear model for U-SN eutectic and PEG 10000

Model Equation Adjusted R-squared | p-value
O\ Tc’=79.54-(6.88e-3.h)-(1.169e-5.v(HTF)/Lc)-(6.18e4.a) 0.8538 <2.2e-16
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Figure 5. 21 Experimentally determined and modelled crystallization temperature versus HTF cooling rate and
characteristic length ratio values for all experimental results (U-SN and PEG 10000)
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Figure 5. 23 MJ model fit with the experimental results

Figure 5. 21 and Figure 5. 22 depictthe results for the experimentally determined crystallization
temperature versus HTF cooling rate and characteristiclength ratio and heat transfer coefficient
respectively, and that predicted by MJ. Figure 5. 23 shows the MJ model fit with the
experimental results of allthe experiments performed (U-SN and PEG 10000). It can be observed
that the model fitswell inthe zones corresponding to moderate v(HTF)/Lcratio. It does not fit
very well the quenching experiments where very fast cooling rates are achieved. This may point
towards the nonlinearity of the supercooling if larger experimental ranges are taken into
account. Further research should be done regarding different types of models which may
describe betterthe phenomenon.
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Besides, modelling each material separately APORTA more accurate results for the prediction.
Further analysis should be done regarding models that include more PCM materials, so to
confirm that these parameters can be used to model the supercooling of PCM in the
temperature range studied. It is though that other PCM properties that have not been taken
into account may also influence the supercooling behavior, so should be included in future
studies. Furthermore, the use of a common model for more materials should be improved and
validated.

In addition, itis believed that there are certain factors than can also influence the modellization
of the supercooling behavior using experiments. Forexample, the accuracy of the independent
variablesused can be improved sothe explanation/prediction of the supercooling may be also
improved. Besides, in the quenching experiments the cooling rate of the HTF is calculated from
the temperature difference of the heating media (glycerinbath) and the coolingmedia (thermal
oil in the thermostatic bath) is assumed to happen in 1 second, because the immersion of the
samples in the colder fluid was done very fast. However, this calculation may not follow the
reality (time was not measured). Besides, the heat transfer coefficient, h, accuracy of the
experimental and the calculations is uncertain, and calculated from experimental data with
experimentally gathered correlations, which may introduce animportanterror.

5.7 CONCLUSIONS

From the present study it was determined that the supercooling degree of U-SN eutectic goes
from 3.2 to 51 °C; and the supercooling degree of PEG 10000 goes from 6.26 to 10.77 °C, inthe
experimental conditions.

In addition, the variable analysis allowed the determination of the most relevant parameters to
the supercooling of these materials. The studies show some discrepancies regarding the
individual interaction of the independendent variables and the crystallization temperature
variation, howeveristhoughtto be caused by the different experimental ranges of the studies.
The PEG 10000 study has a very short v(HTF)/Lcrange compared to the urea and Sodium nitrate
mixture, then evaluates the supercooling in a more restricted dependency zone were the
significance of some parameters may be reduced.

Despite, both studied materials give evidence forthe HTF cooling rate and characteristiclength
ratio to be the most relevant parameter. In contrast to the PCM cooling rate or process time,
the HTF coolingrate and characteristiclength are variablesthat can be controlled oracted onin
a directway. There mightbe freedominthe variation of some of the parameters, butnotinall
of them. For example, the medium cooling rate may not be modified in some cases due to the
process or application nature, thus being the geometry the parameter to take into account to
reduce as possible the supercooling degree, because it can be freely modified. Therefore, the
work main conclusion highlights the importance of the geometry or mass disposition regarding
the supercooling degree more than the direct effect of the mass in representative samples. In
addition, the contribution of the heat transfer coefficient as a measure of the medium
characteristics, which influence the heat transfer with the PCM container surface. The correct
combination of these parameters can be used forthe design of the LHTES devicesto reduce the
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supercooling as much as possible, being otherwise impossible to be modified in the operation
once installed.

A linear correlation describing the supercooling degree in the experimental conditions was
determined for the U-SN eutecticand for PEG 10000. A final model was assessed for all the
experimental results, including both materials. From the data analysis performed it was not
possible to establish alaw that can be used in different materialsthat predicts the supercooling
phenomenon, butthe methodology was able to assess the variables that can be used with this
aim because show high dependency. Furtherresearchis needed to completely understand the
interaction of the studied variables with the supercooling degree, in order to achieve a
relationship that can be valid for different PCM in selected crystallization temperature ranges.
A generalized model should be developed and validated to finally being able to use this kind of
tools in application. However, a new characterization approach has been set from a practical
and technical point of view. The knowledge gained can serve as a starting pointto researchers
willing to perform supercooling characterization of materials. Besides, can alsowork as a guide
for the design of LHTES devices and their operation parameters, to be used with PCM materials
that supercool.
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Chapter 6 : LHTES system characterization and parametric study

6.1 INTRODUCTION

Remarkable aspects to take into account in the definition of a thermal storage device are scale
(prototype, pilot unit), heat transfer fluid (HTF), geometry, construction materials, operational
temperature range, thermal power, energysource orapplication, heat or cold storage. Inacase
of a latent heatthermal energy storage, the strategic choice of PCMs is added. Most researchers
have centered their studies in the study of geometries, and thermal enhancement techniques
[40], [67], [68]. In order to test the influence of geometry in the heat transfer, configurations
such as shell and tubes, packed bed, plate, and others have been studied [32]. Despite the
availability of several geometry types, shell and tube configuration has been commonly tested
due to simplicity and compatibility with piping systems [17], [24], [32]. Shrivastava and
Chakraborty [147], made a brief compilation of the available literature onthe use of shell-and-
tube heat exchangers for Latent Heat Thermal Energy Storage (experimental and numerical
studies). They put into evidence that the configuration of a single tube in the shellis the most
common type. Moreover, most of the studies considerlaboratory prototypes of shell and tube
heatexchangers.

In orderto increase the thermal power of these systems, studies have been done to determine
the influence of the operating parameters (inlet temperature, mass flow rate and direction of
the HTF), the size of the tube and the shell, the use of multiple PCMs and the increase of the
heat transfersurface with fins or matrixes 8], [71], [73], [148], [149]. Using multiple tubesinside
the shell [150]-[154] instead of having asingle tube, isalso agood solution toimprove the heat
transfer butthis configurationis notvery often studied with industrial configurations.

Most studies mainly testedlaboratoryscale storage systems and center on obtaini ng the highest
thermal performance. However, when it comes to higher scale devices the system feasibility of
commercialization of the devices should be taken into account, to be sure that the technology
could be used in the future at domestic, services or industrial sectors. Besides, the
standardization of the performance parameters is also important to be able to compare the
different solutions[147].

The international community working on the topic highlights this approach. The IEA Solar
Heating & Cooling Programme, Task 42 “ Compact Thermal Energy Storage” took place from
2009 to 2015 and dropped several conclusions [8].

e The need to couple the material properties to system performance for certain
applications.

e To have a common basis for determining the performance of different storage
technologies by means of more standardized and simplified system approaches and a
set of Key Performance Indicators KPl’s.

e The developmentof all components and system configurations should be more aimed
at cost reduction of the final system
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e longtermtestingunderreal operating conditions.

Most recent task 58 “Material and Component Developmentfor Thermal Energy Storage” which
is active since 2017 has three main topics. One of them is the storage systemimplementation,
focused onthe performance of astorage withina heating or cooling system, including economic
feasibility studies, case studies and system tests.

Therefore, the need of improving the LHTES economicfeasibility has pushed the authors to think
about alternatives to brand new design manufactured heat exchangers. The modification of
commercially available heat exchangers is a potential solution. Researchers have previously
adapted existing heat exchanger technologies to LHTES systems with different outcomes.
Medrano et al. [73] compared three different commercial heat exchangers using PCM (paraffin)
and water as HTF. Results were not very satisfactory. It raises the need of a correct design of
systems for each application, so not simple modifications should be done, but understanding
the thermal behavior and then taking that into account make big modifications as, modifying
the number of tubes or its disposition in space. For it, the previous knowledge has to be
gathered.

With the aim of providing further information about the adaptation of industrial heat
exchangersinto LHTES systems, the present chapterreportsinformationof the thermal behavior
of one commercial shell and tubes device adapted for the DHW and heating applications
temperature range using commercially available paraffin as PCM. The originality of this study is
to consider an industrial shell and (multi) tubes heat exchanger and to test the integration of
PCM inside the shellto make it an efficient thermal storage system. The test plant, experimental
campaign, analysis and results are described below.

6.2 EXPERIMENTAL METHODS AND DESCRIPTION

6.2.1. DESCRIPTION OF THE SYSTEM

The tests were carried out in the LaTEP facilities in the University of Pau and Pays de I’Adour,
located in Pau, France. The pilot consists of a loop with a HTF thermal regulation device
(Regloplas P180M/18), a modified shelland tubes heat exchanger (Ciat UDH 168 06C 2B F04), a
coriolis flowmeter (Micro Motion — model ELITE CMF100, uncertainty < 1%), a volumetric
flowmeter, valves and purge. The pilot scheme isshownin Figure 6. 1. The entire experimental
device is separated from the rest of the room by a plexiglass enclosure forsafety reasons.

The used HTF is liquid water. The water flows in the circuit connected to the HTF thermal
regulation device in order to give the water the temperature, and pressure needed for the
experiments. The pressure can be increased to maintain the water liquid in case of tests with
hightemperatures.
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The shell and tubes LHTES system was adapted from a commercial heat exchanger (Figure6. 2).
Itis configured by HTF inletand outlet manifolds, 18 U-tubes where the HTF flows, and a shell
filled withaPCMwhich covers thetubes. Thetubesbeing bended ina Ushape, the HTF manifolds
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are at the same side of the HEX. The construction material of the device is steel. The insulation
materials are rock wool and aluminum foil cover. Table 6. 1 shows the dimensions of the LHTES.

Table 6. 1 Dimensions of the components of the LHTES system

Dimensions of LHTES
Length 900 mm
Shell Diameter 168 mm
Volume 8-10L
Inner Diameter 14 mm
U-Tubes
OuterDiameter 16 mm

With the purpose of analyzing the thermal behavior of the system, 19 T-type Thermocouples
(accuracy £0.1 °C) were used to monitor thetemperaturein certain points of the heat exchanger
and surroundings. Thermocouples are placed at the inletand outlet of the HEX to measure the
HTF inlet and outlet temperatures, inside the shell (temperatures regarding the PCM), on the
outerwall, and outside the HEX to measure room temperature. The thermocouplesinside of the
shell measure the PCM temperature and are in position using hose clamps fixed directly to the
tubes. They are placed over three chosen sectionsin order to monitorthe thermal behavior of
the PCM. Each section (1,2 and 3 in Figure 6. 3) had 5 thermocouples.

Upper collector

»

er collector

Figure 6. 3 Position of the thermocouples in the LHTES system

The installed measuring equipment is linked to an acquisition and interfacing system. The
thermal regulation device is provided with a Profibus output allowing remote management of
the test bench via a computer using the LabVIEW software. The temperature acquisition is
carried out thanks to a CompactDAQ cDAQ-9188 chassis delivered by National Instrumentsand
equippedwith four NI-9213 sixteen-channeltemperature acquisition modules.

The software interface makes it possible:the remote control of the installation to avoid the
manual intervention by the operatorinthe secure enclosure when the experimental benchisin
operation; personalized programs for temperature, pressure and mass flow rate changes; and
finally, datarecording during the experiments.

137



man ta 239 232

7t enadi ﬁ/

Universidad  Euskal Herriko

del Pais Vasco  Unibertsitatea \@7

PAYS DE U'ADOUR

o B B LaTEP

6.2.2. DESCRIPTION OF THE PCM

The present study focuses on the characterization of a storage system. Therefore, the PCM
should be reliable and stable amongtime and cycling. Organic PCMs, such as paraffins are mainly
usedin the application temperature range due to their well-known thermal characteristics and
reliability. Hence, a paraffin that meets the temperature parameter was used. The commercial
name of the purchased wax is Rubitherm® RT-60 and corresponds to a melting point around
60°C, whichisa suitable meltingtemperature for DHW and space heating application.

Table 6. 2 PCM properties

Rubitherm RT-60 properties Typical Values
Temperature phase change range 53-60 °C
Latent heat 123.5 ki/kg
Thermal conductivity 0.29 W/m.K
Density (solid) 880 kg/m?
Density (liquid) 780 kg/m3

The material thermal properties and density were experimentally determined in the UPV/EHU
facilities in Bilbao, exceptforthe density (value provided by Rubitherm®). A differential scanning
calorimetry study was conducted to obtain the phase change temperature range, latent heat,
specificheatand total enthalpy of the PCM at the study temperatures. A Mettler Toledo DSC1
was used for this purpose. Besides, the thermal conductivity was determined by the hot plate
method using a THISYS conductivimeter from Hukseflux BV. The resultsare summarized in Table
6.2 and Figure 6. 4.
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Figure 6. 4 Specific heat and total enthalpy of the PCM at the 40-80°C temperature range
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6.2.3. LHTES SYSTEM SET-UP

The storage system described was previously modified, and preliminarily tested for a previous
Ph. D. thesis [74]. The materials used was other PCM, concerning adifferent temperature range
and potential application. The modifications done consisted on disabling the flow though the
shell, by closing it to produce a closed container, installing the insulation and placing the
thermocouples (inlet, outlet, andinside the shell).

Before starting the testing of the present study, some maintenance and refurbishment
procedures were done inorderto getthe desired conditions.

In orderto assure the optimal state of the water circuitthe systemwas drained, and the water
filter was cleaned. Besides, the by-pass valve that makesthe control of the mass flow rate below
the pump lower capacity (0.2 kg/min) possible was repaired.

Afterwards, the PCMusedin the previous experimental campaign was removed by heating the
material to a temperature higher than the melting temperature. Then, the liquid was emptied
by the pipe located inthe bottom of the shell. The remaining solidified material in the pipe was
removed using aspatula (this zone was colder due to the direct contact withambient). The mass
of the removed PCM was weighted and the total amount previously introduced was confirmed
to be retired from the HEX. Afterwards, the lower pipe was closed and solid grains of RT60 were
introduced through a pipe located on the top of the shell. Water at 78 °C was circulating through
theinnertubes, sothat the paraffin could melt (liquid state occupies higher volume). A total of
7.11 kilograms of RT-60 paraffin were introduced in the shell and tubes HEX.

Next step was the calibration of the thermocouples that measure the inlet, outlet, wall and
ambient temperatures. The calibration covered the temperature range from 0 to 200°C,
particularly the calibration temperatures were: 0, 40, 60 80, 120, 160 and 200°C. For this
purpose, a mixture of water and ice for 0 °C, and a block calibrator (Omega, model CL900A
series) were used. Furthermore, a calibrated platinum RTD Pt100 sensor certified by UKAS
(precisionat0°C+0.03 °C; precision at 100 °C+0.08 °C) measured temperatures simultaneously.
The accuracy of these thermocouplesis confirmedto 0.1 °C. The thermocouples placed inside
the shell were not calibrated due to the difficulty to disassemble the HEX but because they are
of the same type, the same accuracy is considered (+0.1°C).

Insulation was improved during the first stages of the experimental campaign, when cold spots
became evident. Some of the PCMtemperaturesinsections 1and 3 of the HEX wereup to 6 °C
colder than the outlet temperature. The cold spots corresponded to the places where the
supporting steel structure was in contact with the HEX as shown in Figure 6. 5. Rock wool was
placed between the HEX and the structure. Even though the problem was reduced,
temperatures on those cold spots never surpassed the outlet temperature. The structure
material or structure configuration should be modified to avoid this problem.
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Figure 6. 5 Detail of the structure and HEX contact points causing thermal bridges

6.2.4. EXPERIMENTAL TESTING PROCEDURE

The experimental procedure consisted in monitoring complete charging and discharging
processes. Each test started with the storage system being fully discharged (in the case of a
charge test) or fully charged (in the case of discharge test). Waterat the initialtemperature and
flow rate flowed through the internal u-shaped tubes until thermal equilibrium was reached.
Then the experiment started by changingthe temperature setpoint to the final temperature.

Different experimental conditions were tested to build a data-map of the performance variables
such as charging/dischargingtime, power, and energy. These conditions are as follows:

e Flowrates:
0.06 kg/s 0.09 kg/s 0.20 kg/s 0.40 kg/s 0.50 kg/s

e [nitial andfinal temperatures:

Charge:

50-70 °C 50-8 °C 45-75 °C 40-70 °C 40-80 °C
Discharge:

70-50 °C 80-50 °C 75-45 °C 70-40 °C 80-40 °C

The LHTES systemtemperatures, HTF flow rate and ambienttemperature were recorded every
10 seconds (At=10s).
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6.3 THEORETICAL CONSIDERATIONS

One of the objectives of the analysis of the experimental charges/discharges is the
determination of parameters regarding the energy being stored in the device, such as, the time
neededtogeta determined charge ordischarge and the powerat each moment.

For this purpose, the theoretical thermal energy that can be stored in the LHTES systemis
calculated, here on, theoretical stored energy. The value of the theoretical stored energy is
needed to validate the results from the experiments, and to determine whether the system is
charged or discharged by comparing the theoretical, with the actual stored energy values.

However, the fact that the insulation of the LHTES system is not perfect introduces another
factor to take into account:thermal losses, which were determined for various tem peratures of
the LHTES system. Then, takinginto consideration the energy thatis transferred to the storage
by the HTF, and the losses, an energy balance should be done to obtain the actual stored or
released energy.

6.3.1. THEORETICAL STORED ENERGY

The total amount of energy that the LHTES system is capable to store is determined by the
analysis of the different componentsthat take partinthe storage: PCM, HTF and LHTES system.
Part of the energy is stored in form of latent heat, and a non-negligible amount of energy is
stored in form of sensible heat. The stored latent heat is the energy from the PCM when the
phase change occurs. The sensible heat is stored in the PCM (in the intervals before and after
the phase change) and the HTF but also in the steel of the shell and tubes. The PCM stored
energy is calculated using the specific enthalpy between the two ends of the selected
temperature range, which is extracted from the results of the DCS (Figure 6. 4). Relevant
information about the HTF and the HEX is givenin Table 6. 3. Variations onthe water and steel
Cp values with temperature are very small, therefore considered constant.

Table 6. 3 Material properties for theoretical energy calculation

Material properties | m [kg] | Cp [ki/kg.K]
HTF (water) 9.39 4.1862
HEX (steel) 52 0.47

The theoretical energy that the LHTES system is capable to store depends also on the
temperature step/range of operation of the LHTES system, sothat T, isthe highertemperature
and T, isthe lowertemperatureduring the charging or discharging processes.The equations 6.1
and 6.2 show the theoretical energy calculation.

Qrheoreticalstoreq = Qrcm + Qurr + QuEx (6.1)

QTheoritical stored = MpcmAhpey + Myrr - CpHTF (T = T1) + Mypx - CpHEX' (T, = T1) (62)
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For the studied temperatureranges, the stored theoretical energyis shownin Table 6. 4.

Table 6. 4 Theoretical energy of the temperature ranges tested

50-70 °C | 50-80 °C | 45-75 °C | 40-70 °C | 40-80 °C
Theoretical energy [k]] 2546 3178 3336 3628 4266

6.3.2. DETERMINATION OF THE SYSTEM ENERGY LOSSES

Theoretically, systems may be assumed as adiabatic systems. Nevertheless, real systems do have
thermal losses to the ambient in some extent. In the study case, it was very difficult to get a
well-insulated system because of the configuration of the structure holding the heat exchanger.
These losses should be takeninto accountforthe analysis of the experimental data.

For this purpose, the system energy losseswere determined forthe temperature range of 40°C
to 80 °C, every 5 degrees. These temperatures correspond to the lower temperature in the
experimental campaign and the maximum operating temperature of the PCM as indicated by
the manufacturer, respectively.

The procedure consistedin flowingwaterin the circuit at given temperatures for 12 hours (each
step) to reach the steady state of the system. The tests performed had a mass flow rate of
0.06 kg/s, because at higher flow rate values the difference between the inlet and outlet
temperatures of the HTF were smaller than the accuracy of the measurementat the steady state
(20.2 °C). Due to the high thermal resistance of the PCM and the insulation, it was considered
that the HTF flow rate had a low influence in the losses. In addition, the losses were assumed
similarintransient state thanin steady state at the same temperatures.

Figure 6.6 shows the temperature profile of all thermocouple positions. Some temperatures
show different behavior before and after the phase change (due to the change in the heat
transfer main mechanism —convection or not inside the PCM). Most of PCM temperatures in
steady state are noticeably lower than the outlet temperature, which implies great thermal
losses.

Then, the losseswere calculated using (equation 6.3), being the power at each temperature step
inequilibrium.

Qloss =m- Cp *(Tin — Tout) (6.3)

The power vs. temperature step data are shown in Figure 6. 6 (a) and (b). There are two
tendencies. The orange points, corresponding to temperatures lower than the melting
temperature, formastraight line, showing anincrease of the losses with higher temperature up
to the phase change temperature. Afterwards, the value becomes stable around 59 W. At a
temperature higher than the melting temperature (60 °C), the heat transfers are not only by
conduction but also by convection. Conductionis present in the solid phase and convection in
the liquid one. It seems that the solid PCMis always present in the low insulated parts of the
heat exchangerand change the tendency to a constant thermal loss value. The solid layer near
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the wall of the HEX can play a role of insulation compensating for the increase in temperature
of the HTF.

The ambienttemperature also has an influence on the thermal losses. Thermallosses decrease
whentemperature stepsmatch with higher temperature of the surrounding corresponding with
daytime. Figure 6. 7. a shows the thermal losses values if all the steps are taken into account.
Figure 6. 7. b shows the losses with ambient temperatures corresponding to night. Nevertheless,
it is not possible to control or modify ambienttemperature in the facilities. The worst scenario
isassumed (lowerambienttemperatures).

For the data analysis, the equation of a straightline correspondingto Figure 6. 7 a was used to
describe the phenomenon when the mean storage system temperature was from 40to 60 °C.
Moreover, a constantvalue of 59 W was used with temperatures higherthan 60 °C.
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Figure 6. 7 System thermal losses vs. temperature a. Losses regarding all the studied points b. Values from losses
obtained during night time

6.3.3. DETERMINATION OF THE REAL STORED ENERGY

Once the charging or discharging datais obtained the energy balance is used to determine the
energy storedin each experiment. The transferred energy is the difference between the energy
in the HTF at the inlet of the device, and the energyinthe outlet (change in enthalpy between
the inlet and the outlet of the HEX during the experiment). This energy transferred is not
completely stored in the LHTES system as there are thermal losses with the ambient
environment. The thermal energy losses were calculated from previous experiments (see
paragraph 6.3.2). Finally, the way of calculating the real stored energy is indirect, by applying
equation (6.4).

Qstored = QTransferred — QLoss (6.4)

Where:
QTransferred = thransferred dt = Z[Th : Cp ' (Tin - Tout)] - At (6.5)
QLoss = leoss' dt (6.6)

Afterwards, the real stored energy is comparedto the theoretical stored energyto get acharging
or discharging percentage at any time during the charge or discharge processes as shown in
equation (6.7). Inthe discharge process, the values are negative.

Charge% = ——2Stered .10 (6.7)

QTheoretical stored

6.4 RESULTS AND DISCUSSION
This section addresses the analysis and discussions of the data obtained from the experimental

campaign. First, the charge and discharge modes are presented, and then the comparison of
both.
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The experimental results are valid when the difference between the HTF inlet and outlet
temperatures remains above the accuracy limit of the set of thermocouples, which is £0.2 K.
Because of this, data obtained from flow rates 0.4 and 0.5 kg/s were discarded from the
discussion. In these cases, the accuracy limit was reached when the charge/discharge
percentage wastoo low to considerthe charge/discharge completed in neither of the tests.

6.4.1. CHARGE MODE

In order to explain the phenomenon that takes place in the charge mode, one charging test is
explained. The chosen experimental parameters were a 0.06 kg/s mass flow rate, and a 40-80 °C
temperature range. Figure 6. 8 shows the typical temperature profile seen in all experimental
charges, regarding the inlet and outlet temperatures. The HTF inlet temperature increases
rapidly from the initial to the final value with time. However, the HTF outlet temperature follows
a different evolution. It starts increasing, then it changes tendency during the phase change
(starting from the melting temperature). Afterwards, it stabilizes at a temperature near to the
final testtemperature. It takes more timeto reach the final temperature. The exchanged power
is presented in the same figure. The power increases as the HTF inlet and outlet temperature
difference increases, being maximum when the maximum temperature difference is attained.
Thenit decreases, as the temperature differenceis decreased as well. It shows that high power
isobtainedina veryshort period of time
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Figure 6. 8 Evolution of the HTF inlet and outlet temperatures and power with time, during charge mode (0.06 kg/s)

Figure 6. 9 shows the evolution of all the PCM temperaturesinside the shell. The represented
temperatures are from specific locations of the heat exchanger as shown in Figure 6. 3. The
temperature trend withtime is different for most thermocouples. Most of them take more time
than the HTF to reach the final temperature. Furthermore, the final temperature is not reached
insome cases, butafew degrees beneath(almost5degreesintheworstcase). Itisthought that
this behavioris due to the situation of the measurement being nearto the bad insulation spots
(where the shell restson the structure). So the melting/solidification processes are not finished
insmall problem areas when total charge is apparently achieved.
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Figure 6. 9 Temperatures measured in the LHTES in charge mode (0.06 kg/s)

Figure 6. 10 shows the evolution of power and percentage of stored energy with time for the
same experiment.Regarding the stored energy, the higherincrease (steeper slope) matchesthe
initial power sharp peak. After this peak the process achieved more than 60% charge. Then, the
trend changes as the power decreasesto get 90% of the charge, time needed to charge this final
10% increases threefold the time needed to charge the first 90%. Therefore, the total charge is
not as efficientas a partial charge.

Figure 6. 11. shows the influence of the mass flow rate for the same temperature difference of
the HTF. The duration of the charge mode decreases with the increase of the mass flow rate.
Table 6. 5 summarizes the charging times needed for a 90% charge for several experimental
tests.

The influence of the final temperature is highlighted. For the same flow rate, when this
temperature increases, the charge modeis shorter. In fact, the temperature difference between
thistemperature and the meltingtemperature increases and it the same for the power.
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Figure 6. 10 Evolution of power and charging percentage with time (0.06 kg/s)
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Figure 6. 11 Charging percentage of different flow rates with time

Table 6. 5 Time to reach 90% charge at different conditions

90% Charge time Temperature range
[s] 40-70 °C | 40-80 °C | 50-70 °C | 50-80 °C
Flow 0.06 [kg/s] 2910 2000 3070 2020
rate 0.09 [kg/s] 2810 1770 2920 1890
0.2 [kg/s] 2180 1460 1980 1490

Key performance indicators KPI values were gathered in order to get to know the device
performance and to be able to compare it with other devices. The selected parameters were
taken forvalues of 90% charge, which is the considered as acomplete charge. The selectedKPIs
are: charging time, average power during the charge, and 5 minutes peak power which is the
maximum value of the averaged power at time intervals of 5 min[152]. These parameters are
shownin Figure 6. 12, Figure 6. 13 and Figure 6. 14.
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Figure 6. 12 Charging time versus flow rate
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Figure 6. 14 5 minutes peak power versus flow rate

Taking into account all the performed experiments with different flow rates and initial/final
temperature ranges, we can make the following remarks:

The time needed to charge the device decreases when the flow rate increases, and so,
the heat storage rate. The chargingtime is lowerforthe sameflowrate whenthe power
isincreased with a highertemperature difference between the final temperature of the
fluid and the melting temperature (60 °C). For the same temperature difference, the
temperature interval with higherfinal temperature is faster.

The heating powerincreasesindeed due to a higherheat transfer coefficientinside the
tubes with mass flow rate increase. For the same flow rate, average values increased
with a higher temperature difference between the final temperature of the fluid and
the melting temperature but being higher for those with lower final temperature
interval. However, 5 minutes peak power values increased with higher temperature
differences between starting and final temperature of the HTF. Values for 30°C
temperature difference (40-70°C, 45-75 °C, 50-80 °C) are very similar.
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e The peak powerto energy ratio, which provides acomparison between the 5-min peak
powerinrelationtothe energeticsize of the energy store [152] also increases withmass
flow rates. The higher the value is, the more efficient the heat exchanger is. However,
in this case the storage capacity is low and the power distribution geometry is a sharp
peak (great percentage of energydelivered very fast), which matcheswith the 5 minute
peak power.

6.4.2. DISCHARGE MODE

Figure 6. 15 and Figure 6. 16, show the evolution of the inlet and outlet temperatures, power
and discharged percentage with time of the discharge process concerning the 80-40°C and
0.06 kg/s experiment. In contrast to the charge mode, the discharge HTF inlet temperature
evolution with time did not follow the initial and final set point temperatures. Due to a bad
control of the HTF, temperature decreases more than the final programmed temperature and
recovers afterwards. The HTF outlet temperature evolution follows the same tendency as the
inlet. Because of the temperature disruption, itis notso easyto get clearinformation from these
experiments. Forthis reason, full discharging percentages are not used to discuss the behavior
of the device. Furthermore, the temperature difference between inlet and outlet reached the
accuracy limit (£ 0.2 K) for some experiments at0.2 kg/s.

Figure 6.16 shows the PCMtemperaturesinsidethe shell. The descent of the temperature below
the lower limit because of the regulation problem appears depending on the thermocouple
situation/location. The PCM low thermal conductivity makes the cooling process slower, so
thermocouples placed farfromthe tubes do not have time to perceive a punctual temperature
variation. The heat transfer duringthe discharge mode inside the PCMis mainly conduction. The
time needed by allthe thermocouples to reach the final temperatureis longerthanin the charge
mode.

80 0
570 1
= 2 2
r‘:'u'so HTF inlet « HTF outlet « Power ef
@ 3 g
£50 2
= -4

40 5

30 -6

0 1000 2000 3000 4000 5000 6000 7000
Time [s]

Figure 6. 15 HTF inlet and outlet temperatures and power with time for a flow rate of 0.06 kg/s for a discharge mode
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Figure 6. 18 Discharging percentage of different flow rates with time

Figure 6. 17 show the evolution of discharging power and percentage of energy released with
time. The value of power is negative as it is the power that the system releases to the HTF. It
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follows the sametrend thanthe charge mode, coincidingthe maximum power released with the
maximum temperature difference reached. Therefore, as in the charging process, the higher
discharging increase (steeper slope) matches the initial power sharp peak. Nevertheless, after
theinitial power peak, the regulation problem makes the temperature northe powersignalsto
be clean. In addition, the fact that the difference between inlet and outlet HTF temperatures
rapidly reaches the accuracy limit (0.2 K) in the higher flow rates makes it difficult to extract
results from the analysis of the obtained data. Then, the analysis of the discharging results
should be assessed from the values before the disturbance and/oraccuracy limit.

The experimental datafrom the discharges resultin the following remarks:

The time needed to have a determined percentage of discharged energy decreases
when the flow rate increases. This trend can be seen in Figure 6.18, when 80 % of
discharged energyis reached. (Example adischargefromthe80°Cas initial temperature
and 40 C as final temperature with different flow rates).

The chargingtime decreases for the same flowrate withhigher temperature differences
between the initial temperature of the fluid and the melting temperature (60°C). Table
6. 1 shows the time needed for experiments in different conditions to get the 65%
discharge.

Table 6. 6 Time to reach 65% discharge at different conditions

65% Discharge time Temperature range

[s] 80-40°C | 80-50°C | 70-50°C | 70-40°C
0.06 [kg/s]| 860 800 940 750
0.09 [kg/s]| 820 620 640 740
0.2 [kg/s] | 640 510 540 660

Flow
rate

6.4.3. COMPARISON OF THE CHARGE AND DISCHARGE MODE

If the charge mode and discharge mode are comparedforthe same operational conditions some

differences can be assessed:

More time is needed for the discharge mode. During crystallization the heat is
transferred by conduction within the layer of solid phase around the tube. The heat
transferis less effective than for the melting process, which isdriven by both conduction
and convection. The fact that it takes longer in time, results in the power signal being
wider, and the maximum poweris lower. Table 6. 7 shows the charging and discharging
timesfor50-80 °C at various flow rates.

Table 6. 7 Comparison of 80% charge and discharge times

80% Charge/ Temperature range
Discharge time [s] | 50-80 °C | 80-50°C
0.06 [kg/s] | 1370 2500
0.09 [kg/s] | 1250 2130

0.2 [kg/s] 1000 2200

Flow
rate
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6.5 CONCLUSIONS

A LHTES system modified from anindustrial shell and tubes heat exchanger, containing RT60as
PCM, was tested in order to get to know the thermal behavior for the temperature ranges
accordingto DHW and heating applications. A complete experimental campaign was performed
with different flow rates and initial/final temperatures.

Data from the tests done atflow rates, 0.4and 0.5 kg/s, were discardedbecause the inlet-outlet
temperature differencereachestoo soonthe accuracy limit (0.2 K) which made the results non-
reliable and made impossible to extract valid information from them. Data from the 0.06, 0.09
and 0.2 kg/s flow rates were analyzed. Taking into account the accuracy limit parameter,
complete charges could be analyzed. But no complete discharges were achieved because of
problems of regulation.Besides, 90% charges were considered more efficient becausetheytake
one third of the time ittakes to get 100% charge.

In the both charge and discharge modes, the charging/discharging time decreases with higher
flow rates. And, with the same flow rate, time decreases with the lowest or highest final
temperatures. If charge and discharge processes from the same operational conditions are
compared, it could be seen that the discharge process takes more time to finish. The difference
in the charging and discharging behavioris given by the PCM melting being a process powered
by mainly convection and conduction, and by the solidification process only driven by
conduction. These results follow the expected tendency.

As a conclusion, the studied LHTES that was adapted from an industrial heat exchanger can be
used to store latent thermal energy. However, the results are not ideal. The LHTES system
volume for PCMis low compared to the HTF volume. So, the quantity of latent energy is low.
Moreover, the small difference between the inlet and outlet temperatures of the HTF shows
that the heat transferbetween the PCMand the HTFis notvery good. To improve the efficiency
of this kind of devices, modifications improving the quantity of PCMand the heat transfer should
be done. For this reason, a CFD modeling should be done to help the understanding of these
results. Complementary studies should be donein order to determine the best parameters of
modification that could be done in order to increase the energy quantity and the power. For
example, one ideais to reduce the number of tubes, or the diameter of the tubes. For further
studies, the insulation and control towards cooling should be improved.
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Chapter 7 : Conclusions and future work

This project seeks the goal of contributing to the LHTES technology by working on both PCM
materials and storage systems that are technically and economically viable for theirintegration
in hot water and space heating applications in buildings, intending to increase the profitability
of these type of plants and thus promoting their development. The vision includes an efficent
storage system fitted with an economically feasible thermal storage device and a sustainable
PCM. Both the PCMand the thermal storage devices had been identified from previous research
works, i.e. the PCM is the urea-Sodium nitrate (U-SN) eutectic mixture, while the thermal
storage device consists of a commercial shell and tubes heat exchanger. The original objectives
included the analysis of the PCM behavior and its reliability under long term operational
conditions and the definition of the optimum heat-managementconditionsintheselected LHTS
system. The thesis research approach follows a path to reach the proposed objectives.

One of the main objectives is the studyof the long-term behavior of the urea-Sodium nitrate (U-
SN) eutectic mixture in the operating conditions encountered on a latent heat thermal storage
system. This includes determining technical aspects regarding thermal degradation,
supercooling and phase segregation. The material characterization servesto evaluate the use
feasibility of the mixture asa PCMregarding its long-term use and the heat-extraction efficiency.
Testing and analysis methodologies were developed to carry out a research approach based on
operational representative conditions, rather than the traditionally employed fast laboratory
testsused for PCM characterization.

The LHTES device consistsof an industrialshelland tubes heat exchanger. The thermal behavior
was characterized by a parametric campaign to provide a good knowledge of the operational
behavior. The initially scheduled objectives included the development of a model to fit to the
parametric campaign results. The model purpose was to serve for defining the required
modifications to the commercial device, following a scientifically based approach.
Unfortunately, time constrains hindered the achievement of this objective.

7.1 CONCLUSIONS REGARDING THE PCM STUDY

Hygroscopicity

The hygroscopicity behavior of the urea and Sodium nitrate eutectic mixture was assessed by
measuring the moisture content of the samples under various storage conditions. Results
indicate that the samples prepared in a closed container and solidified at environmental
conditions have a low initial moisture content, low enough to show a negligible thermal
properties change in comparison with fully dried samples.

When samplesare storedin openatmosphere, exposed to humid air, they absorb water. As a
result of the water absorption a change takes place on the original crystalline structure, as
revealed by XRD analysis. One orseveral new phases form and coexist with the original phases.
The new phase/s have not been identified because the analysis system did not identify any
compound that could correspond to the obtained spectrum in the Powder Diffraction File (PDF)
database. The unconfirmed hypothesis is that the unidentified species is a urea-water phase.
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This leads to the fact that the original eutectic binary mixture become a ternary after water
absorption, and the eutectic composition might presumably have changed accordingly. The
hypothesis has notbeen confirmed, not being the objective of this thesis.

The thermal studies carried out in the samples stored in open atmosphere showed a decrease

in the meltingtemperature, which reduced from the original melting temperature 85 °C to 45
°C. Similarly occurred with the latent melting enthalpy. These results agree with the
presumption of a new eutectic ternary system, which is coherent with the present knowledge
about the urea-watersystems phasediagrams.

The PCM with a large humidity content can be easily dried. Afterdrying, the original properties
are recovered. The use of atraditional desiccating agentin aclose container, forashorttime, is
a procedure good enough to recoverthe original properties.

The resultsindicated thatthe thermal properties of the U-SN eutectic mixture did not change if
the water uptake was below 0.17 %. To attain a water content below this level the eutectic
mixture can be prepared under normal environmental conditions without the need of any
atmosphere control. To prevent water uptake afterthe mixture isready, storage cabinets with
desiccating agents or dry atmospheres should be used. Either, humid materials could be
desiccated priorto theirusage orfinal use preparation byashort timein contact withdesiccating
agents.

These results indicate that the LHTS device should assure closure tightness to prevent
atmosphere-humidity to become in contact with the PCM. Finally, the recommendation to
produce bulky pieces when the material requires to be stored for a long term before being
introduced in the adequate LHTS device, because the water absorption rate depends on the
surface-to-volume ratio.

Thermal Degradation

The study of the mixture thermal degradation was carried out from a perspective different from
the mostwidely employed accelerated thermal cycling. The proposed methodology consisted of
holding dry U-SN eutectic molten samples inside a heatingcabinet at 100 °C for different periods,
up to one year. Thermal and compositional analysis were performed to determine the
degradation procedures and assess the reliability of the mixture longtermuse.

The resultsindicate that after one yearthe meltingtemperature decreased in 10°C (from 85 °C
to 75 °C), while the latent enthalpy decreased by 24% (from 165 J/g to 125 J/g). The energy
storage density after 1 year at 100 °C is 177.5 KJ/dm3. These degradation results would be
discouragingif they were lineal. However, the obtained values-decrease occurred inthe first 40
days. Fromthat period onwards it remainedunchanged for one year. In the assumptionthat this
trend remains stable in longer time-periods, the studied material can be considered valid
(regarding the thermal stability) for long term use. The thermal storage density in those
conditionsis 177.5 KJ/dm?3. More research isrequiredto confirmthe long term stability of the
mixture.

The cause forthe thermal properties decrease was the ureathermal decomposition to produce
othercompounds: biuretand cyanuricacid. The formation of these products was accompanied
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of a certain mass loss, which inturn had a huge relevance inthe material degradation. Despite
the fact that the maximum massloss afterone year at 100 °C was only 2.2% of the initial mass,
itaccountsfornearly 25% of its thermal storage capacity. It was experimentally determined that
when a gas-tight device is employed, the ureaand Sodium nitrate eutectic mixturereaches the
decomposition-reaction equilibrium and the process stops while, if the containeris opened the
equilibrium cannot be reached because some of the reaction products are gases. The long
lifespan of the urea and Sodium nitrate eutectic mixture as a PCM is therefore determined by
the use of a gas tight system where the product evolution stops when the ammonia equilibrium
pressure is reached. Further studies should effectively determine the system equilibrium
pressure, evaluate the feasibility of obtaining an effectively closedsystem and the compatibility
of the PCM and ammonia with the potential containers.

The study highlights the importance of having a strict control of the handlingand experimental
parameters to prepare the system. Parameterssuch as the mass loss and the water-uptake have
a greatinfluenceinthe degradation and thermal behavior of this system.

Phase Segregation

When the U-SN eutectic mixture was employedin thermal cycling conditions (insamples greater
than4 g), phase segregationoccurred. Three componentsformed when the material was above
the meltingtemperature, asolid white material on the bottom of the containers, a solid white
material on top of the container, and the liquid in between them. The occurrence and degree of
the phase segregation depends on the microstructure attained, which in turn depends on the
cooling rates during the solidification stage upon thermal cycling. Higher cooling rates showed
less phase segregation than slower cooling rates. This behavior can be explained by the
microstructure morphology.

The U-SN eutectic corresponds to afaceted/facetedtype eutectic-microstructure, which implies
that the urea and the Sodium nitrate phases do not crystallize in a cooperative manner, but
separately. Non-reciprocal nucleation wasobserved. The primary urea phase crystallization does
not promote the crystallization of the Sodium nitrate, resulting in coarser urea crystals and
producinga microstructure similarto that of hypoeutecticcompositions.

As aresult of the non-reciprocal nucleation, the urea crystallizesin the first place. Then, Sodium
nitrate poses a higher supercooling degree than urea. However, only one recalescence event
was recordedinthe experiments, indisagreement with the foreseen thermal behavior according
to the consulted bibliography. There is not a conclusive explanation to this finding, which could
be due to a supercooling degree difference too small to be experimentally determined. The
hypothesis of a small supercooling-degree mismatch between the two obtained phases is
bolstered by the fact that, under fast cooling rates the microstructure formed is composed of
large urea primary crystals and a homogeneous metastable phase, instead of forming the
Sodium nitrate eutecticmicroconstituent. According to the observations carried outin the SEM,
this metastable phase is deemed to be supersaturated urea, from which the Sodium nitrate
crystals precipitate by diffusion when the temperature is high enough to promote it.
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Highly homogeneous microstructures formed when the liquid material was quenched under
high cooling rates. Small crystals were obtained, forming a microstructure different to the
microstructure formed underslow coolingrates, composed of large size crystals corresponding
to the equilibrium phases, large enough to be observedby visual inspection. Literature supports
that higher crystal size results in higher phase segregation and therefore, slower cooling rates
respond to higher phase segregation.

Natural convectionis not likely to determine the occurrence of phase segregation, butit could
serve as a co-mechanism by which the segregated mixture separates because of the density
difference. Thermal cycling tests carried out with the sample in horizontal and vertical
arrangements yielded similarresults interms of segregation. Therefore, natural convection does
not play an important role in the studied process phase segregation. However, it cannot be
discarded thatits role may be significantin highervolumes.

It was confirmed that the segregated samples recombine toformthe original mixture by mixing
the three segregated constituents, the two solids and the liquid, aided with mechanical stirring
or with otherstirringmeans. The regenerated mixture presented similarthermal properties to
a fresh non-cycled eutectic mixture and, therefore the utilization asa PCM is feasible after the
segregate is re-mixed. XRD diffraction confirmedthat the phases present were ureaand Sodium
nitrate inthe eutecticproportion.

It is concluded, the phase segregation of U-SN eutectic could be reduced by using fast cooling
rates for the discharging process, although the possibilities for complete prevention seem
unfeasible.However, the material potential-use after segregationis possibleif asuitable stiming
meansisimplementedinthe system.

Supercooling

The U-SN eutectic mixture presents a supercooling degree ranging from 3.2 to 51 °C. A wide
study including different container morphologies, cooling rates, heat transfer fluid (HTF)
materials and PCM mass rendered results which were treated according to a variable-analysis
to determineof the relevance of processparameters, otherthan the PCM characteristics, in the
PCM supercooling. To carry out the study, in addition to the U-SN eutectic mixture, a different
PCM was also used, PEG 10000. The supercooling degree of PEG 10000 ranged from 6.26 to
10.77 °C, inthe experimental conditions.

The study gives evidence that the most relevant parameter to determine the supercooling
degreeisthe HTF cooling rate and the characteristiclength ratio of the container. In contrast to
the PCM cooling rate or process time, the HTF cooling rate and the container characteristic
length are process variables that can be controlledoracted on directly. There might be freedom
in the variation of some of the parameters, but not in all of them. For example, the medium
cooling rate may not be modified in some cases due to the process nature. In that case, the
container geometry should be the parameter to take into account in order to reduce the
supercooling degree.
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The main conclusion highlights the importance of the container geometry, or the PCM mass
disposition, regarding the supercooling degree on the contrary to the widely reported broad
ideathatthe mass quantity determines the supercooling degree. Above a certain mass quantity
level, the influence of the mass-quantity is negligible, but the influence on the geometrical
distribution of the mass isvery large. This level has not been determined, but the experiments
carried out determined that any mass required for industrial or commercial purposes will stay
above that level. Only the tiny mass employed on the DSC crucibles provided a different
behavior.

The second large contributor to determine the supercooling degree is the HTF heat transfer
coefficient, whichis related to the heat transfer from/to the containersurface.

The correct combination of the geometrical design and the HTF selection in the LHTES devices
can assure the systemto operate underacertainlevel of supercooling degree.

A linearcorrelation describes the supercooling degree in the experimental conditions forthe U-
SN eutecticand forthe PEG 10000. Afinal model forall the experimentalresults, including both
materials fittedwith 2 0.8538 R-squared value. It was not possible to establish alaw to perfectly
predict the supercooling phenomenon in different materials, but the methodology was able to
assess which are the process variables that can be used with this aim, because of the high
relevance and dependency encountered in the study. Furtherresearch is needed to completely
understand the interaction of the studied variables with the supercooling degree, in order to
achieve arelationship that can be valid for different PCMin different crystallizationtemperature
ranges. The definition of a generalized model and its validation could provide a huge step
forward to define properdesign guidelines to LHTS systems.

The work carried out in this thesis has provided a new characterization approach to study the
supercooling phenomenon ina macro-scale, forreal applications, from a practical and technical
point of view. The knowledge gained can serve as a starting point for researchers willing to
perform supercooling characterization of materials. Besides, it can also work as a guide forthe
design of LHTES devices and their operation parameters, to be used with PCM materials
exhibiting supercooling.

Summarizing remarks

Several considerations should be taken into account for the potential use of U-SN eutecticas a
PCM:

The U-SN eutectic mixture should be preparedin controlled conditions for the mixture to have
a water content below 0.17%.

The design of the LHTS device should take into consideration that the U-SN eutectic mixture
must be contained under gas-tight conditions to avoid mass loss and to prevent thermal
degradation.

The LHTS designed for the U-SN eutectic mixture should include a stirring or mixing system to
preventthe phase segregation.
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The LHTS design for each application should take into account the HTF cooling rate and
characteristiclengthratioin orderto guarantee a low supercooling degree.

Furtherresearch should be done in order to design and build a prototype to be used with U-SN
eutecticthat meets these characteristics. The evaluation of the proposed solutions for the PCM
use should be evaluated in orderto finally confirm the material feasibility.

7.2 CONCLUSIONS REGARDING THE LHTES SYSTEM CHARACTERIZATION

An LHTES system modified from an industrial shell and tubes heat exchanger was tested
containing a well known paraffinic PCM. This PCM was selected for its high reliability and well
known characteristics, thus avoiding interferences from the material-related scattering that
could occur if the U-SN eutectic mixture would have been used. The objective was to
characterize the thermal behavior for the temperature ranges according to DHW and heating
applications. A complete experimental campaign was performed with different flow rates and
initial/final temperatures.

Data from the tests done atflow rates, 0.4and 0.5 kg/s, were discardedbecause the inlet-outlet
temperature differencereachestoo soonthe accuracy limit (0.2 K) which made the results non-
reliable and made impossible to extract valid information from them. Data from the 0.06, 0.09
and 0.2 kg/s flow rates were analyzed. Taking into account the accuracy limit parameter,
complete charges could be analyzed. But, no complete discharges were achieved because of
problems of regulation. Besides, 90% charging percentage was considered more efficient
because it takes one third of the time it takesto get a 100% charge.

In both charge and discharge modes, the charging/discharging time decreases with higher flow
rates. And, with the same flow rate, time decreases with the lowest or highest final
temperatures. If charge and discharge processes from the same operational conditions are
compared, it could be seenthatthe discharge process takes more time to finish. The difference
in the charging and discharging behavioris given by the PCM melting beinga process powered
by convection and conduction, and by the solidification process only driven by conduction.
These results follow the expected tendency.

As a conclusion, the studied LHTES that was adapted from an industrial heat exchangercanbe
used to store latent thermal energy. However, the results are not ideal. The LHTES system
volume for PCMis low compared tothe HTF volume. Therefore, the quantity of latent energy is
low. Moreover, the small difference between the inlet and outlet temperatures of the HTF
shows that the heat transferbetween the PCMand the HTF is not very good.

To improve the efficiency of this kind of device, modifications improving the proportion of PCM
and the heat transfer should be done. For this reason, CFD modeling is needed to help the
understanding of these results. Complementary studies should be done in order to determine
the best parameters of modification that could be done in orderto increasethe energyqua ntity
and power. For example, to reduce the number of tubes, or the diameter of the tubes. For
furtherstudies, the insulation and control towards cooling should be improved.
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