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Resum

Degut als canvis alimentaris i al increment dedblacié mundial, en aquests moments
estem davant una situaci6 on el transport i l'enatmamatge de productes
refrigerats/congelats s6n una preocupacio munideatarga de calor més important dels
sistemes de fred ve a través de les parets i Idespd’erd a més a mes, els usuaris,
mitjancant I'obertura de portes aporten aire calldénimit al interior, augmentant aixi la
temperatura. Esta demostrat que les fluctuaciorierdperatura tenen un efecte negatiu
en la qualitat dels productes congelats, provooaatincorrecta recristal-litzacié dels
gelats i una perdua d’aigua dels aliments com ta.dder tant, poden provocar una

pérdua economica important tant als supermercatsat® distribuidors.

L’emmagatzematge d’energia térmica (TES) utilitzaaterials de canvi de fase (PCM)
és capac d’absorbir/cedir una gran quantitat dggaeturant la fusio/solidificacio en un
interval petit de temperatura. Aquesta propietatseo utilitzada doncs, per a reduir les
fluctuacions de temperatura durant 'emmagatzematgk transport dels productes

congelats.

L’objectiu d’aquesta tesis doctoral és el desermpament d’'un sistema TES mitjancant
la utilitzaci6 de PCM per aplicacions a baixa terapga, en particular, per a
congeladors comercials. Es provara tant experirhenta numéricament la millora de
les condicions de I'emmagatzematge i també la raillide la qualitat dels aliments
emmagatzemats/transportats. També inclou la irgasté de nous PCM, estudiant la
modificacié de la temperatura de canvi de faseali@ant velocitats de degradacio i
corrosié amb els materials recipients. Es preserddn estudis d’'investigacié basats en
la implementacié de sistemes de TES en aplicadilendaixa temperatura tals com
congeladors comercials, recipients de transpogtrdductes a baixa/alta temperatura i
recipients de gelats. Els resultats obtinguts a désrents aplicacions estudiades
demostren el clarament el benefici de la utilitaade PCM, reduint les fluctuacions i
les caigudes de temperatura tant al interior dsteraes com del producte, i per tant

millorant la qualitat d’aquests.
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Resumen

Debido a los cambios alimentarios y al incremergdadpoblacion mundial, en estos
momentos estamos en una situacion donde el traespoel almacenamiento de

productos refrigerados/congelados se han convegtidona preocupacion mundial. La
carga de calor mas importante en los sistemas vesde el exterior a través de las
paredes y las puertas. Pero ademas, los usuaridsntes aperturas de las puertas,
llenan de aire caliente y humedo el interior, auianetho la temperatura. Esta probado
gue las fluctuaciones de temperatura causan unoef@gativo en la calidad de los

alimentos congelados, provocando una incorrectaiselizacion en los helados y una
pérdida de agua en alimentos tales como la cawreloRtanto pueden provocar unas
pérdidas econémicas importantes tanto en superdwscammo distribuidores.

El almacenamiento de energia térmica (TES) utiivamateriales de cambio de fase
(PCM) es capaz de absorber/ceder una gran cantitbadenergia durante la
fusion/solidificacion en un intervalo de temperatpequefio. Esta propiedad puede ser
utilizada para reducir las fluctuaciones de tempeaadurante el almacenamiento y

transporte de los productos congelados.

El objetivo de esta tesis doctoral es el desarmdoun sistema de TES mediante la
utilizacion de PCM para aplicaciones a baja tentpesa en particular, para los
congeladores comerciales. Se probara experimenaiméricamente la mejora de las
condiciones de almacenamiento, y también la majerda calidad de los alimentos
almacenados/transportados. También incluye la figasén de nuevos PCM,
estudiando la modificacion de la temperatura de boande fase y analizando
velocidades de degradacidon y corrosion con los naége contenedores. Se presentan
varios estudios de investigacion basados en laciigihtacion de sistemas de TES en
aplicaciones de baja temperatura tales como cahgyels comerciales, recipientes de
transporte de productos a baja/alta temperaturaontenedores de helados. Los
resultados obtenidos en las diferentes aplicacial®esuestran el beneficio de usar
PCM, reduciendo las fluctuaciones y las caidasdgéeratura tanto del interior de los

sistemas como del producto almacenado y por tantodjoria de la calidad de éstos.
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Summary

Food transport and storage at low temperaturemstéer of concern worldwide due to
changes of the dietary habits and the increasintpefpopulation. Chilled and frozen
foods require storage temperature from 14 °C tovibel 8 °C. Refrigeration systems are
used to remove heat loads and control temperaftiemajor heat load comes from the
outside environment of the storage space througlated walls and the glass door in
commercial applications. Moreover, door openingsth® costumers bring warm and
moist air into the cold storage space, raising tdmperature. Furthermore, in many
countries, such as India, there are restrictionshendaily use of the electricity due to

power shortage.

It is well known that those temperature fluctuat@ould cause negative dramatic effect
to the quality of the frozen food, inducing for exale recrystallization in ice creams
and drip loss of frozen meat and therefore coultb@e great economical losses to
supermarkets and devalue the quality of frozen .fadtermal energy storage (TES)
using phase change materials (PCM) are capablésufrlaing a large amount of heat
during melting over a small temperature range. pheperty can be used to minimize
temperature fluctuations when the cold store iseuredectrical power failure or door

openings and therefore enhance food quality.

The aim of this PhD thesis is to develop a TESesyaising PCM for cold temperature
applications in particular for commercial freezetssting experimentally and
numerically the improvement of its thermal perfonoa and the food quality stored.
This thesis also includes the research on PCM atthactive properties for low
temperature applications such as controllable phassnge temperature and low
corrosion and degradation rate. Here, several meseatudies based on the
implementation of TES systems in low temperaturgliegtions such as commercial
freezers, chilly bins and ice cream containerspaesented. The results obtained in the
proposed applications have proved the benefit aigu®CM in the proposed cold
applications based on reduction of the interiodpict temperature fluctuations and rise,
and therefore improvement of the storage and tahsponditions of frozen food.
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Nomenclature

CMC Oxyethylmethylcellulose

CFD Computational fluid dynamics

DoE Design of experiments

DSC Differential scanning calorimetry
FDA Food and Drug Administration code
HDPE High density polythylene

MAPCM Molecular alloys as phase change materials
PCM Phase change materials

PET Polyethylene terephthalate

PP Polypropylene

PS Polystyrene

TES Thermal energy storage
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1 Introduction

1.1 Transport and storage of frozen food

Many industries require their products to be stored and transported at low temperatures.
Chilled and frozen foods require storage temperature ranging from ambient temperature
to below -18 °C. Storage and transportation facilities such as cold stores, refrigerated
trucks, domestic and commercial refrigerators and freezers are some of the systems used

to maintain products at the desired temperatures.

Moreover, frozen food transportation and storage at low temperature are becoming an
important issue worldwide as it is related to lifestyle and growing population. The issue
of improving the cold chain applies to different applications such as low temperature
storage (domestic or commercial freezers and refrigerators, low temperature

warehouses) and food transportation (refrigerated truck or van).

Refrigeration systems are used to remove heat gains and control the temperature of the
units. There are constant heat gains from the environment through the insulated walls
and the front glass in commercial options. Door openings by the users are another
source of heat gain. Here, warm and moist air from the outside environment exchanges
with the cool dry internal air when the doors of the cold storage space are opened. This
raises the temperature inside the storage space, and also brings in moisture. Moreover, it
could occur without previous notice an electrical power failure, and therefore having the
refrigeration system not running. Also during defrosting, when the refrigeration system
is stopped, a heater is used to melt the ice placed on the evaporator tubes and therefore

direct heat gain to the store occurs.

It is well known that temperature fluctuations during the storage which are caused by
the commented situations in commercial freezers could cause negative dramatic effects
to the quality of the frozen food [1-3]. Moreover, temperature drops during a partial

thawing from an electrical power failure is another important problem during both
1
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storage and transport of low sensitive temperature products, causing for example

deterioration of the food products [4].

Storage and transport of frozen products at the final steps of the cold chain could be
enhanced in order to improve the quality of food at this last stage in refrigerated
(freezers, refrigerated vans and trucks) and non-refrigerated (ice cream trolleys non
refrigerated vans) systems which are not designed to extract heat from the load but to
maintain the temperature of the frozen products using insulation. The quality of these
perishable foodstuffs can be very seriously affected by the temperature control during
storage and transport from processing to consumer. This can be explained by the large
impact that temperature and time can have on both microbial and chemical properties of
the perishable products. Because of the importance of storage and transport temperature
almost all countries in Europe, USA and many other countries have signed the ATP-
Agreement on the international carriage of perishable foodstuffs and on the special

equipment to be used for such carriage [1].

All these situations could devaluate the quality of frozen food and therefore induce great
economic losses to supermarkets and distributors. Furthermore, refrigerated transport is
necessary for maintaining the quality and prolonging the shelf-life of fresh, frozen and
perishable products during transportation and this sector is increasing constantly. The
production facilities of cold vapour compression involve high energy demand, and may
represent a high economic environmental impact. Therefore an increased energy
demand with associated increase in CO, emissions is expected in the near future and
hence it is necessary to reduce the energy demand and CO, emission by improving

energy efficiency and utilizing energy waste.

Consequently there is an important opportunity for efficiency improvement not only in
electricity generation but also in road transport, household, industrial, and commercial

sectors.
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1.2 Thermal Energy Storage

TES systems for both heat and cold are necessary for good performance of many
industrial processes [6-7]. High energy storage density and high power capacity for
charging and discharging are desirable properties of any storage system. TES could be
the most appropriate way and method to correct the gap between the demand and supply
of energy and therefore it has become a very attractive technology. It is well known that

there are three methods of TES: sensible, latent and chemical heat storage.

1.2.1 Sensible heat

The energy storage density in sensible heat storage is determined by the specific heat
capacity of the storage media and the temperature changes of the material. This
temperature change (AT=T,-T;) depends on the application and is limited by the heat
source and by the storage system. The sensible heat stored in any material can be

calculated as follows:

T,
O ensivic = _[C » dT

T

Where Qgensivle 15 the sensible heat stored, C,, the specific heat of the material, and dT

the temperature change.

1.2.2 Latent heat

Another means of storing energy is by using phase change materials (PCM). The energy
density could be increased by using PCM, having a phase change within the
temperature range of the storage. Considering the temperature interval (AT=T,-T;) the

stored heat in a PCM can be calculated as follows:



+
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T,

pc TZ
Qlatent = J.Cp,s 'dT+AHpc + J.Cp,l dT
T

T,

pc

Where Qiqent 1 the sensible and latent heat stored and AH,, is the heat of fusion at the

phase change temperature T..

The phase change could be solid/liquid or liquid/gas; however, liquid/gas
transformations are not practical due to the large volume changes or high pressures

required to store the materials in the gas phase.

Latent heat TES 1is particularly attractive due to its ability to provide high energy
storage density per unit mass in quasi-isothermal process. This means that in a specific
application where the temperature range is important, for instance in transport of
sensitive temperature products, the use of PCM becomes very useful since it can store
material at constant temperature corresponding to the phase-transition temperature of

the PCM.

Furthermore, any materials to be used for PCM in TES systems must have high latent
heat and high thermal conductivity. They should have a melting/freezing temperature
lying in the practical range of operation, melt/freeze congruently within minimum

subcooling and be chemically stable, low in cost, nontoxic and non-corrosive [6].

Figure 1 shows the families of phase change heat storage materials: divided as organic
and inorganic materials. Organic materials are further classified as paraffin and non-
paraffins (fatty acids, eutectics, and mixtures). Experiments (melting and freezing
cycles) using these materials showed that they crystallize with little or no subcooling

and are usually non-corrosive and very stable.

Inorganic materials are further classified as compounds and eutectics. An eutectic
material is a composition of two or more components, which melts and freezers
congruently forming a mixture of the component crystals during crystallization. Eutectic

4
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mixtures nearly always melt and freeze without segregation, leaving little opportunity
for the individual components to separate and melts almost at constant temperature.

Main inorganic materials are salts, salt hydrates, aqueous solutions and water.

Heat storage materials

N

Organics Inorganics
N N
Compounds Eutectics Compounds Eutectics

| Hydra’ged salts |

H{ Paraffin ‘ H{ Paraffin

—-{ Fatty acids ‘ —»{ Fatty acids \

Figure 1. Families of phase change heat storage materials.

1.2.3 Chemical Heat Reactions

Heat can also be stored by means of a reversible thermo-chemical reaction. The working

principle is the following one:

A+ HEAT < B+C

First, in the charging period, chemical A is transformed into two new chemicals, B and
C, because of heat absorption (endothermic reaction). Subsequently, the two new
chemicals must be stored in separate vessels at ambient temperature. Second, in the
discharging period, chemical B reacts with chemical C to form the original chemical A

while releasing the stored heat (exothermic reaction).
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The energy of thermo-chemical reactions is the highest of all the systems introduced,
and so it is the most compact way to store thermal energy. So far, there are several types
of reversible thermo-chemical reactions which have been studied the most: solid-gas,

liquid-gas and gas reactions.

1.3 Thermal Energy Storage using Phase Change Materials for low temperature

applications

Here the use of PCM in different applications is presented, differentiating those ones
that are already in the market from those ones that have been studied by researchers.
PCM offer the possibility of thermal protection due to its high thermal inertia. This
protection could be used against heat and cold, during transport or storage. Protection of
solid food, cooked food, beverages, pharmaceutical products, blood derivatives,
electronic circuits and many other is possible. Some of the different applications for

cold storage presented are the following ones:

e Cooling: use of off-peak rates and reduction of installed power, ice bank.
e Thermal protection of food: transport, hotel trades, ice-cream, etc.
e Medical applications: transport of blood, operating tables, cold therapies.

e Industrial cooling systems: re-gasification terminal.

1.3.1 Commercial applications

1.3.1.1 General containers for temperature sensitive food

One of the most known applications of PCM is that of transport of temperature sensitive
food in containers. These containers must be kept in the refrigerator/freezer before use
in order to solidify the PCM in it. An example of such a device is the container
commercialized by SOFIGRAM [8] with PCM melting points of 0 °C, -15 °C and -20
°C (Figure 2). Some companies only commercialize PCM pads for use in any container,

such as TCP RELIABLE, Inc. [9], PCM Thermal Solutions [10] or PCM products [11].
6
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Figure 2. Gel packs of SOFIGRAM [8].

1.3.1.2 Beverages

One application that has been commercialized is the so-called “isothermal water bottle”,
specially developed for cycling. It is a double wall bottle, with a PCM as active part.
This concept could be used for many other products, such as isothermal maintenance of

fresh drinks like wine, champagne, soft drink, etc. (Figure 3).

Puechua

Figure 3. Isothermal water bottle available in the market.

1.3.1.3 Catering products

In many catering applications, cooked meals or frozen products are produced in one
point and have to be transported to another destination (Figure 4). PCM containers

(Figure 5) could also be used to avoid breaking the cold chain during transportation of
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precooked meals, smoked salmon, milk products, ice-creams and many others. The
main companies that commercialize these products are Rubitherm [12], Climator [13],

and Teap PCM [14].

Meals Heat storage element

Figure 4. Concept of catering applications [12].

Figure 5. Different PCM containers [12][14].

1.3.1.4 Medical applications

In the medical sector, one of the main applications is the transport of blood (Figure 6)
and organs. Containers used for these purposes work similar to those explained before.

Other medical applications can be hot or cold pads to treat local pain in the body.
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Figure 6. Containers to transport blood and organs containing PCM [12].

1.3.2 Peak load shifting

Cold storage technology is an effective mean of shifting peak electrical loads as part of
the strategy for energy management in buildings. Such systems can help the electrical
utilities reducing peak loads and increasing the load during off peak periods which
could improve the utilization of base load generating equipment, and thereby reducing
the reliance on peaking units which have higher operating costs. An example of cold
TES system is the storage of coolness generated electrically during off peak hours to be
used during subsequent peak hours. There are mainly three types of cold storage

systems being considered [15]:

e Chilled water storage systems. Here water is not used as PCM.

e Ice storage systems. Water is used as PCM to take advantage of its high latent
heat of fusion removed during the charging cycle which results to ice formation.

e Eutectic salt storage system. Eutectic salts are another commonly used medium

to store cooling energy.
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1.3.3 Transport and storage of temperature sensitive materials

In the past decade the application of PCM in transport containers became one of the first
fully commercial PCM applications. Therefore many researchers put effort in order to

study the incorporation of PCM in different systems as follows:

e Domestic refrigerators.

e Domestic freezers.

e Domestic refrigerator and freezer combination.
e Refrigerated trucks.

e Industrial refrigeration plants.

e Temperature sensitive products transportation and storage.

Notice that the use TES with PCM in commercial freezers was not evaluated in the

literature before the publication of the papers exposed in this thesis.

1.3.3.1 Domestic refrigerators

Figure 7 shows the refrigerator modification with PCM plates done by Azzouz et al.
[16] who placed the PCM slab in the back side of the evaporator inside a household
refrigerator in order to improve its efficiency and to provide a storage capacity allowing
several hours of cold storage without power supply. Here, two PCM were compared

(water and water with an eutectic mixture with a freezing point of -3 °C).

1.3.3.2 Domestic freezers

The effect of door opening, defrost cycle, and loss of electrical power on a domestic
freezer with and without PCM was studied by Gin et al. [17]. Figure 8 shows a
schematic of the domestic freezer and the placement of the PCM panels inside it used in

the experimentation.
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Figure 7. Refrigerator components and instrumentation used by Azzouz et al. [16].
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Figure 8. Schematic of the domestic freezer showing positions of the evaporator, defrost

heater, and placement of the PCM panels [17].
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1.3.3.3 Domestic combined refrigerator and freezer

Subramaniam et al. [18] designed a method of a novel dual evaporator (refrigerator and
freezer combination) based on a domestic refrigerator with PCM which provided TES
in order to improve food quality and extend compressor off period. Figure 9 shows the

schematic diagram of the dual evaporator proposed.

Condenser

E i Compressor
Expansion Expansion
valve valve

Refrigerator
evaporator
TES tank Freezer
evaporator
Subcool gg N ‘

3way  Expansion
valve valve

I TES tank

Figure 9. Schematic diagram of the dual evaporator based on a domestic refrigerator

with PCM used in Subramaniam et al. [18].

1.3.3.4 Refrigerated trucks

Ahmed et al. [19] modified the conventional method of insulation of a refrigerated truck
trailer by adding PCM on the walls (Figure 10). Later Liu et al. [20] developed an
innovative refrigeration system incorporating PCM to maintain refrigerated trucks at the
desired thermal conditions. Figure 11 shows the schematic diagram for refrigerated
trucks. The PCM storage tank (the PCM was encapsulated into thin flat containers) was

charged by a refrigeration unit located outside the vehicle when stationary and provides
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cooling when in service. The storage tank was located as well at the exterior of the

refrigerated space.

Control Unit PCM Unit
Thermostat Thermostat
—D FCU Fcu o

[y ] [ |
T/C ©— T@ @—I —OT1/C
i % T
Flow meter | Tank u Flow meter
MW
Pump ? ' Pump
Chiller

Figure 10. Schematic of the cooling diagram for the refrigerated trucks used by Ahmed
etal. [19].
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Figure 11. Scheme of the configuration of the refrigeration system for refrigerated

trucks used by Liu et al. [20].
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1.3.3.5 Industrial refrigeration

Cheralathan et al. [21] carried out an experimental investigation on the performance of
an industrial refrigeration system integrated with encapsulated PCM based on cold TES
system. The experimental apparatus consisted of two parts, a cold TES tank and a
vapour compression refrigeration system. Figure 12 shows the schematic diagram of the
experimental set-up introduced by Cheralathan et al. [12]. A vertical storage tank was

integrated with the evaporator of the refrigeration system.

l Condenser

Expansion Compressor
valve

Evaporator T

Figure 12. Schematic diagram of the experimental set-up used in Cheralathan et al. [21].

Wang et al. [22] studied the enhancement of a vapour compressor refrigeration system
locating PCM in some parts of it. They located a PCM heat exchanger with a shell and
tube structure in different places of the refrigerated system for refrigeration plants, such

14
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as after the compressor (PCM A), after the condenser (PCM B), and after the evaporator
(PCM C), doing three different configurations and evaluating them separately (Figure

13).
| N I N | |
I PCM B — \ # \ # ___,f I PCM A I
Condenser
h
./ Expansion Compressor (
/, valve k
Evaporator T
A A 1

Figure 13. PCM heat exchanger at different locations in the refrigeration cycle used by

Wang et al. [22].

1.3.3.6  The use of molecular alloy PCM for sensitive products transportation and

storage

Molecular alloys as phase change materials (MAPCM) offer additional solutions that
have been studied over the years. Here different applications of temperature sensitive
products both transportation and storage using MAPCM are presented. Some
investigations studied different application of MAPCM for thermal protection of
biomedical products [23], sensitive temperature food [24], and drinks [25]. Figure 14
shows the packaging developed by Mondeig et al. [23] for blood thermal protection.
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Figure 14. Packaging for blood thermal protection developed by Mondeig et al. [23].

16



» X CHAPTER II

N

Universitat de Lleida

Objectives

2 Objectives

The main objective of this PhD thesis is to study and to develop a new TES system
using PCM for cold applications, in particular for commercial freezers. To accomplish

the aforementioned objective, several specific objectives were detected:

e To perform a state-of-the-art review of TES for cold storage applications using
solid-liquid PCM. The objective of this initial work was to provide the required

background and knowledge for the development of the research.

e To investigate the suitable PCM candidates for low temperature applications.

This objective has divided in two different studies:

o To study possible PCM candidates for low temperature applications in
particular for commercial freezers.

o To study the corrosion effect and the degradation rate of different metals
and polymer material in contact with both, commercial PCM and our

own PCM formulation used in low temperature processes.

e To investigate experimentally the use of PCM in low temperature storage in
particular for commercial freezers in terms of thermal performance and
enhancement of food quality under both door openings and electrical power

failure.

e To mathematically model commercial freezers incorporating PCM.

e To investigate experimentally and numerically the use of PCM in low

temperature applications. This objective has divided in two different studies:

o Food applications.

o Industrial applications.
17
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Figure 15 shows graphically some questions that came out before starting this thesis and
encourage the PhD student to study the enhancement of low temperature applications by

the use of TES systems.

Heat loads into cold units cause .
temperature fluctuations/rises

Temperature A\ ¥4 | -
rise/fluctuations Heat loads are due to:
can lead to - [ - Door openings
‘ h - Defrost

reduction in food

quality and safety - Ambient penetration

TES using PCMs can limit
«_temperature rise/fluctuations

Figure 15. Initial questions and basis of the thesis.

This PhD thesis propose the implementation of TES systems using PCM to improve
both the thermal performance of low temperature storage and transport units and the
frozen food quality during long and short storage time. Figure 16 outlines the main
objectives of the thesis and the flow of the chapters and the journal papers that came
from the research. Notice that different boxes have been used in the flow; a double box
indicates the chapters of the thesis, a continued box has used for those studies that have
been published while non-continuous boxes were used for those studies that are under

journal review.
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3 Review on phase change materials for cold thermal energy storage

applications: A-state-of-the-art review

3.1 Introduction

Chapter III gives a state-of-the-art review on PCM for cold TES applications using
solid-liquid phase. It is well known that TES could be the most appropriate way and
method to correct the gap between the demand and supply of energy and therefore it has
become a very attractive technology with a high potential for different thermal
applications. Moreover, latent heat storage using PCM is one of the most efficient

methods to store thermal energy [6-7].

The scope of the work was focussed on different aspects:

Phase change materials available either in the market or under research.
Problems in long term stability of the materials, such as corrosion, phase
segregation, stability under extended cycling or subcooling are discussed.

e Different methods of PCM encapsulation.

e Heat transfer enhancement.

e Applications of PCM at low temperature.

Literature shows extensive publications for different applications of PCM such as
domestic hot water tanks [27-28], space heating and cooling of buildings [29], peak load
shifting [30], solar energy applications and seasonal storage [31], including many
reviews [6-7], [26], [32-35]. Only the applications working with potential PCM with
melting temperature lower than 20 °C have been considered in this literature review.
Over 88 materials that can be used as PCM and about 40 commercially available PCM

have been listed over 150 references.

The most thoroughly studied PCM at low temperature is water for obvious reasons;

water is cheap, has the best thermal properties, and also presents good long term
20
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stability. However, for applications at low working temperature, such as conservation
and transport of frozen products or advanced medical transport, the melting temperature

of water is not suitable. And then is when other PCM can compete against water.

3.2 Contributions to the state-of-the-art

TES systems using PCM have been studied for many years, and therefore a state-of-the-
art review is fundamental to provide the required background and knowledge for the
development research. So, in this Chapter III is given a state-of-the-art review on PCM

for cold applications published as:

e E. Or6, A. De Gracia, A. Castell, M.M. Farid, L.F. Cabeza. Review on phase
change materials (PCMs) for cold thermal energy storage applications. Applied
Energy 99 (2012) 513-533.

The main contributions to the state-of-the-art can be summarized in the following

points:

» The main characteristics required for a food PCM are:

e Thermophysical properties:

o Melting temperature in the desired operating temperature range.

o High latent heat of fusion per unit volume.

o High specific heat to provide additional significant sensible heat storage.

o High thermal conductivity of both solid and liquid phases.

o Small volume change on phase transformation and small vapour pressure
at operating temperature.

o Congruent melting of the phase change material for a constant storage
capacity of the material with each freezing/milting cycle.

o Reproducible phase change.
21
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e Nucleation and crystal growth:

o High nucleation rate to avoid subcooling of the liquid phase during
solidification, and to assure that melting and solidification process occurs
at the same temperature.

o High rate of crystals growth, so that the system can meet the demand for

heat recovery from the storage system.

e Chemical properties:

o Complete reversible freeze/melt cycle.
o No degradation after a large number of freeze/melt cycles.
o No corrosiveness to the construction/encapsulation materials.

o Non-toxic, non-flammable and non-explosive.

e FEconomics:

o Abundant.

o Available.

o Cost effective.

o Easy recycling and treatment.

o Good environmental performance based on lice cycle assessment.

» Most of the PCM analysed by the researchers and commercial companies with a
melting temperature below 0 °C are eutectic water salt solution and above 0 °C are

organic PCM.
» Eutectic salts solutions are good in terms of thermophysical properties, such as

enthalpy of phase change and they are cheap but they could be chemically unstable

and may be corrosive.
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» Most organic PCM are non-corrosive and chemically stable, however they have
lower thermal conductivity, lower latent heat, larger volume change between solid

and liquid phase and they are relatively expensive.

» A PCM with an easily adjustable melting temperature would be necessary as the
melting point is the most important criteria for the selection of the PCM for any

application.

» The use of PCM in many applications, and especially at low temperature, requires
the use of nucleating and thickening agents to minimize subcooling and phase
segregation. Moreover it is important to study its long term stability, phase

segregation, corrosion and subcooling effects.

» Looking at the commercial applications, such as the use of PCM for catering and
medical purposes, significant improvements to existing catering systems can be
done. Transportation of temperature sensitive materials is another area in which

PCM can play an important role and more work is needed.
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3.3 Journal paper

Applied Energy 99 {2012) 513-533

Contents lists available at SciVerse ScienceDirect

Applied Energy

journal homepage: www.elsevier.com/locate/apenergy

Review on phase change materials (PCMs) for cold thermal energy
storage applications

E. Or6?, A. de Gracia?, A. Castell, M.M. Farid®, L.F. Cabeza **

* GREA Innovacid Conaurrent, Universitat de Lleida, Edifici CREA, Pere de Cabrera s/n, 25001 Lleida, Spain
b Department of Chemical and Materials Engineering The University of Auckland, Auckland, New Zealand

http://www.sciencedirect.com/science/article/pii/S0306261912002784
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4 PCM research and development

4.1 Introduction

It is well known that PCM are one of the possible solutions to provide high energy
density in TES systems. The addition of PCM in different cold storage systems and
units have been investigated in order to enhance food quality and to reduce electricity

consumption during storage and transportation as it has been shown before.

Nowadays, different types of chemicals such as inorganic salts, organic compounds as
alkenes and water are used as low temperature PCM for cold storage. However, most
aqueous salt solutions are corrosive to metals and hence a special care needs to be taken
in the selection of PCM containers. Moreover, the selection of the suitable PCM for
each specific application is an important matter. The development and improvement of
PCM has been of great interest to many researchers over the years from the viewpoint
of the application [37-40], even though it is hard to know which PCM is suitable for a

specific or general application.

PCM are encapsulated in containers in order to prevent leaking when liquid phase its
present, hence the interest remains in designing a lightweight, high conductive, non-
corrosive and low cost container. Moreover, the selection of the potential PCM regards
as well in their melting range, latent heat, stability under cycling and cost for low

temperature storage is needed.

4.2 Contribution to the state-of-the-art

This Chapter presents the PCM research and development for low storage applications
in particular for commercial freezers which has a normal working temperature about -18

°C. This research was developed in two different publications:
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e E. Oro, C. Barreneche, M.M. Farid, L.F. Cabeza. Experimental study on the
selection of phase change materials for low temperature applications. Renewable
Energy. Accepted, doi: 10.1016/j.renene-2013-01-043.

e E. Oro, L. Mir6, C. Barreneche, I. Martorell, M.M. Farid, L.F. Cabeza.
Corrosion of metal and polymer containers for use in PCM cold storage. Applied

Energy 57 (2013) 130-136.

Here a wide range of PCM for low temperature applications has been studied using the
design of experiments (DoE) methodology. Thermal cycling test was performed to
determine thermal reliability of form-stable PCM in terms of phase change temperatures
and latent heats after a large number of thermal cycles. In addition, thermal properties of
the PCM candidates were determined by differential scanning calorimetry (DSC)

analysis.

Moreover the corrosion/degradation rate of metal/lPCM and polymer/PCM
combinations used in low temperature processes is analysed after one, four and 12
weeks. In this Chapter, commercial PCM and in-house prepared PCM formulation used
in low temperature processes are analysed. Moreover, visual phenomena (bubbles or
precipitates) and pH changes in PCM formulations were analysed. Copper, aluminium,
stainless steel and carbon steel were the metals considered as containers. Polypropylene
(PP), high density polythylene (HDPE), polyethylene terephthalate (PET) and
polystyrene (PS) were the polymers selected.

The main contributions to the state-of-the-art can be summarized in the following

points:

» Sub-eutectic ammonium chloride (NH4Cl) concentrations of 16 wt%, as well as
super-eutectic concentrations up to 22 wt% and eutectic concentrations 19.7 wt%
were analysed. Moreover, different additive concentrations were used for two

purposes; reducing subcooling and phase segregation by increasing the viscosity of
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the material with oxyethylmethylcellulose (CMC) and altering the phase change
temperature (NaCl or AlF;).

» When CMC was used in the PCM formulation the stability of the PCM under long

cycling was significantly improved.

» From the DoE results one equation for each additive (NaCl and AlF;) was
developed in order to predict the material phase change temperature as a function of
the concentration of the components in its formulation. These formulas are of great
importance since the phase change temperature is a key factor in the implementation

of TES systems using PCM in cold applications.

According to the original components a linear model to suit the experimental data
can be expressed as shows in Eq. 1 and Eq. 2, depending on the percentage of the

additive that is used in the PCM formulation:

e Tpc=-18.39+0.044-NH4Cl - 1.77-NaCl - 0.35-CMC Eq. 1
e Tpc=-14.8+0.0512-NH4Cl - 0.0045-AlF; - 0.3-CMC Eq.2

» Cooper and carbon steel must be avoided as PCM containers in any case due to their
high corrosion rate mainly, but also because of the presence of precipitates and pH

changes.
» Aluminium is not recommended because of pitting and bubbles appearance on its

surface which could cause changes in material properties such as holes in the

container.

» Stainless steel 316 alloys are highly recommended for long use as PCM container

material.
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Figure 17 shows some of the changes in appearance during the corrosion tests

between metals and the PCM.

(a)'

Figure 17. Changes in appearance during the corrosion tests. (a) Cooper, Cu oxidation

and salts precipitation. (b) Aluminium, production of bubbles. (¢) Stainless steel, no

physical effects.

» In all cases analysed, the candidates that were thickened provides a great

improvement in preventing corrosion.

Figure 18 shows the corrosion rate between all the metals analysed and different
PCM formulations. The difference between both PCM formulations is that PCM-H
did not have CMC agent in its formulation while PCM-I had. The reason is probably
that the addition of CMC changes considerable the viscosity of the solution,
therefore ions diffusion decreases and the concentration of ions in the layer in

contact with the metal may decrease.
» Any of the plastics analysed (PP, PS, PET, and HDPE) did not show important

changes in weight or physical appearance of the samples therefore they are

compatible with the PCM studied.
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Figure 18. Corrosion rate between metals and PCM with and without thickening agent.
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4.3 Journal paper

4.3.1 Paperl

Renewable Energy 57 (2013) 130-136

Contents lists available at 5ciVerse ScienceDirect

Renewable Energy

Renewable Energy

journal homepage: www.elsevier.com/locate/renene

Experimental study on the selection of phase change materials for low
temperature applications

Eduard Oré6?, Camila Barreneche *®, Mohammed M. Farid®, Luisa F. Cabeza®*

2 CREA Inmovacié concurrent, Edifici CREA, Untversitat de Llelda, Pere de Cabrera s/r, 25001 Lleida, Spain
® Department af Matertals Science & Metallurgical Enginsering, Universitar de Barcelone, Martf § Frangués 1 11, 08028 Barcelona, Spain
* Department of Chemical and Materials Engineering, The University of Auckland. 20 Symonds Street, Auckland, New Zealand

http://www.sciencedirect.com/science/article/pii/S0960148113000815#
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Paper 2

Applied Energy xxx (2012) xxx—x0¢
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S5 Experimental analysis of including PCM and its effect on food
quality

5.1 Introduction

Food transport and storage at low temperatures is a matter worldwide due to changes of
the dietary habits and the increasing of the population. The issue of improving food
storage and transportation applies at different low temperature applications such as

commercial freezers, refrigerated trucks and vans, etc.

It is well known that temperature fluctuations during long storage which are caused by
the commented situations in freezers when could cause negative dramatic effects to the
quality of the frozen food such as physical and chemical changes such as oxidation of
lipids, enzymatic browning, formation of eutectics, freezing injury and recrystallization
[1-3], [41-43]. Temperature drop during a partial thawing is another important problem
during both storage and transport of low sensitive temperature products, causing
deterioration of the stored food products [4]. Product and air temperature drops and

fluctuations in low temperature stores are caused by:

e Electrical power failure.
e Door openings.

e Heat generated during defrosting system.

For ice cream to have smooth texture one of the major requirements is to have small ice
crystals [44]. Since temperature fluctuations cause recrystallization, the quality of the
ice cream is badly affected, and thus ice cream has been the subject of investigations
into the effects of storage conditions. Moreover, if the product is melted and then
refrozen, recrystallization of the ice occurs as well since ice crystals can shrink and

grow when they melt and refreeze during temperature fluctuations [1].
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Recrystallization is the process of changes in number, size and shape of ice crystals
during frozen storage. Although the amount of ice stays constant with constant
temperature throughout this process (dictated by the equilibrium freezing curve)
recrystallization can alter and damage the structure and texture of the ice cream.
Recrystallization  basically involves small crystals disappearing (isomass
recrystallization), large crystals growing at the expense of smaller crystals (migratory

recrystallization) and crystals fusing together (accretion) [45-46].

At normal storage conditions ice crystal size is approximately 40-50 um [48]. Figure 19
shows the typical microstructure of frozen ice cream samples stored at -30 °C showing
ice crystals and air bubbles [45-46]. Then when the same ice cream sample is stored at
higher temperatures (-16 °C) the ice crystal sizes increased and span of the distributions

showing evidence of recrystallization after the hardening period (Figure 20).

Moreover, the results from a PhD dissertation from Bin [47] showed that fluctuating
temperature have caused the ice crystal size to increase from 40-50 pm to 70-80 um at
the end of a week power loss period in a domestic freezer [47]. Figure 21 shows the ice
crystal size in ice cream sample stored at steady temperature of -16 °C while Figure 22

shows the ice crystal size increment during periodic power loss in the storage unit.

Figure 19. Typical microstructure of frozen ice cream sample. Key: air bubbles (A),
serum phase (S), and ice crystals (I) [45-46].
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Figure 20. Microstructure of ice cream sample after 4 week of storage at -16 °C. Key:
air bubbles (A).
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Figure 21. Ice crystal size distributions in 1 1 block ice cream during storage at constant

temperature [47].

Some researchers have been studied the effect of PCM in different low temperature
applications such as domestic refrigerators and freezers [16-18], refrigerated trucks [19-
20] and even refrigerated plants [21-22]. However there are no studies in the literature

with regards to the effects of PCM systems on the behaviour of commercial freezers, or
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non-refrigerated vans which are not designed to extract heat from the load but to

maintain the temperature of the frozen products using insulation.

Restrictions on daily use of the electricity in some countries and regular electrical power
failure could induce significant economical losses to supermarkets due to devaluation of
frozen food quality. Moreover, the customers in every supermarket unconsciously cause
significant heat gains to the system due to frequent door openings of commercial
freezers. The aim of this Chapter is to prove experimentally the improvement of the
thermal performance of commercial freezers using PCM under door openings and

electrical power failure.
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Figure 22. Ice crystal size distributions in 1 1 block ice cream during storage with

regular power loss [47].

5.2 Contributions to the state-of-the-art

This Chapter presents the experimental study of the inclusion of PCM in low storage
applications in particular in commercial freezers regarding the thermal performance of
the system and the food quality. This research was developed in two different

publications:
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e E. Or6, L. Mir6, M.M. Farid, L.F. Cabeza. Improving thermal performance of
freezers using phase change materials. International Journal of Refrigeration 35
(2012) 984-991.

e E. Or6, L. Mir6, M.M. Farid, L.F. Cabeza. Thermal analysis of a low
temperature storage unit using phase change materials without refrigeration

system. International Journal of Refrigeration 35 (2012) 1709-1714.

The main contributions to the state-of-the-art can be summarized in the following

points:

» Test packages (M-packs) were used to simulate the thermal mass of frozen food in
the freezer under real conditions. In all the experimentation 42 kg were added in the

freezer.

» Two commercial PCM with different melting temperature were tested:

o ClimSel-18 from Climator (Patent: PCT/SE95/01309, 9404056-5).
o E-21 from CRISTOPIA.

» The PCM was encapsulated in stainless steel thin containers (10 mm thick) and were
placed on the evaporator plates occupying a total of only 3% of the internal volume
of the storage unit. Seven PCM plates were placed in the freezer (Figure 23). The
mass added by the PCM represents about 19% of the mass added by the M-packs

when they were used.
» The use of PCM in a commercial freezer showed significant benefits in minimizing

temperature rise of the freezer and the product in it, which occurs due to frequent

door opening and electrical power failure.
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Figure 23. Commercial freezer used in the experimentation and location of the PCM

plates.

» Two different storage temperature condition inside the freezer was analysed (-19 °C
and -22 °C). Regards the door opening tests, operating with a storage temperature of
-19 °C the benefit of the utilization of PCM was evident, while when the storage
temperature was moved to -22 °C, PCM did not show significant improvement due
to the difference between the storage temperature and the phase change temperature
of the PCM (-18 °C) and the low heat transfer coefficient between the PCM plates

and the air.
Therefore it is important to select a PCM that has a phase change temperature near

the storage temperature of the freezer to alleviate the problems associated with door

openings.
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Figure 24 shows the average air temperature during a five door opening of 10
seconds when M-packs were placed inside the freezer. Here the working

temperature of the freezer was -19 °C which is closed to the phase change
temperature of the PCM analysed here (C-18).
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Figure 24. Average air temperature during a 5 door opening of 10 seconds with test

packages (storage temperature of -19 °C).

» In all the tests related to electrical power failure, the temperature of the M-pack,
used to simulate food was always lower when PCM was used, when the storage
temperature was set to -22 °C the benefit of using PCM was greater than setting to -

19 °C due to the higher energy absorption of the PCM. Therefore, the use of PCM

gave benefits to food quality under the condition of daily power cut.

Figure 25 shows the average air temperature of the freezer during an electrical
power failure of 3 hours and Figure 26 shows the product temperature at same

conditions. The benefit of using PCM is evident in both air and temperature
drop/fluctuation response.
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Figure 25. Average air temperature during an electrical power failure of 3 hours

with test packages (storage temperature of -22 °C).
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» In order to quantify the benefit of adding PCM in low temperature storage, a period
factor was defined as the ratio of the time needed for the interior air or product to

reach a fixed temperature with PCM to that without:

period PCM

eriod factor =
P s period ref

Therefore, when the period factor is one there is no enhancement in terms of
air/product temperature. In terms of both air and frozen product temperature, the
period factor is always higher than one; therefore the addition of PCM enhances the
storage efficiency. Figure 27 shows the period factor versus the temperature of the
product stored when two PCM were placed in the freezer. Notice that using E-21 the
thermal benefit is higher. Hence the use of E-21 is more interesting than C-18 for

commercial freezers working at the storage conditions analysed here.
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Figure 27. Period factor vs. product temperature during 24 hours without

refrigeration system.
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6 Mathematical modelling

6.1 Introduction

In previous chapters it has been said that loss or even interruption of electric supply
leads to an increase in the storage temperature, which can reduce the quality and value
of the stored products. TES systems using PCM can reduce the temperature rise of the
storage compartment and therefore enhance the quality of the stored product. Moreover,
several experimental studies have been performed on the use of PCM to enhance the

thermal performance of low temperature storage systems.

Although experimental work can be conducted on domestic appliances it is difficult,
time consuming and expensive exercise when work need to be done on industrial scale
systems such as cold stores and refrigerated trucks. Moreover, mathematical modelling
of those systems is advised whenever optimal design and PCM selection are required to

optimize the thermal response of the system.

Many researchers have worked on modelling the air flow and temperature distributions
inside low temperature storage and transport units based on computational fluid

dynamics (CFD) [49-51], while others followed simpler heat transfer analysis [52-53].

Continuous analysis of both velocity and temperature fields are not always fully
justified in engineering design situations, where cost and time must be taken into
account. In the specific case analysed here it is difficult to understand the mechanism of
heat transfer due to the complexity of freezer operation (compressor “on” and “off”
cycles, defrosting operation, fan operation, different evaporator temperatures along the
cabinet, different degrees of insulation in walls, heat loss through gaps, etc.). Moreover
the main bulk of the freezer was found out experimentally to have uniform temperature
distribution. Therefore the use of the more general procedure of the simultaneous
solution of the mass, momentum and energy conservation equation for the fluid and the

solid regions is not really justified. Then a mathematical model for cold storage units
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having PCM, which will allow extended storage time and transport without affecting the

quality of the food was proposed.

Hereafter the mathematical model can be used to study the thermal performance of
commercial freezers under different scenarios regarding to PCM and frozen product

quantity, working storage temperature and melting temperature of the PCM used.

6.2 Contributions to the state-of-the-art

This Chapter presents the mathematical study of the inclusion of PCM in low storage
applications in particular in commercial freezers. This research is described in the

following publication:

e E. Oro, A. de Gracia, M.M. Farid, L.F. Cabeza. Mathematical model for
commercial freezers containing phase change materials. International Journal of

Refrigeration. Submitted (JIJR-D-12-00456).

The main contributions to the state-of-the-art can be summarized in the following

points:

» A mathematical model to analyse the thermal performance enhancement of
commercial freezers when PCM is used was developed. This numerical model is
based in a continuous phase model which takes into account the heat transfer by
natural convection by using effective thermal conductivity of the air and was

validated against already published experimentally data of the system [54-55].

» The use of PCM increases the time at which the product is maintained in secure
quality level when the refrigeration system is not available. Different amount of
PCM inside the freezer was modelled: 3%, 6% and 9% of the internal freezer
volume which meant an increasing in time of 24%, 75% and 112%, respectively

when comparing with the system with no PCM.
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» When PCM is added to the system, longer period with acceptable temperature
values. But obviously a compromise between each application and the quantity of

PCM used it has to be reached.

» The relationship between the melting temperature of the PCM and the storage
temperature of the system was analysed numerically. The results showed that the
phase change temperature of the used PCM has to be slightly lower than the

working temperature of the unit.
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7 The use of PCM in low temperature food applications other than

freezers

7.1 Introduction

In commercial applications such as restaurants, the period that the ice cream container
remains out of the freezer could be much longer than for example in households, and
hence the heat absorbed by the ice cream may increase affecting its quality and
increasing both, the near (absolute temperature) and the distant future (temperature
fluctuations) quality. Moreover, the domestic and commercial transport of temperature

sensitive products is commonly conducted with the use of insulated boxes.

It is well known that one of the most important factors affecting the quality of
temperature sensitive products is the temperature variation during the storage and
distribution stages [1-3], which could result in a reduction of quality and may shorten
the shelf life of the products. The same may be said for hot products, a temperature drop

due to heat losses through the packaging may affect the final consumption.

Moreover, for many researchers the mathematical modelling and the experimental
analysis of heat and mass transfer in frozen food during both freezing and thawing is of
great interest. The packing mode of frozen food during its distribution and storage is a
key aspect since they are expected to maintain its temperature within close limits and
hence ensure its optimum safety and high quality shelf life [56]. There are different
ways to enhance the thermal requirements of the system which must be kept within a

specific temperature range through the manipulation and the distribution chain:

e The utilization of high thermal protection by insulating containers [5], [56], [58].
e Using TES by the addition of PCM [3], [15-22], [59].
e Using TES by the addition of MAPCM [24-25].
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Perishable products should be treated carefully during both storage and transport. In
order to maintain food safety, the Food and Drug Administration code (FDA) [60]
specifies serving temperature standards of 5 °C or less for cold foods and 60 °C or
higher for hot foods as security temperatures. Moreover, related of the frozen desserts

and ice cream, the ideal serving temperature of them is between -14.4 and -12.2 °C [61].

The addition of PCM at the external part of the ice cream containers (Figure 28 (a)) may
enhance the quality of it when the container is placed outside the freezer. On the same
way, temperature sensitive product conditions when the product is placed in chilly bins

(Figure 28 (b)) can be enhanced using TES systems.

--.-*'
-

.
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Figure 28. Commercially ice cream 5 | container (a) and chilly bin (b).

7.2  Contributions to the state-of-the-art

This Chapter presents the experimental and numerical study of the inclusion of PCM in
low temperature food applications in particular in ice cream containers and chilly bins
regarding the food quality improvement. This research was developed in two different

publications:
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e E. Or6, A. de Gracia, L.F. Cabeza. Active phase change material package for
thermal protection of ice cream containers. International Journal of Refrigeration
36 (2013) 102-109.

e E. Oro, L. F. Cabeza, M.M. Farid. Experimental and numerical analysis of a
chilly bin incorporating phase change material. Applied Thermal Engineering.
Submitted (ATE-2012-3027R1).

The main contributions to the state-of-the-art can be summarized in the following

points:

» A new PCM packaging prototype for commercially 5 | ice cream containers was

designed. This prototype was experimentally and numerically studied.

» The addition of PCM in the external part of the ice cream container improves its
thermal response when it is placed outside the freezer and exposed to high ambient
temperatures showing significant benefits in minimizing temperature rise of the ice

creéam.

» The design with 10 mm of PCM at the bottom and 20 mm at the sides is selected as
the desirable PCM package design because the additional volume occupied in the

freezer is only 7% and has a high ice cream thermal protection.

» The increase in thermal energy storage capacity of the chilly bin system allows
sustaining better products serving temperature for longer periods. PCM
configuration was compared with that without PCM but with insulation, showing

the difference between thermal insulation and TES.

» The mathematical model developed for chilly bin system was used to simulate
storage and transportation of ice cream and hot products such as tea or coffee. Using
PCM increased transportation time of ice cream and hot water by 400% and 320%,

respectively.

49



» X CHAPTER VIl

N

Universitat de Licida 1 1€ Us€ of PCM in low temperature food applications other than freezers

7.3 Journal paper

7.3.1 Paperl

INTERNATIONAL JOURNAL OF REFRIGERATION 36 (2013) 102—-109

Available online at www.sciencedirect.com

SciVerse ScienceDirect -

journal homepage: www.elsevier.com/locate/ijrefrig

Active phase change material package for thermal protection
of ice cream containers

Eduard Oré, Alvaro de Gracia, Luisa F. Cabeza*

GREA Innovacié concurrent, Edifici CREA, Universitat de Lleida, Pere de Cabrera s/n, 25001 Lleida, Spain

http://www.sciencedirect.com/science/article/pii/S0140700712002368

50



» X CHAPTER VIl

s
Universitat de Lleida

The use of PCM in low temperature food applications other than freezers

7.3.2  Paper 2

Elsevier Editorial System(tm) for Applied
Thermal Engineering
Manuscript Draft

Manuscript Number: ATE-2012-3027

Title: Experimental and numercial analisys of a chilly bin incorporating
phase change material

Article Type: Research Paper

Keywords: chilly bins, frozen food, thermal protection, phase change
material, numerical modelling.

Corresponding Author: Prof. MOHAMMED MEHDI FARID,

Corresponding Author's Institution:

First Author: Eduard Oro, ME in Mechanical Engineering

Order of Authors: Eduard Oro, ME in Mechanical Engineering; MOHAMMED

MEHDI FARID; Cabeza Luisa F., PhD

The paper is submitted but still not accepted; therefore there is no publication available yet.

51



» X CHAPTER VIII

4
Universitat de Lleida

The use of PCM in low temperature industrial applications

8 The use of PCM in low temperature industrial applications

8.1 Introduction

It i1s well known that TES plays an important role in both industrial and domestic
applications. Northern European countries, such as Sweden, have a cold demand during
summer time which is normally covered with a district cooling system which is based
on cold water being distributed by a pipe network [62]. They use big water cavers to
cool down and store the warm water from the consumption (homes, offices, hospitals,
industries). Therefore, it is of great interest to study this type of storage system,

enhancing the thermal performance of them; some options are:

e To enhance the stratification.

e To enhance the energy density.

One of the most attractive latent cold TES systems is the encapsulated PCM, which
normally uses a cylindrical tank with spherical capsule filling in packed bed. For a
packed bed, a large amount of heat transfer area can be contained in a small volume,
and the irregular flow that exists in the voids of the bed enhances transport through

turbulent mixing.

This chapter presents, compares and validates two different mathematical models of
packed bed storage with PCM, more specifically the heat transfer during charge of the
PCM [63].

Some researchers studied a storage system composed of spherical capsules filling a
cylindrical tank [64-67]. The numerical solution was done using a marching technique
in which the phase change problem inside the spherical capsule was coupled with the
energy balance equation between the spherical boundary and the HTF, dividing the

storage tank in N layers each of height equal to the spherical capsules diameter. On the
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other hand, other researchers [68-69] have been investigating the performance of the
PCM packed bed considering that the PCM capsules behave as a continuous medium
and not as a medium comprised of individual particles, where the mathematical model

was also based on the energy balance between HTF and PCM.

In this Chapter two different mathematical models to describe the heat transfer and the
thermal performance of a cylindrical water storage tank filled of spherically
encapsulated PCM during charging process are presented. The first model is a
continuous model based on the Brinkman equation which model the HTF flow inside
the porous media and the second mathematical model treats the PCM capsules as
individual particles and therefore the temperature gradient inside the PCM capsules can

be analysed.

The experimental set up consisted mainly of a cylindrical storage tank with an internal
diameter of 101 mm and a total height of 500 mm, where only 3.73 | are used for
storage. Figure 29 shows the storage tank filled with PCM used in the experimentation.

The PCM used was an organic material with a storage capacity of 175 kJ/kg.

Figure 29. Storage tank used to perform the experimentation.
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8.2 Contributions to the state-of-the-art

This Chapter presents two different mathematical models to predict the thermal
response of a water tank filled with spherically encapsulated PCM. This research is

described in the following publication:

e E. Oro, J. Chiu, V. Martin, L.F. Cabeza. Comparative study of different
numerical models of packed bed thermal energy storage systems. Applied

Thermal Engineering 50 (2013) 384-392.

The main contributions to the state-of-the-art can be summarized in the following

points:

» Two different mathematical models for PCM packed bed TES systems are
developed and validated with experimental data. These mathematical models could

help in the design of new TES systems looking to enhance the actual systems.

» The results from the energy equation model show a basic understanding of cold
charging. Moreover, three different Nu correlations were analysed and compared
with the energy equation model. All of them showed the same temperature profile of

the PCM capsules, hence any of them could be used in future models.

» The comparison between both mathematical models indicated that free convection is

not as important as forced convection in the studied case.
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8.3 Journal paper
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9 Conclusions and recommendations for future work

9.1 Conclusions of the thesis

This thesis presents the study of the implementation of TES systems by using PCM in
cold applications. After an extend literature review about the use of PCM in low
temperature applications, it was found out that there was a gap in the implementation of
TES using PCM in commercial freezers. Material research and development were
carried out regarding on the specific working temperature of the cold system. The
application of PCM to a commercial freezer and its effects on temperature
fluctuations/rise and food quality were studied experimentally and through
mathematical modelling developed in this thesis. Moreover, the implementation of
PCM TES systems in food and industrial cold applications such as ice cream containers,
chilly bins and water storage tanks were experimental and numerical analysed. The

main conclusions that came out from this thesis are the following:

A state-of-the-art review of the available literature was developed to provide

required background and knowledge for the development research.

e The ammonium chloride (NH4Cl) system was analysed as a possible low
temperature PCM. Different additive concentrations were used for two purposes;
reducing subcooling and phase segregation by increasing the viscosity of the

material (CMC) and altering the phase change temperature (NaCl or AlF3).

e  When CMC was used in the PCM formulation the stability of the PCM under

long cycling was significantly improved.

e From the DoE results the phase change temperature of the PCM candidate is
predictable as a function of the concentration of the components in its

formulation.
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e (Cooper and carbon steel must be avoided as PCM containers in any case mainly
due to their high corrosion rate, but also because of the presence of precipitates

and pH changes.

e Aluminium is not recommended because of pitting and bubbles appearance on

1ts surface.

e Stainless steel 316 alloys are highly recommended for long use as PCM

container material.

e Any of the plastics tested (PP, PS, PET, and HDPE) did not show important
changes in weight or physical appearance of the samples therefore they are

compatible with the PCM studied.

e The use of PCM in a commercial freezer showed significant benefits in
minimizing temperature rise of the freezer and the product in it. Its use increases
the time at which the product is maintained in secure quality level when the

refrigeration system is not available or door openings are presented.

e A mathematical model to predict the temperature changes occurring in the
commercial freezers with and without PCM panels was developed and validated

with experimental data.

e The phase change temperature of the PCM should be slightly lower than the
storage temperature to maximize benefits in minimizing temperature rise of the
freezer and the product in it. This assessment is concluded in both numerical and

experimental studies.

e A new PCM packaging prototype for commercially 5 | ice cream containers was

designed using a mathematical model which was validated with experimental
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data. The addition of PCM in the lateral and bottom walls of the ice cream
container improves its thermal response when it is placed outside the freezer and
exposed to high ambient temperatures showing significant benefits in

minimizing temperature rise of the ice cream.

e A mathematical model was developed for chilly bin modified with the addition
of PCM to simulate storage and transport of ice cream and hot products such as
tea or coffee. Using PCM increased transportation time under secure levels of

ice cream and hot water by 4 and 3 times, respectively.

e Two different mathematical models for PCM packed bed TES systems were
developed and validated with experimental data. These mathematical models
could help in the future design of new TES systems looking to enhance the
actual systems regarding the enhancement of thermal stratification and energy

storage density by using PCM packed bed.

9.2 Recommendations for future work

Though a suitable PCM has been successfully developed, further work is needed to
develop less corrosive PCM in contact with some metals and to search more additives to
alter the phase change temperature at desirable. These will allow for adjustment of the

PCM needed for different applications.

PCM panels have been successfully applied in domestic freezers for minimising
temperature fluctuations during door opening and electrical power failure. The next step
is to apply PCM panels to larger or different facilities, such as ice cream trolleys,

delivery vans or medium cold stores.

The mathematical model could also be extended to a CFD modelling to simulate other

cold applications and to simulate air flow and therefore heat transfer with different
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product amount/location configuration. Moreover, CFD modelling could be used to

predict the optimum position and performance of PCM panels.

The quality of the frozen food has been analysed in the past mainly under temperature
fluctuations. However, from the ice cream temperature behaviour during transport and
storage without refrigeration system, temperature rise (melting-refreezing) is the most
common behaviour. Therefore the quality of the frozen food in particular of ice cream
could also be extended in terms of ice crystal size growth under temperature rise when a

partial melting process occurs followed by a re-freezing.
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