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PREFACE
Salt hydrates as an inorganic phase change material (PCM), are used for thermal energy
storage (TES) applications. It provides a higher energy storage density, relatively high
thermal conductivity than organic PCM, non-flammable and is available in the wide
temperature range at a reasonable cost. Sodium sulfate decahydrate (Na2SO4·10H2O)
have melting point of around 32oC-35oC and have a melting enthalpy of about 240 J/g.
Hence, it can be one of the most popular PCM under inorganic salt hydrates for its use in
room temperature application (25oC-35oC). But, like other salt hydrates, due to
undesirable behaviours such as phase segregation, supercooling, formation of lower
hydrates and corrosion to the storage containers, this salt hydrate is usually not
recommended for TES applications. The objective of the present research is to accomplish
salt hydrate (Na2SO4·10H2O) as latent heat storage material by mitigating the issues using
various intensification techniques, for its application between 40oC to 10oC.
Chapter 1 introduces the salt hydrates used as PCM, with their advantages and
issues with the use of salt hydrates as PCM in TES systems. Chapter 2 includes a detailed
literature review about the research outcomes that were reported for salt hydrate as PCM.
The synthesis process of the salt hydrates using the solution crystallization process
motivated to use the aqueous saturated salt solution as a PCM, alternate to pure salt
hydrates. A PU-PCM composite, by incorporating the aqueous saturated salt solutions
within the pores of a porous polyurethane (PU) layer, has been proposed in chapter 3. The
thermal insulation capability of this composite, using a model experimental setup has
been discussed. A computational solving approach for this composite having
crystallization of Na2SO4·10H2O from its aqueous solution within open pores of PU foam
has been discussed in chapter 4 and are compared with its experimental results.

xxi

In Chapter 5, a water-based gelling agent (LAPONITE®) can be utilized to
mitigate the phase segregation issue with the saturated salt solution during phase change.
Just to test the shape stabilization performance of water during phase change, a hydrogelbased on LAPONITE® was purposed as PCM. The phase change phenomenon of this
hydrogel (between -10oC to 20oC) was compared with water, IPA and the results are
discussed.
A gel-based composite material having a mixture of an aqueous saturated salt
solution of Na2SO4, water-based gelling agent and borax as nucleation agent is suggested
in chapter 6, than the direct use of salt hydrate (Na2SO4·10H2O) and non-gel based
aqueous saturated salt solution (as explained in chapter 3). The synthesis and optimization
process of various components of this composite mixture has been discussed using the
temperature-time history method. The thermal insulation capability (within a model
double jacketed cylindrical vessel, between 40oC to 10oC) and thermal analysis
(melting/freezing temperature and enthalpies) of this composite gel-based PCM was
compared with non-gel based saturated salt solution.
In chapter 7, an intensification to this existing PU-PCM composite (as explained
in chapter 3) has been carried out by incorporating gel-based synthesized PCM (as
explained in chapter 6) other than non-gel based saturated salt solution and are named as
PU-Gel and PU-Salt PCM respectively. The leakage test of PCM, from both types of PUPCM composite, was observed to optimize the PCM concentration in PU-Gel composite.
DSC analysis of both the composite PCM and its thermal performance test between the
temperature ranges of 40oC to 10oC for the 30th thermal cycle has been discussed.
Finally, the conclusion and recommendations for future research have been also
presented.
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Chapter 1
Introduction
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1.1 Introduction
Salt hydrates are one of the most common inorganic compounds that are used as phase
change material (PCM) for thermal energy storage (TES) application. Salt hydrates
consist of inorganic salts (AB) and water (H2O), which form a typical crystalline solid
with the general formula (AB·nH2O). Water has been tightly bound to the compound in
the hydrate crystal structure, as a separate and unique compound, and called the water of
hydration [1]. The main highlight of this chapter is to provide a comprehensive overview
of the use of salt hydrates for their applications in TES application. This chapter also
focuses on the advantages, disadvantages and mechanism of heat transition in salt
hydrates for the thermal energy storage system.
Salt hydrates have some most desired properties for TES applications like (1) high
latent heat of fusion per unit volume at its melting point (2) higher thermal conductivity
(as much as two times compared to paraffin) (3) small volume change during phase
change process (4) slightly toxic (5) non-flammable (6) inexpensive, a wide range of
material available in the market (7) compatible with plastic containers. These are
available for a wide range of phase transition temperatures. Besides these, due to the
undesirable properties like phase segregation, supercooling and corrosion to the
containers, these PCMs not recommended for TES application [2],[3],[4]. To mitigate
these issues and to make salt hydrates suitable in TES applications, much research has
been carried out in past years, but still significant improvements needed for salt hydrates.
1.2 Thermal energy storage (TES) methods
Energy storage techniques have been applied to enhance the efficiency of renewable
energy and to reduce the usage of fossil fuels [5],[6],[7]. Non-renewable energy resources
such as coal, gas, or oil are depleting with time and in future, these sources will eventually
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finish. Conserving energy not only helps to conserve resources but also takes into the
reduction of environmental pollution, financial savings [8]. Thermal energy storage
(TES) methods are widely used techniques for energy storage in buildings and industrial
applications. Solar thermal energy and excess/waste industrial heat were the main sources
of thermal energy, that requires to be stored using TES systems [9],[10]. These
stored/reserved energies will be useful, during the non-availability of primary energy
source and will shrink the mismatch between demand and supply of energy [2],[11]. A
storage system with high storage density (energy units per unit volume), superior
charging and discharging capability of thermal energy are highly desirable for TES
systems [12]. Thermochemical, sensible and latent heat storage techniques are the known
methods for TES systems. The classification of available materials for these TES methods
are reported in various literature [2],[13],[14]. Out of these, sensible heat storage (SHS)
and latent heat storage (LHS) were mostly applied to TES applications [1],[2],[11].
1.2.1 Thermochemical heat storage systems
In thermochemical heat storage systems, thermal energy is absorbed and then released by
breaking and reforming molecular bonds, respectively in a chemical reaction [2]. This
principle for thermochemical heat storage (THS) can be explained by the reactions given
below. For example, a reactant compound “MN” absorbs Q1 amount of thermal energy
(charging step/ endothermic reaction) and then decomposes into components “M” and
“N” [Equation (1.1)]. Then due to the reversible nature of this reaction, the components
“M” and “N” again combines (discharging step/ exothermic reaction) to form “MN” by
releasing a Q2 amount of heat [Equation (1.2)].
𝑄1(↓)

𝑀𝑁 →

𝑀+𝑁

𝑄2(↑)

𝑀+𝑁 →

[Equation (1.1)]

𝑀𝑁

[Equation (1.2)]
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During the charging step, the components “M” and “N” can be kept separately, to
avoid an immediate reverse reaction for which pressure and temperature conditions
needed to be maintained. Due to the complicacy related to maintaining reaction
parameters, for Buildings’ and other areas of applications, it is hardly used in TES
application [1].
1.2.2 Sensible heat storage systems
In sensible heat storage (SHS) systems thermal energy is generally stored, within a solid
or liquid medium, by raising/decreasing its temperature within the interval where no
phase change involves. The amount of heat stored (Q) depends on the amount of storage
material (m), the change in temperature (from initial temperature T1 to a final temperature
T2) and the average specific heat of the medium (Cp, average from T1 to T2) [Equation (1.3)].
To store heat energy, SHS systems require a large volume of the storage medium and a
high-temperature difference condition between T1 to T2. For practical applications, these
storage systems are space constrained. Water (inexpensive and has a high specific heat)
acts as the best SHS liquid for application temperature range below 100oC. Liquid
mediums such as molten salts, oils and liquid metals, etc. are used for SHS above 100oC.
Rock, brick, concrete, iron includes some common solid types for SHS mediums [1],[2].
𝑇

𝑄 (𝑆𝐻𝑆) = ∫𝑇 2 𝑚𝐶𝑝,𝑚𝑒𝑑𝑖𝑢𝑚 𝑑𝑇 = 𝑚𝐶𝑝,(𝑎𝑣𝑒𝑟𝑎𝑔𝑒) (𝑇2 − 𝑇1 )
1

[Equation (1.3)]

1.2.3 Latent heat storage systems
Latent heat thermal energy storage systems (LHS) among the other techniques related to
thermal heat storage are attractive and mostly in use. Latent heat storage medium
undergoes a phase change between solid/liquid, liquid/gas or vice versa, within the
applied temperature range (from T1 to T2) [Equation (1.4)]. The change in volume of the
material during phase change conversions between liquid and gas phase is very high and
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requires high-pressure containers to store the materials in the gas phase. Thus phase
change materials with conversion between liquid ↔ gas are not applied for practical use
and TES mediums based on solid ↔ liquid phase transitions are mostly in use [12]. If no
phase change occurs in the TES medium, the storage medium is referred to as sensibleheat storage (SHS). For latent heat storage systems, the storage medium is referred to as
the phase change material (PCM).
𝑇

𝑇

1

𝑚

𝑄 (𝐿𝐻𝑆) = ∫𝑇 𝑚 𝑚𝐶𝑝,𝑠𝑜𝑙𝑖𝑑 𝑝ℎ𝑎𝑠𝑒 𝑑𝑇 + ∆𝐻 + ∫𝑇 2 𝑚𝐶𝑝,𝑙𝑖𝑞𝑢𝑖𝑑 𝑝ℎ𝑎𝑠𝑒 𝑑𝑇

[Equation (1.4)]

At a fixed or constant phase transition temperature (Tm), LHS material
interchanges phase between two phases, solid and liquid (melting and freezing). At this
constant temperature (Tm), they store or release more thermal energy (latent heat ∆H)
[2],[12],[15]. Due to this latent heat, LHS mediums can store more heat (Q (LHS) > Q
(SHS)) for the same temperature interval (figure 1.1) and offers high-energy storage
density.

Figure 1.1 Comparison of sensible and latent heat storage system [16],[17]
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Application of PCMs as latent heat thermal storage systems found useful in
maintaining Buildings’ cooling and heating needs during off-peak hours, for containers
storing food products during transportation, textiles with PCM for relief from high heat
and low cool environment, to use less energy within refrigerators and freezers, to store
solar thermal energy, etc. PCMs can able to fulfil the demand for energy-saving and ecofriendly materials [18]. A detailed review on the application of various TES methods
using PCMs applied to various industrial processes (around 50 case studies) for recovery
and reuse of industrial waste heat was explained by Cabeza et al. [19]. The application of
PCMs not only reduces the cost of energy production but also decreases the emission of
CO2, which leads to better industrial activities. The desired thermophysical, kinetic and
chemical properties, that an ideal PCM should meet, were reported [12],[15],[20].
1.3 Mechanism of heat transition in salt hydrates during the phase change process
Salt hydrates for TES application can be used in the form of melt, eutectic mixtures or in
the form of saturated salt solution. The heat transition occurring due to phase change
within the salt hydrate medium is the foundation for latent heat energy storage. The phase
change process in salt hydrates is similar to the melting and freezing of the compound.
But with salt hydrates, this can be achieved by the process of hydration and dehydration,
or with the process of partial hydration and partially dehydration of the salt hydrates.
The melting/ dehydration behaviour of the salt hydrates can be classified as congruent,
incongruent and semi-congruent categories. In the case of congruent melting behaviour,
at the melting temperature of salt hydrate or during hydration, all the anhydrous salt is
completely soluble within its water of hydration. In incongruent melting behaviour, all
the anhydrous salt is not completely soluble within its water of hydration. In semicongruent melting behaviour, only a partial amount of anhydrous salt will be converted
into salt hydrate or to salt hydrate with lesser water of hydration [2].
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Here let AB represents some inorganic salt. For the salt hydrates showing congruent
melting behaviour, on charging of heat to the salt hydrates or during heating, the salt
hydrate (AB·nH2O) absorbs the heat of melting (Q3) and breaks or dehydrates into solid
anhydrous salt phase (AB), liquid water [Equation (1.5)]. Upon cooling, this binary phase
with anhydrous salt and its water of hydration turns again into solid salt hydrate
(AB·nH2O) by emitting heat of fusion (Q3) [Equation (1.6)].
𝑄3(↓)

Dehydration: 𝐴𝐵 ∙ 𝑛𝐻2 𝑂 →

𝐴𝐵 + 𝑛𝐻2 𝑂

𝑄3(↑)

𝐴𝐵 + 𝑛𝐻2 𝑂 →

Hydration:

[Equation (1.5)]

𝐴𝐵 ∙ 𝑛𝐻2 𝑂

[Equation (1.6)]

For salt hydrates not showing congruent melting behaviour, on charging of heat to the
salt hydrates or during heating, the same salt hydrate (AB·nH2O) breaks into some lower
hydrates (partial dehydration) than anhydrous salt phase [Equation (1.7)]. Again, during
hydration, the water of hydration will not be sufficient to dissolve all the salt generated
during the heating cycle. Hence, instead of forming the same salt hydrate again
(AB·nH2O) and salt with lower water of hydration forms [Equation (1.8)]. The causes for
such behaviour are discussed in section 1.4 [1].
Partially dehydration:
𝑄4(↓)

A𝐵 ∙ 𝑛𝐻2 𝑂 →

𝐴𝐵 ∙ 𝑙𝐻2 𝑂 + (𝑛 − 𝑙)𝐻2 𝑂 (𝑙 < 𝑛)

[Equation (1.7)]

Partially hydration:
𝑄4(↑)

A𝐵 + 𝑛𝐻2 𝑂 →

𝐴𝐵 ∙ 𝑝𝐻2 𝑂 + (𝑛 − 𝑝)𝐻2 𝑂

(𝑝 < 𝑛)

[Equation (1.8)]

During thermal cycles/phase change, the density of the solid and liquid phase for
most hydrated salts is not varied. But in case of CaCl2·6H2O [1] and CH3COONa·3H2O
[21], the volume change observed as high as 15% and 13.3% respectively. While for
KF2·4H2O a considerable volume change of only 0.55% observed [1].
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Some of the salt hydrates reported for congruent melting behaviour includes
LiClO3·3H2O,

Cd(NO3)2·4H2O,

(NH4)Al(SO4)·12H2O.

While

Mg(NO3)2·6H2O,

CH3COONa·3H2O,

Zn(NO3)2.6H2O

MgCl2·6H2O,

and

CaCl2·6H2O,

Na2SO4·10H2O, Na2CO3·10H2O, Na2HPO4·12H2O, Na3PO4·12H2O, Al2(S4)3·18H2O are
reported for incongruent melting [21],[22]. The dehydration and hydration of three
molten salts CaCl2·6H2O, MgCl2·6H2O and Ca(OH)2 were investigated by using the
analytical instrument TGA/DSC and was reported as three, two and one step reactions
respectively [Equation (1.9), (1.10) and (1.11)] [9].
→
𝐶𝑎𝐶𝑙2 · 6𝐻2 𝑂 ←→ 𝐶𝑎𝐶𝑙2 · 4𝐻2 𝑂 + 2𝐻2 𝑂→
← 𝐶𝑎𝐶𝑙2 · 2𝐻2 𝑂 + 4𝐻2 𝑂 ← 𝐶𝑎𝐶𝑙2 + 2𝐻2 𝑂

[Equation (1.9)]
𝑀𝑔𝐶𝑙2 · 6𝐻2 𝑂 ←→ 𝑀𝑔𝐶𝑙2 · 4𝐻2 𝑂 + 2𝐻2 𝑂

→
←

𝑀𝑔𝐶𝑙2 · 2𝐻2 𝑂 + 4𝐻2 𝑂 [Equation (1.10)]

𝐶𝑎(𝑂𝐻)2 →
← 𝐶𝑎𝑂 + 𝐻2 𝑂

[Equation (1.11)]

Apart from the molten salt hydrates, a system having a eutectic composition of
salt hydrates or an aqueous saturated salt solution can also be used as PCM in TES
application. In these types of storage systems, the state of PCM existed as
liquid/slurry/magma (mixture of salt hydrate and solution), depending on the
concentration of salt in solution and environment temperature. The heat energy transition
with this type of PCM occurred through the process of formation and melting of salt
hydrate within the aqueous saturated salt solution. The operation applied for the formation
and melting of salt hydrate within saturated salt solution called solution crystallization.
Crystal (solid) formation during crystallization from an aqueous saturated salt solution is
an exothermic process. During the phase change from the saturated liquid solution to salt
hydrate, heat releases within the system (exothermic process). In reverse, during the
dissolution of crystal/salt hydrates (phase change from salt hydrate to the liquid solution)
heat is absorbed by the system (endothermic process).
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The solubility curve represents the equilibrium relationship between maximum
concentrations of the solution that can be achieved by bringing solute (salt) into
equilibrium with the solvent as a function of temperature. Segment DEF in figure 1.2
shows the general solubility curve for a salt-water system.

Figure 1.2 Phase diagram for a salt-water system with a eutectic point [23]
Pure water freezes at 0°C. With the addition of salt to the water, the freezing point
of water will be depressed below 0°C. When the temperature of the solution, goes below
segment DE, the water only freezes to form ice by keeping all the salts in a dissolved
state. The composition of salt in water at point E has a minimum freezing point of the
system and is known as the eutectic point. Eutectic materials are a mixture of two or more
materials having a sharp melting point similar to pure substance and have higher
volumetric storage density [24],[25],[23]. Below this point E, at a single temperature
(T(EU)) and specific eutectic composition (E), all the solution freezes and melts
completely from liquid to solid or from solid to liquid phase [23]. With issues like
9

corrosion and supercooling, these eutectic solutions have good thermal conductivity,
density and low flammability and used as PCM [23]. With further increasing salt
concentration, in the segment range EF, the freezing temperature of the solution increases
until the freezing point of pure salt. On cooling a feed or initial saturated solution, with
concentration and temperature above EF to below the segment range EF, salt hydrates
will start crystallizing in the solution when the temperature will reach below segment EF
(solution crystallization). This line EF is the nucleation/solubility curve and represents
the temperature at which crystals will spontaneously form from a pure saturated solution.
But the formation of crystals observed only when the solution supercooled sufficiently
past the curve EF. This temperature difference between the true nucleation point
temperature on solubility curve EF and the temperature (below true nucleating point
temperature) at which nucleation of salt crystals formed, is the supercooling temperature
or delta T [26],[27].

Figure 1.3 Partial phase diagram for sodium sulfate and water system [15],[28],[29]
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To make a clear understanding of this, the solubility diagram for sodium sulfate
anhydrous in water with reference to the temperature is shown in figure 1.3 [15],[28],[29].
In this solubility phase diagram, the liquidous line (segment PQ) that expresses the
equilibrium line between the formation of Na2SO4·10H2O (crystal) and saturated sodium
sulfate solution, can also be taken as the hydration/melting phase of salt hydrates in water.
All the possible phases of sodium sulfate that will form, at different temperature and
composition of the solution are shown in figure 1.3. Let point A in region 1 be the
temperature and concentration of the initial aqueous saturated salt solution used in the
TES system. During cooling, the temperature of the solution decreases (from point A to
B) below the segment PQ (liquidous curve). The solute concentration at a temperature
below the segment PQ will be more than equilibrium and to attain the equilibrium, the
solution expels the excess solutes as salt hydrate crystal Na2SO4·10H2O. Due to the
formation of crystals, heat will release (exothermic process) from the solution to the
surroundings. With a further gradual decrease in solution temperature, more crystals
forms and the heat discharge process occurs continuously till all the solution get frozen
(point C). The temperatures at point A and B represents the operational temperature range
for PCM in the TES system. Region 2 (figure 1.3) will have the binary phase mixture for
the saturated salt solution and salt hydrate. During heating the PCM (from point B to A),
the solid phases present will be changed from solid to liquid and heat will be absorbed
(endothermic process) from the environment.
Similarly, the melting phase diagram for the Disodium hydrogen phosphate
dodecahydrate-water (Na2HPO4-H2O) [30] system is shown in figure 1.4. The region for
the formation of all types of hydrated salts of Na2HPO4 from its salt solution was shown
in figure 1.4.
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Figure 1.4 Partial phase diagram for Na2HPO4 and water system [30]
The melting phase diagram for the different salt hydrate-water system (CaCl2H2O, Ca(NO3)2-H2O, Cd(NO3)2-H2O, CH3COONa-H2O, KF-H2O, LiClO3-H2O, LiNO3H2O, MgCl2-H2O, Mg(NO3)2-H2O, Mn(NO3)2-H2O, Na2CO3-H2O, Na2HPO4-H2O,
Na2SO4-H2O, Na2S2O3-H2O, NH4Al(SO4)2-H2O, Zn(NO3)2-H2O) along with their
thermophysical properties (melting temperature, specific heat, thermal conductivity,
density, the heat of fusion, viscosity) in both phases was reported. Region for the
formation of all types of hydrated salts from the saturated salt solution was reported [30].
Different concentrations of saturated aqueous salt solutions can be used as PCM, to
get a wide phase change temperature range. With solution crystallization, congruent
melting behaviour will be reduced due to extra solution present in the medium, but the
volumetric heat storage capacity of the TES system decreases compared to pure PCM. In
the solution crystallization process the amount of solid formation/dissolution (heat
released/absorbed) process purely depends on the system temperature.
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1.4 Problems and possible solutions for salt hydrates in TES systems
Literature has described various problems associated with the use of salt hydrates for
thermal energy storage systems. These include (1) supercooling, (2) nucleation of
undesired lower hydrates, due to its weak nucleation properties, (3) phase segregation,
during repeated thermal cycles, and (4) corrosion to PCM storage container [1],[2],[13].
During cooling of the salt solution (heat charging/hydration step), the
solidification/nucleation of salt hydrates starts at a much lower temperature (supercooling
effect) than its true melting temperature. Most salt hydrates have poor nucleating
properties and the formation of salt hydrates is influenced by the presence of nucleating
agents, the rate of cooling and stirring rate. The rate of nucleation of salt hydrate (starting
of a phase change to solid) at the melting temperature is negligible. The solution has to
be cooled below its melting temperature to achieve a reasonable rate of nucleation. The
degree of supercooling is the temperature gap (delta T) between the true melting point
temperature and the temperature at which nucleation starts [31],[32]. At this condition,
much amount of crystals form within the system to attain equilibrium. Due to this delay,
the sensible heat storage process extended than latent heat storage and a sudden increase
in a large amount of heat will create difficulties in practical application [31],[33].
Another possible problem, during the heating cycle (dehydration/heat discharging
step), is the salt hydrate decomposition to anhydrous/lower hydrate salts (solid) and an
aqueous salt solution. These denser anhydrous salts (solid) precipitate and settle to the
bottom of the container. Further, upon cooling, rehydration starts only at the interface
between precipitated salt and solution. Due to the contact barrier between the solution
and deposited anhydrous salt, the remaining anhydrous salts present in the system will
not have enough water to dissolve completely and will deposit at the bottom due to its
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higher density. This causes irreversibility in the process. The deposition of salt (phase
segregation) or nucleation of lower salt hydrates increases continuously with increased
thermal cycles and depreciate the efficiency of the TES system [1],[22].
Applications of salt hydrates were far lagging behind organic PCMs. The industry is
strongly in search of efficient thickening and nucleating agents to overcome problems
faced during hydration/ dehydration of salt hydrates, for enhancement of thermal
conductivity, and heat storage capacity. Appropriate salt hydrates to be suggested for
PCM must have an optimized amount of nucleating agent, thickener within them. Salt
solutions are also corrosive to metal surfaces. By adding corrosion inhibitors or using
suitable containers, the effect of corrosion on PCM containers can be eliminated. Again,
suitable packaging or container for salt hydrate PCM is also important to reduce the
problem of leakage and water evaporation. Various researchers have suggested different
techniques to minimize these problems and are discussed in chapter 2 [1],[2],[34].
1.5 Scope of the thesis
Sodium sulfate decahydrate (Na2SO4·10H2O) have melting point of around 32oC-35oC
and have a melting enthalpy of about 240 J/g. Hence, it can be one of the most popular
PCM under inorganic salt hydrates for its use in room temperature application (25oC35oC). Like other salt hydrates, due to undesirable behaviours such as phase segregation,
supercooling, formation of lower hydrates and corrosion to the storage containers, this
salt hydrate is usually not recommended for TES applications. The objective of the
present thesis is to develop a stable inorganic salt hydrate (Na2SO4·10H2O) based PCM,
having a phase transition between 25oC-35oC (to maintain atmospheric temperature), that
can be applied as an insulating layer with outside/environmental temperature varying
between 40oC to 10oC. The thesis discussed various intensifications that were carried out
to mitigate the issues with application of salt hydrate and is divided into seven chapters.
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Chapter 1 introduces the salt hydrates used as PCM, with their advantages and
issues with the use of salt hydrates as PCM in TES systems. It also contains the
mechanisms related to storing and discharging of heat in salt hydrates that applicable
during TES applications.
Chapter 2 includes a detailed literature review about the research outcomes that
were reported for salt hydrate as PCM.
In chapter 3, the aqueous saturated salt solution based on Na2SO4 has been
proposed as an inorganic phase change material (PCM) instead of convectional used pure
salt hydrates for thermal energy storage (TES) applications. The heat released/absorbed
phenomenon with the aqueous saturated salt solution as PCM has been explained using
its solubility diagram. A novel approach, open-cell polyurethane foam (PU foam) as
heterogeneous support was introduced to mitigate the phase segregation problem during
its repeated thermal cycles. Preparation of the PU-PCM composite PCM, having a
combination of porous polyurethane foam sheet and the aqueous saturated inorganic salt
solution has been discussed. The thermal insulation capability of the PU-PCM composite
sheet have been observed, in a model experimental glass setup, for a temperature range
between about 30oC to 5oC and results are discussed. Problem faced while the use of PUPCM composite was also addressed.
In chapter 4, a computational study for the thermal insulation capability of the
PU-PCM composite has been discussed and are compared with its experimental results
(as discussed in chapter 3). For the computational study, COMSOL Multiphysics
software was used. A two-dimensional axisymmetric physical model similar to the
experimental setup having Na2SO4 saturated solution that undergoes phase change within
porous PU foam was modelled. Assumptions considered for the computational study have
been discussed in detail. Results obtained are compared with the experimental outcomes.
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The objective of chapter 5 is to purpose a water-based gelling agent
(LAPONITE®) that can be utilized to mitigate the phase segregation issue with the
saturated salt solution during phase change. Just to test the shape stabilization
performance of water (convective movement of water  ice) during phase change, a
hydrogel-based on LAPONITE® was purposed as PCM. The effect of this additive on the
viscosity and thermal properties of the water were studied and discussed. The phase
change phenomenon of this hydrogel (between -10oC to 20oC) was compared with water
and the results are discussed.
In chapter 6, a parallel solution to the phase segregation issue with using only
aqueous saturated salt solution (apart from using PU foam as explained in chapter 3) has
been purposed. A composite having a mixture of an aqueous saturated salt solution of
Na2SO4, LAPONITE® (water-based gelling agent) and borax as nucleation agent has been
proposed as PCM than the direct use of salt hydrate Na2SO4·10H2O or aqueous saturated
salt solution of Na2SO4. Experiment-based test methods were developed for finding the
optimum amount of nucleating (borax) and gelling agent required in the saturated salt
solution for the phase change process ranging temperature between 25oC-35oC and for
mitigation of phase segregation. The thermal insulation capability (within a model double
jacketed cylindrical vessel, between 40oC to 10oC) and thermal analysis (melting/freezing
temperature and enthalpies) of this composite gel-based PCM was compared with nongel based saturated salt solution and the results are discussed.
In chapter 7, an intensification to this existing PU-PCM composite (as explained
in chapter 3) has been carried out by using gel-based synthesized PCM (as explained in
chapter 6). The gel-based PCM was incorporated within the pores of PU foam (PU-Gel
PCM) instead of non-gel based aqueous saturated salt solution (PU-Salt PCM). The
leakage test of PCM, from both types of PU-PCM composite, has been observed to
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optimize

the

PCM

concentration

in

PU-Gel

composite.

Melting/freezing

temperature/enthalpy of these composite (PU-Salt PCM and PU-Gel PCM) are analyzed
and results are discussed. The thermal performance results for these composites as an
insulation layer in the temperature range between 10oC to 40oC are discussed. The
applicability and formation methodology of this purposed gel-based based PU-PCM was
also checked for another model substance (Na2HPO4) as PCM. Its thermal performance
test was performed and the results are discussed.
Finally, the main conclusions derived from this thesis work and recommendations
for further study are highlighted.
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Chapter 2
Literature Review

The content of this chapter is published in,
Purohit, B. K., and Sistla, V. S. (2020). Inorganic salt hydrate for thermal energy storage
application: A review. Energy Storage, Wiley, e212.
(DOI: https://doi.org/10.1002/est2.212)
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2.1 Introduction
This chapter includes a detailed literature review about various experimental/numerical
research outcomes and the application in TES systems that were reported for salt hydrates
as phase change material.
2.2 Background about salt hydrates as phase change materials
PCMs were classified mainly into three categories as organic PCM (fatty acids, paraffin),
inorganic PCM (metallic, salt and salt hydrate), and eutectics PCM (mixtures of different
PCM having a sharp melting point). A huge number of potential materials for latent heat
storage application are reported [20],[34],[21]. A comparison of properties between
sensible and latent heat energy storage systems was summarised [7],[34]. Organic PCMs
are (paraffin (CnH2n+2) and non-paraffin compounds) generally chemically stable, possess
congruent melting (melt and freeze repeatedly without phase segregation), have a high
latent heat of fusion, non-toxic and non-corrosive. While salts, salt hydrates, mixtures of
salts, metallic and alloys come under the categories of inorganic PCM. Inorganic phase
change materials have high latent heat values, good thermal conductivity, non-expensive
and non-flammable as compared with organic materials. These PCMs were available in
a wide range of phase change temperature and can be applied for different application
[24]. A large amount of resource in the commercial market, with suitable properties and
desired phase change temperature, are available [15]. Salt hydrates for use in TES
application with their thermal properties were listed in Table A.1 and A.2 (Appendix A).
Salt hydrates for TES application can be used alone or as a mixture of salt hydrates
(eutectic mixtures) [35]. Eutectics are the mixtures of different not reacting substances
that freeze and melt congruently at a fixed temperature below the melting point of
individual components [24]. Table A.3 (Appendix A) provides a list of some reported
eutectic salt hydrate PCMs.
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2.3 Techniques for improvement of salt hydrate performance as PCM
2.3.1 Addition of excess water to the TES system
During cooling cycles for molten salt hydrates, the formation of an anhydrous salt
increases due to the clogging of the deposited salts at the bottom of containers.
Researchers reported that some extra water may be added to a salt hydrate during the
cooling cycle to suppress this phenomenon. This extra water will help to dissolute the
extra deposited anhydrous salt in the system and keep the medium as a saturated salt
solution [15]. A mixture of 68·2 wt% of Na2SO4·10H2O and 31·8 wt% of H2O (extra
added water) suggested using for TES compared to Na2SO4·10H2O PCM [29]. Due to
extra added water, volumetric heat storage capacity decreased compared to pure PCM.
Which lead to an increase of 50% mass and 70% volume for the TES system to store the
same heat as compared to pure PCM [15]. For five different incongruently melting salt
hydrates, the heat storage capacity of the storage mediums having salt hydrates (33 wt%
Na2SO4, 33 wt% Na2CO3, 27 wt% Na2HPO4, 61 wt% Na2S2O3, 58 wt% NaCH3COO)
with additional water was reported. Within the temperature interval 0-100oC, these salt
solutions have better energy storage capacity than water. Extra water caused problems
like lower thermal conductivity and supercooling problems in the system [22].
2.3.2 Mechanical stirring of the TES system
To reduce problems of phase segregation and supercooling, the solid PCM formed
(during cooling) suggested being in a suspension state [22]. Mechanical stirring [22] of
PCM and the use of the rolling cylinder device [36] during thermal cycling to keep the
solution in motion are suggested. The performance of PCM having 33 wt% Na2SO4 and
67 wt% of water was stabilized by providing soft stirring of the solution that decreases
the contact barrier between the melted salt hydrates and saturated salt solution [22]. A
heat storage system having PCM within a rolling cylinder (rotation rate of 3 rpm) device
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was suggested by the General Electric Research and Development Centre. Herrick et al.
[36] performed experiments using Na2SO4·10H2O as PCM within a rolling cylinder heat
storage system. Advantages like complete phase change, the release of almost theoretical
latent heat, stability for over 150 thermal cycles, high internal heat transfer rates, freezing
occurrence uniformly, were reported with the use of the rolling heat exchanger [36]. But
for practical application, this type of storage system cannot be used because of the
difficulties involved in adding stirring to TES systems.
2.3.3 Addition of nucleating agent to the TES systems
Supercooling is one of the common issues for most salt hydrates. Due to supercooling the
temperature for nucleation/starting of formation of salt hydrate crystal from the salt
solution gets delayed. For a PCM the degree of supercooling (delta T) and fluctuation of
phase change temperature (Tm) must be minimized. Nucleation triggering methods were
classified as active (activating the crystallization) and passive (reduces supercooling
temperature). The factors that generally influence the degree of supercooling (delta T)
were (1) homogeneous nucleation, (2) heterogeneous nucleation, (3) rate of cooling, and
(4) roughness of PCM container, etc. Other methods such as the application of agitation,
mechanical shock, electro freezing, high pressure, or ultrasonic waves were also reported
to be effective. A review on the supercooling phenomenon for phase change materials
with its detail theory and factors by which these can be eliminated or reduced were
available [26],[27]. Beaupere et al. [27] listed various nucleating agents for salt hydrates
(CaCl2·6H2O,
Mg(NO3)2·6H2O,

CH3COONa·3H2O,
Na2HPO4·12H2O,

KF·4H2O,

LiNO3·3H2O,

Na2SO4·10H2O

and

MgCl2·6H2O,

Na2S2O3·5H2O)

and

summarized their effect on latent heat, supercooling of PCMs. Ushak et al. [37]
summarized, the effect of various nanoparticles for improving low thermal conductivity
and high subcooling degree of a wide range of salt hydrates.
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During cooling of salt solution, nucleation or start of the formation of salt hydrate
crystal as embryos of new phase formed after reaching a certain degree of supercooling.
These embryos then grow with decreasing temperature to form salt hydrate crystals.
Formation of salt hydrates through this process known as homogeneous nucleation. But
nucleation formation on some suspended particles, impurities, foreign particles is known
as heterogeneous nucleation. These foreign particles were referred to as nucleating agents
that help in minimizing the degree of supercooling [38]. To suppress the effect of high
supercooling, different heterogeneous/ nucleating materials which are similar in atomic
arrangement and lattice spacing can be added to the supersaturated solutions [39].
Nucleating agents also termed seed crystals or nuclei, assists PCM crystals to grow on
them during freezing of the PCM. Nucleating materials were generally classified into
three basic categories: (1) isomorphous (have similar crystal structures and lattice
parameters to the substrate salt), (2) isotypic (have nearly identical crystal structures and
lattice parameters with the substrate salt, about 15%) and (3) epitaxial (have different
crystal structures and lattice parameters, but the nucleating salt crystals surface should
have the preferred positions for deposition) [33]. An effective nucleating agent should
have a 15% similar atomic arrangement and lattice spacing to that of PCM [39],[40].
Popular nucleating agents such as sodium pyrophosphate decahydrate (Na2P2O7·10H2O),
borax (Na2[B4O5(OH)4]·8H2O), strontium sulphate (SrSO4), Sr(OH)2 and SrCO3 were
used to minimize the degree of supercooling for most of the salt hydrates.
Lane [33] studied the effect of quantity (0.01-1 wt%) of various nucleating agents
for the salt hydrates like calcium chloride hexahydrate (CaCl2·6H2O), magnesium
chloride

hexahydrate

(MgCl2·6H2O)

and

magnesium

nitrate

hexahydrate

(Mg(NO3)·6H2O). For CaCl2·6H2O PCM, which has supercooling of about 22.5oC, the
additives like BaI2·6H2O (0.5 wt%), SrCl2·6H2O (1 wt%) and SrBr2·6H2O (1 wt%) were
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found effective compared to nucleating agents like SrI2·6H2O, CaI2·6H2O and
CaBr2·6H2O. Other nucleation agents like Ba(OH)2, BaO, BaCO3, BaSO4, BaC12·2H2O,
and Sr(OH)2 were also proposed for CaCl2·6H2O [33]. Sutjahja et al. [10] reported
SrCl2·6H2O (1 wt%) provided the better effect on nucleation of CaCl2·6H2O, compared
to Ba2CO3 (0·5 wt%) and K2CO3 (0·5 wt%) as nucleating agents. The effect of different
nanomaterials like γ-Al2O3, TiO2, Cu, and SiO2 (50 nm) as nucleating agents were also
studied. Adding γ-Al2O3 nanoparticles to calcium chloride hexahydrate (CaCl2·6H2O)
PCM found to be most effective. With the addition of 1 wt% of this nanomaterials, the
degree of supercooling reduces between 0·3 to 1·1oC and complete solidification time for
CaCl2·6H2O were reduced by 17·84% [41]. The stability of CaCl2·6H2O formation was
improved for more than 1000 heating and cooling cycles (18 to 35oC) by adding NaCl
salt as nucleating agent and excess water (mole ration of water/CaCl2 = 6.11) than the
stoichiometric composition [42].
Different alkaline salts like LiCl, NaCl and KCl were added to CaCl2·4H2O and
the effect on thermodynamic properties was studied by Ushak et al. [43]. The addition of
1 wt% NaCl or 1 wt% LiCl slightly reduced the supercooling effect (delta T) from 28oC
to about 24oC and 25oC respectively. 1 wt% LiCl mixture in CaCl2·4H2O showed a slight
increase in heat of fusion than pure CaCl2·4H2O and CaCl2·4H2O + 1 wt% NaCl [43].
The report of Li et al. [44] stated that PCM composite having calcium chloride
hexahydrate (96 wt% CaCl2·6H2O), strontium chloride hexahydrate (3 wt% SrCl2·6H2O)
and oxidation expandable graphite (1 wt% EG) suppressed supercooling and gave the
latent heat of 172·26 J/g. These expandable graphites dispersed homogeneously within
PCM due to the existence of oxygen-containing functional groups and act as nuclei for
heterogeneous nucleation [44]. Tayler et al. [26] studied the nucleation point of two
hydrated calcium chloride (PC 25 and PC 29, phase change temperature between 2524

30oC) at different cooling rate (1 to 167oC/min). At high cooling rates, supercooling of
up to 10oC was observed and it takes more time for nucleation at a lower cooling rate.
Cui et al. [45] studied the thermal properties of CaCl2 based PCM (water + varying
composition of CaCl2 and CaCl2·2H2O). The PCM composition with 66.21 wt%
CaCl2·2H2O as additive observed to be reducing the supercooling degree by about 96.8%
(from 24.7◦C to 0.8◦C). Also, Nano-SiO2 (0.1 to 0.5 wt%) as additive found to reduces
the supercooling and found effective during cooling conditions.
For MgCl2·6H2O as PCM, Na3AIF6, CaC2O4.H2O, Sr(OH)2, SrCO3, Ca(OH)2,
CaO, Ba(OH)2, BaO, and Mg(OH)2 founded to be effective nucleating additives than
CaSO4, K2CrO4, K2SO4, (NH4)2SO4, AgNO3, Ca(NH4)2(SO4)2·H2O, CaK2(SO4)2·H2O,
MgBr2·6H2O and (NH4)2SO4·NH4NO3 [33]. Pilar et al. [16] studied the effect on
supercooling of MgC12·6H2O by adding different compositions (0·5-3 wt%) of SrCO3,
Sr(OH)2 and Mg(OH)2 as nucleating agents. 1.0 wt% of SrCO3 or 0·5 wt% of Sr(OH)2
was reported as a better nucleating agent for MgC12·6H2O which reduced the
supercooling (delta T) from 36oC to 6·4oC and 4·3oC respectively. While Mg(OH)2 (0·53 wt%) reduced the supercooling (delta T) to about 19oC for MgC12·6H2O. Ushak et al.
[32] studied the effect of the addition of nucleating agents (0·5-3 wt%) like CaO, SrCO3,
Sr(OH)2, LiOH·6H2O and Li2CO3 to bischofite (95% MgC12·6H2O). Among these
nucleating agents, SrCO3 (3 wt%) and Sr(OH)2 (3 wt%) reported being more effective
than others. Other nucleating agents such as calcium oxalate monohydrate (0·5 wt%
CaC2O4·3H2O) were reported for MgC12·6H2O [46]. A PCM having a mixture of organic
erythritol and inorganic MgCl2·6H2O (20 wt%) suggested by Kubota et al. [47]. Erythritol
shows no effect on promoting nucleation and supercooling of the mixture is found up to
50oC. The mixture was then continuously irradiated using ultrasound that helps the
initiation of the nucleation on the melt surface. Similarly, for Mg(NO3)·6H2O PCM, the
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most effective nucleating agents were MgSO4·4H2O, CuSO4·3H2O, NaBO2·2H2O,
CaSO4.2H2O, NiSO4·4H2O, COSO4·4H2O, Sr(OH)2, SrCO3, Ca(OH)2, CaO, CaCO3,
Mg(OH)2, MgO, BaO, MgCO3, Mg3(PO4)2, Ba(OH)2, and BaCO3 compared to BaHPO4,
BaSO4, BaCl2, BaF2, Ba(NO3)2, Zn(NO3)2, Fe2O3, CuNa2(SO4)2·2H2O, ZnSO4·4H2O,
MgCl2·2H2O, KF·4H2O and CaHPO4·2H2O [33]. A quantity between 0·5-3 wt% of
nucleating agents like Mg(OH)2, BaO, MgO and Sr(OH)2 were reported being a suitable
nucleating agent for Mg(NO3)2·6H2O and they are capable to reduce supercooling (delta
T) from 28oC (without any nucleating agent) to below 5oC for 50 thermal cycles. Other
nucleating agents such as Ba(OH)2·8H2O and MgCO3 found ineffective for
Mg(NO3)·6H2O [48].
Mn(NO3)2·6H2O as a PCM, which has a melting point of 25·8oC and heat of
fusion 125·9 J/g, were studied [49]. To study the modulation of melting point and control
the supercooling effect, NaNO3, NaCl, and MnCl2·4H2O mixture as an additive to
Mn(NO3)2·6H2O. The addition of NaNO3 showed no effect on the melting point, but the
heat of fusion showed an inverse proportion to the increase in the concentration of
NaNO3. By the addition of 1 and 5 wt% of NaCl to Mn(NO3)2·6H2O, melting point, the
heat of fusion was decreased to about 20oC, 4oC, and about 120 and 100 J/g, respectively.
With the addition of MnCl2·4H2O (over 10 wt%), no change in melting point and the heat
of fusion was observed. Again the effect on supercooling of Mn(NO3)2·6H2O, by adding
0.1 g of other additives like NaCl, NaNO3, NaSO4, MnCl2·4H2O, MnSO4·4–6H2O,
NiSO4·6H2O, kerosene, heptane and carbon black is reported. These additives bring the
average degree of supercooling (delta T) to below 15oC [49].
Na2SO4·10H2O has a better melting enthalpy of about 241 J/g and melting
temperature at about 32oC. Due to these properties, it is suitable for use as PCM in the
room temperature range [21],[29]. Borax as a nucleating agent reduce supercooling of
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Na2SO4·10H2O from about 15oC to about 1 to 2oC [21],[39],[50] and suppresses the
formation of heptahydrates [51]. Two inorganic salts Na2SO4·10H2O (40 wt%) and
Na2CO3·10H2O (55 wt%) with the nucleating agent borax (5 wt%) has a reported phase
transition between 21 to 24oC. Excessive supercooling observed with less than 1 wt%
borax and with above 10 wt% affected melting phase transition stability of the mixture
[52]. Surface effect of three nanomaterials (aerosol SiO2 (12 nm), RNS-A SiO2 (40 nm)
and liquid phase SiO2 (50 nm)) with PCMs like Na2S2O3·5H2O, Na2SO4·10H2O and
Na2HPO4·12H2O were reported by Wu et al. [53]. Aerosol SiO2 among other nanoparticles like RNS-A SiO2 and liquid phase SiO2 provides better results for
Na2SO4·10H2O. 2 wt% aerosol SiO2 found to be effective in reducing supercooling for
Na2HPO4·12H2O, and Na2S2O3·5H2O [53]. Degree of supercooling for sodium acetate
trihydrate (C2H3NaO2·3H2O) depresses under 2oC by the addition of nucleating agents
like borax [54], disodium hydrogen phosphate dodecahydrate [55],[56], AIN
nanoparticles [57] and mixture of Na2SO4 + silver nanoparticles (AgNPs) [58]. Table A.4
(Appendix A) shows lists of nucleating agents recommended for different salt hydrates.
2.3.4 Addition of thickening agents to the TES system
The thickener or gelling agents are cross-linked materials that create a three-dimensional
network that helps to hold salt hydrates in their position. In addition to a thickener or
gelling agent to a salt solution, the viscosity of the solution increases and the solution
becomes a non-moving gel-like structure. They increase the holding capacity for salt
crystals within the solution during the hydration/dehydration thermal cycle, by ceasing
the crystal movement in the TES system thus providing more chances to contact water
for the dehydrated salts [15],[40],[59].
For the PCM sodium acetate trihydrate (SAT, CH3COONa·3H2O), three types of
thickeners such as carboxyl methylcellulose (CMC), gelatin and polyacrylamide (PAM)
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along

with

various

nucleating

agents

like

Na2SiO3·9H2O,

Na2CO3·10H2O,

Na2B4O7·10H2O, Na2HPO4·12H2O and Na3PO4·12H2O, were reported. Effective
reduction in supercooling and phase segregation was reported for a mixed composition
(wt%) of PCM, nucleating agent and thickener to be CH3COONa·3H2O:
Na2HPO4·12H2O: CMC as 100: 6.2: 3.2 (when CMC was used as a gelling agent) and
CH3COONa·3H2O: Na2HPO4·12H2O: gelatine as 100: 6: 3·5 (when gelatine was used as
a gelling agent). The performance of PAM as a thickener with nucleating agents
Na2HPO4·12H2O and Na3PO4·12H2O found unstable [54]. Studies proved that
polyacrylic amide, sodium polyacrylate, and polyvinyl alcohol were not suitable as
thickening materials for the sodium acetate trihydrate [60]. Different thickening materials
(such as starch (20 wt%), methyl-cellulose (30 wt %), methyl hydroxyethyl-cellulose (30
wt%), and bentonite (50 wt %)) along with 1 wt% Na2HPO4·7H2O as a nucleating agent
for the sodium acetate trihydrate (CH3COONa·3H2O) PCM are reported. The addition of
these thickening agents did not modulate the melting point but decreases the melting
enthalpy to about 20 to 35% of the original. Cellulose as a thickener gave a better thermal
performance as a thickener than starch and bentonite till 65oC [60]. The effectiveness of
carboxymethyl cellulose (CMC) and silica gel as polymer blend to avoid phase
segregation, silver nanoparticles as nucleating agent reported [58] for SAT that reduces
supercooling, phase separation and provides 95% of latent heat compared to pure SAT.
Mao et al. [56] reported the effect of the different nucleating agent (disodium phosphate
dodecahydrate, borax, sodium carbonate decahydrate, sodium phosphate dodecahydrate,
sodium silicate nonahydrate), different thickener (CMC, gelatin, polyacrylamide) and
additive to increase thermal conductivity (silica, copper powder, granular activated
carbon, expanded graphite powder) for SAT. In a recent study [61], thermal heating and
cooling cycles for modified SAT PCMs tested were carried out for 200 cycles. The SAT
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PCMs modified by adding 5 wt% disodium hydrogen phosphate dodecahydrate as
nucleating agent and further 3 wt% carboxymethyl cellulose as a thickener. In the absence
of thickener, the incongruent melting behaviours arise due to the settlement of salt crystals
with the increase of the heating and cooling cycles. But with a thickener, the viscosity of
composite PCM increased about 14 times that reduces the salt settlement by about 8 times
than the non-thicken sample. Dannemand et al. [62], on a large scale experiment, studied
the effect of the performance of thickening and non-thicken PCM within stainless steel
cylindrical units (1.5 m high and with internal fins). The thicken PCM unit (116.3 kg SAT
+ 0.5% xanthan rubber as a thickening agent + 4.4% graphite powder) shows a lower heat
transfer rate (due to the less convective transfer of PCM), higher heat release for multiple
thermal cycles compared to non-thicken PCM unit (116 kg SAT + 6% extra water).
Again, with 5 wt% AlN nanoparticles (95–300 nm) as a nucleating agent and 4
wt% carboxymethyl cellulose (CMC) as a gelling agent, for up to 50 thermal cycles, no
supercooling phenomenon occurred for sodium acetate trihydrate and its phase change
temperature and latent heat storage stabilized to 52·5oC and 227·54 J/g respectively [57].
The PCM has Na2SO4 and silver nanoparticles (AgNPs) as a nucleating agent (2 wt%), a
mixture of CMC and silica gel (3 wt%) as a thickener and sodium acetate trihydrate (95
wt%) reduced the supercooling and phase segregation examined up to ten thermal
cyclings [58]. Ryu et al. [40] reported that CH3COONa·3H2O thickened with
carboxymethyl cellulose nucleated with 1 wt% K2SO4 or 1 wt% Na2P2O7·10H2O,
supercooling (delta T) reduced from 30oC to 2oC and 3oC, respectively. The effect of
Nano-Cu (particle size 10-30 nm, 0.4 to 0.8%) for a composite PCM of SAT with
additives of CMC (thickening agent) and sodium dodecyl sulfonate (C12H25NaO3S,
dispersant) were studied. Nano-Cu of 0.5% increases the rate of heat transfer by about
20% and the degree of supercooling for composite PCM reduces to nearly 0.5oC [63].
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Leung et al. [64] tested the use of bio-derived chitin nanowhiskers (1 wt%) as the
nucleating agent for SAT. Apart from this, the reported composite PCM added with 3
wt% of carboxymethyl cellulose (CMC), 0.25 wt% of sodium dodecyl sulfate, and 1 wt%
hexagonal boron nitride and graphene nanoplatelets as additives to PCM.
For Na2SO4·10H2O, different concentrations of polyacrylamide and gelatin gel as
thickener and borax (2 wt%) as a nucleating agent were used to prevent phase segregation
and to stabilize phase transition temperature between 28 to 32oC. Both supercooling and
incongruent melting behaviour of PCM reduces with the additive like gelatin gel (10 wt%)
with borax, while polyacrylamide (10 wt%) with borax reduced supercooling (delta T) to
4oC [59]. Sodium carboxymethyl cellulose (2 wt%) and fumed silica (6 wt%) were also
used as thickener/suspending media along with nucleating agent borax (3 wt%) for
Na2SO4·10H2O as PCM. Different additives like sodium hexametaphosphate (1 wt%) as
crystal habit modifier and NaCl (4 wt%) to suppress the generation of large crystalline
particles and melting point is also added. For 20 examined thermal cycles, the phase
transition of PCM occurs at about 32oC with less than 2oC supercooling and the enthalpy
decay of about 20% was observed [50].
Marks [51] reported attapulgite clay (hydrous magnesium aluminium silicate) and
borax as a thickener and nucleating agent respectively for Na2SO4·10H2O. 150 g each of
two Na2SO4·10H2O PCM samples (thick PCM: 88 wt% Na2SO4·10H2O + 2·64 wt%
borax + 9·36 wt% attapulgite clay and non-thickened PCM: 97 wt% Na2SO4·10H2O + 3
wt% borax) was taken. Standard calorimetric techniques were used for the analysis of
samples for 200 thermal cycles (27oC to 38oC). The thermal capacity from about 238 J/g
to 63 J/g, after 40 thermal cycles, for non-thickened sample. After 200 thermal cycles, the
enthalpy of the thickened sample decreased from about 238 J/g to 105 J/g [51]. The
addition of 2 to 5 wt% of superabsorbent polymer (SAP) made from acrylic acid for
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Na2CO3·10H2O, Na2SO4·10H2O, Na2HPO4·12H2O, and 2 to 4 wt% carboxymethyl
cellulose (CMC) for CH3COONa·3H2O, Na2S2O3·5H2O reported as effective gelling
agents up to 150 thermal cycles [40]. Gutierrez et al. [65] reported the effect of different
samples of poly(ethylene glycol) as a thickening agent for bischofite (the inorganic PCM
with nearly 95% MgCl2·6H2O). It has a melting temperature of 98·9oC and a heat of
fusion of 120·2 J/g. 5 wt% of PEG 2000 found to be effective than PEG 500 and PEG
10000 that reduces phase separation and the cycling stability up to 30 thermal cycles
(40oC to 120oC) without affecting its melting temperature (constant subcooling of about
36oC) and heat of fusion [65]. Thickening agents such as starch, silica gel, sepiolite,
diatomaceous earth [40],[52], nano montmorillonite [66], polyethylene glycol [65],
carboxymethyl cellulose (CMC) [67] and superabsorbent polymer (SAP) [40] were used
to minimize the separation of phase in TES having salt hydrates. Various polymers,
bentonite and silica gel as gelling materials were also used [20]. Table A.5 (Appendix A)
shows different salt hydrates with respective suggested thickening agents.
Low thermal conductivity of PCM that slower the heat transfer process that results
in low heat storage/release rate is a major limiting property for PCMs. Thus, methods like
the addition of high thermal conductive additives (metallic and carbon-based
nanoparticles- carbon fibre, carbon nanotubes, and graphene), metallic foams, expanded
graphite, and encapsulation of PCM were applied for better thermal performance of PCM
[26]. The mixed composition of some of the nucleating agents and thickeners were also
found to enhance the thermal conductivity of the PCM. In addition of 2·5 wt% expanded
graphite (as the nucleating agent) and 5 wt% carboxymethyl cellulose (as the thickening
agent) to sodium acetate trihydrate, thermal conductivity increased to 1·85 W/m·K. But
the latent heat value decreased with an increase in the concentration of expanded graphite
and carboxymethyl cellulose [67]. Mao et al. [55] reported that the addition of 10 wt% of
31

expanded graphite increases thermal conductivity up to five times that of sodium acetate
trihydrate/ disodium hydrogen phosphate dodecahydrate/ carboxyl methylcellulose. Li et
al. [68] prepared a composite having sodium acetate trihydrate-8wt% KCl with 1 wt%
Al2O3 as a nucleating agent and 4 wt% CMC as a thickening agent. DSC results show the
onset temperature to be 50.41oC with an enthalpy of about 232.29 J/g, which remains
constant up to 50 thermal cycles. Hou et al. [69] prepared a eutectic composite of KCl (07 wt%) with Na2SO4·10H2O. DSC analysis shows that the increase in KCl% melting
temperature decreases and KCl didn’t improve phase separation. A composite having
mixtures of Na2SO4·10H2O-5 wt% KCl, 5 wt% polyacrylamide, 5 wt% sodium
tetraborate decahydrate and 3 wt% expanded graphite was proposed that showed no phase
separation, reduced supercooling to about 0.4oC and 2.4 times increase in thermal
conductivity than pure Na2SO4·10H2O. Liu et al. [70] reviews different methods to
enhances the thermal conductivity of PCM, which leads to better charging/discharging of
PCM. Composite of CaCl2·6H2O/expanded graphite (50 mass% CaCl2·6H2O) with
surfactant OP-10 (as a coupling agent to improve the binding energy between
CaCl2·6H2O and EG)) increases the thermal conductivity up to 14 times than that of pure
CaCl2·6H2O [71].
The eutectic hydrated salt of CaC12·6H2O and 25 wt% MgCl2·6H2O have a phase
change temperature of 21·4oC and the latent heat 101·5 J/g. Addition of nucleating agents
3 wt% SrCl2·6H2O, 1 wt% SrCO3 and thickener 0·5 wt% hydroxyethylcellulose stabilize
this eutectic PCM up to 50 cycles [72]. A mixture of 40wt% Na2CO3·10H2O and 60 wt%
Na2HPO4·12H2O as novel eutectic hydrate salt is also reported with phase change
temperature of 27·3℃, supercooling degree of 3·6℃ and latent heat of 220·2 J/g [73]. In
another work, they [74] studied the eutectic composition of 27 wt% Na2CO3·10H2O and
75 wt% Na2HPO4·12H2O. 4·5 wt% α–Al2O3 as main nucleating agent and 1 wt% borax
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as auxiliary nucleating agent enhances, the degree of supercooling (delta T) from about
7·8℃ to 6·2℃, increases the thermal conductivity to about 61.3% and have thermal
stability up to 200 cycles. In a recent study [75], a mixture of two hydrated salts
(Na2HPO4·12H2O: Na2SO4·10H2O = 9:1) was reported to have a crystallization
temperature of 28.2oC with about a supercooling of 4.8oC. Again, with the addition of
Na2SiO3·9H2O (3.25%), the supercooling of PCM further improves to 3.4oC, shows less
corrosion to aluminium containers and found suitable up to 200 tested thermal cycles. An
eutectic mixtures of Na2SO4·10H2O–KCl (5 wt%), with additives like 5 wt%
polyacrylamide (thickener), 5 wt% sodium tetraborate decahydrate (nucleating agent) and
3 wt % expanded graphite (high thermal conductivity medium) was proposed [69]. The
eutectic mixture provides reduced supercooling of 0.4oC with almost no phase separation
and improvement in thermal conductivity of about 1.35 W/m.K (up to 2.4 times more
than pure Na2SO4·10H2O). Chen et al. [76] studied a ternary eutectic salt hydrate mixture
(K2HPO4·3H2O–NaH2PO4·2H2O–Na2S2O3·5H2O) as PCM. They reported that sodium
tetraborate and sodium fluoride were effective as a nucleating agent. Further addition of
0, 3, and 5 wt% of CMC as thickeners, the solidification temperature and latent heat
observed to be -11.9, -10.6, and -14.8°C and 127.2, 118.6, 82.56 J/g, respectively.
Optimised compositions of nucleating agent and thickener that will prevent both
supercooling and phase separation of PCMs in the temperature range 30-60°C are
reported (Table A.6) (Appendix A) [40].
2.3.5 Incorporation of PCM within the porous material
Phase segregation can be minimized by the incorporation of PCM within a porous
medium. The porous nature of the medium holds the salt solution/molten salt hydrate in
its open capillaries and doesn’t allow or delay the phase segregation phenomenon.
Moreover, some porous medium acts as a nucleating agent for some salt hydrate crystals.
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Salt hydrate mixture of 98 wt% CaCl2·6H2O and 2 wt% SrCl2·6H2O (nucleating agent)
PCM has a melting point of 27·38oC, and have a latent heat of 87·44 J/g. This PCM was
incorporated into a porous supporting matrix of expanded perlite. Expanded perlite
enhanced the thermal insulation by reducing the thermal conductivity to 70% and
suppressed the supercooling to about 1oC. This composite showed stability up to 1000
thermal cycles, good thermal storage, non-flammability and better insulation compared
to foam insulation bricks in building applications [77].
Commercially available calcium chloride hexahydrate also used within the porous
structure of copper metal foam (open cell, with 30 ppi and 18.5% relative density). Due
to the presence of metal foam, the effective thermal conductivities of the composite
increased three times compared to pure PCM. Metal foams minimized the phase change
duration and suppressed the supercooling effect of calcium chloride hexahydrate to about
50% [78]. Sepiolite (magnesium hydro silicate), having a high surface area, good flame
retardance and high chemical, mechanical stability is also potential material for sustaining
salt hydrates. A composite was prepared by vacuum impregnation of saturated solutions
of CaCl2·6H2O (as PCM) within sepiolite (as a sustainer). The composite (70%
CaCl2·6H2O) shows good stability in the temperature range from 25 to 100oC and have a
melting enthalpy of 87·9 J/g. Sepiolite reduced both phase separation and the
supercooling effect of CaCl2·6H2O [79].
Polyurethane (PU) foam, having honeycomb-like voids filled with air, has been
used as a thermal insulator (low thermal conductivity, low density, and superior
mechanical properties). The thermal insulation performance of 0.01 m thick composite
(PU-PCM) having saturated inorganic salt solution of Na2SO4·10H2O, MgSO4·7H2O, and
its mixture within the pores of open-cell polyurethane foam sheet was performed and
compared with the thermal insulation performance of dry open-cell PU foam. During the
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thermal cooling cycle, the thermal insulation performance of the composite found to be
effective than dry PU foam [8]. Wu et al. [80] prepared a composite using sol-gel
techniques by impregnation of hydrated salts (a mixture of Na2SO4·10H2O and
Na2HPO4·12H2O) into a porous silica matrix. To improve the thermal heating/cooling
performance and leakage of PCM, this composite was coated with polyvinyl pyrrolidone.
For a mass ratio of hydrated salts to silica (70: 30), a minor change in the supercooling
observed. This composite having melting temperature 30·13oC and melting enthalpy
106·2 J/g found to be stable for up to 30 thermal cycles.
Pure salt hydrates for sorption thermal energy storage applications have issues
like swelling, agglomeration and corrosion during its hydration/dehydration process. A
composite having magnesium sulphate heptahydrate filled within silicone composite
foam was proposed for sorption thermal energy storage applications. The salt content in
the porous structure was varied from 40 to 70 wt% and its performance for sorption
analysis was studied. All the composites show good hydration/dehydration capacity and
the water/salt reaction for all composites is not affected by the foaming process [81].
Leakage, corrosion tendency and solution vaporization may be an issue to its application.
But this can be avoided by proper packing of the composite. To prevent leakage of PCM
from composite, encapsulation of PCM is favourable.
2.3.6 Encapsulation techniques for the salt hydrates
Encapsulation is the process of wrapping or covering the limited quantities of PCMs as
capsule within a non-permeable substance of various materials, forms and sizes. The
encapsulation of materials leads to greater heat transfer area, reduced reactivity with the
outside environment and controlled volume changes during the phase transition [34]. The
encapsulation layer should be mechanically tough, chemically inert with the PCM [82].
In the microencapsulation technique, very small amounts of PCM were enclosed within
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a thin and high molecular weight polymeric film. In microencapsulation, PCM materials
as package incorporated within containers like tubes, pouches, spheres and panels.
Microencapsulation of PCM is inexpensive and effective in reducing supercooling, phase
segregation [34]. Both high-density polyethylene bottle and druwn steel aerosol cans
reported as suitable encapsulation material for CaCl2·6H2O (fusion temperature 27oC)
and steel aerosol cans for Mg(NO3)2·6H2O (fusion temperature 89oC) [82],[83].
In review literature [84], the synthesis, characterization, properties, and
applications of different microencapsulated phase change materials were reported. Milián
et al. [85] and Su et al. [86] gave a detailed review of the methods to encapsulate inorganic
PCMs and their effects on the thermophysical properties of PCMs. Milián et al. [85]
classified the encapsulated PCMs as core-shell PCMs and shape stabilized PCMs. The
core-shell PCMs were prepared by electroplating, inverse pickering emulsification,
solvent evaporation–precipitation method, and mechanical packaging methods. For shape
stabilized PCMs sol-gel process, infiltration and impregnation encapsulation methods
were suggested. An experiment with large scale (more than 45 Kg) of PCM (CaCl2·6H2O,
Mg(NO3)2·6H2O) was conducted by Lane et al. [82] to get the effect of encapsulation on
PCM. Thermal batteries were prepared by taking 97 kg of CaCl2·6H2O and 100 kg of
Mg(NO3)2·6H2O within high-density polyethylene bottle and steel aerosol cans
respectively. Hot/cold air at different velocity flows through pipes inside these thermal
batteries. The outlet air temperature observed, shows better efficiency in terms of
cooling/heating the inlet air within thermal batteries. Steel cans can produce stress
cracking corrosion after long exposure and can be mitigated by adding corrosion
inhibitors. Alkan et al. [87] studied the thermal properties of two salt hydrates
(Na2SO4·10H2O and CaCl2·6H2O) encapsulated with a hydrophilic polymer polyvinyl
alcohol (PVA). The PVA polymer and salt hydrates taken in the ratio of 1:10 and then
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stirred to maintain homogeneity. Hydrophilic polyvinyl alcohol will hold the release of
water from salt hydrates. Their (PVA-salt hydrate PCM) thermal conductivity observed
in the range between 0.16–0.19 W/m.K. The thermal conductivity of the PVANa2SO4·10H2O PCM increases to about 0.35 W/m.K with the addition of 3 mL of water
and in PVA- CaCl2·6H2O thermal conductivity increases to 1 W/m K with the addition
of 1 mL of water. These encapsulations observed to reduce the issues like phase
separation and corrosion. The encapsulation materials should improve PCMs thermal and
physical performances like increase thermal conductivity, stabilizing melting point and
enthalpy, reducing supercooling temperature, leak proof. These should survive in the
operational temperature interval and inflammable.
2.3.7 Corrosion issue in TES systems with salt hydrates
Corrosion related issues affect both the safety and economic application of TES systems
with most salt hydrates. Techniques such as gravimetric analysis, optical and scanning
electron microscopy techniques, and chemical analysis were used to calculate the
corrosion rate of a metal surface. In gravimetric tests, the testing metal sample dipped
inside the PCM for a defined time and the loss of mass of metal corrosion rate calculated.
For practical application, the metal thickness reduction should be of < 0·1 mm/year to be
corrosion resistance [15],[88]. Microscopy techniques were used to study the surface and
give the type of corrosion eg. pitting corrosion, cracks, etc [15].
Metal specimens like copper (Cu), aluminium (Al), stainless steel 316, carbon
steel were dipped within five different solid salt hydrates (CaCl2·6H2O, Na2S·5H2O,
Ca(OH)2, MgCl2·6H2O, MgSO4·7H2O) and then weight loss after 12 weeks observed.
Among these stainless steel, founded to be more corrosion-resistant than others [89].
Abhat [15] reported corrosion behaviour of CaCl2·6H2O, CH3COONa·3H2O,
LiClO3·3H2O, Mg(NO3)2·6H2O, Na2SO3·5H2O, Na2SO4·10H2O, Na2HPO4·12H2O,
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Zn(NO3)2·6H2O

and

eutectic-mixtures

of

Mg(NO3)2·6H2O-Ca(NO3)2·4H2O,

Mg(NO3)2·6H2O-MgCI2·6H2O. Stainless steel found to be suitable for almost all these
salt

hydrates

(CaCl2·6H2O,

Na2HPO4·12H2O,

Na2SO4·10H2O,

Na2SO3·5H2O,

Zn(NO3)2·6H2O, Mg(NO3)2·6H2O-MgCI2·6H2O). Tin-plated mild steel is compatible
with CH3COONa·3H2O, LiClO3·3H2O, Mg(NO3)2·6H2O and eutectic-mixture of
Mg(NO3)2·6H2O-Ca(NO3)2·4H2O. Mild steel containers as packing materials didn’t show
good resistance but can be used as containers for PCMs like CaCl2·6H2O,
Na2HPO4·12H2O except for Zn(NO3)2·6H2O and the Mg(NO3)2-MgCI2 eutectic. Copper
as a PCM storage material compatible with most PCM except sodium thiosulphate
pentahydrate (Na2SO3·5H2O) and eutectic mixture of Mg(NO3)2·6H2O-MgCI2·6H2O.
After 10 days of contact with Na2SO3·5H2O, a black layer of CuS started forming on the
metal surface. Aluminium (Al 99·5) and aluminium alloy formed a white layer of
aluminium hydroxide (AI(OH)3) when contacted with PCM Na2HPO4·12H2O and
reported their non-suitability for PCMs CaCl2·6H2O and Zn(NO3)2·6H2O.
Cabeza et al. [88] reported that stainless steel can be considered for storage material
for Zn(NO3)2·6H2O, Na2HPO4·12H2O and CaCl2·6H2O. For PCM Na2HPO4·12H2O
brass and stainless steel showed good compatibility. Aluminium indicated aggressive
corrosion, whereas, copper and steel corrode at a slow rate of 5-12 and 0-50 mg/cm2yr
respectively for PCM Na2HPO4·12H2O. CaCl2·6H2O was observed to have good
compatibility with copper, brass and stainless steel but can corrode steel and aluminium
at a moderate rate of 26-37 and 4-11 mg/cm2yr respectively. Sodium acetate trihydrate
and sodium thiosulfate pentahydrate showed good compatibility with aluminium, steel
and stainless steel, however, both salt hydrates were aggressively corrosive towards brass
and copper [90]. A small amount of corrosion inhibitors (0·5 wt%) like sodium chromate
(Na2CrO4), sodium dichromate (Na2Cr2O7) and sodium nitrite (NaNO2) are suggested
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[52],[91]. A PCM having corrosion inhibitor (0·5 wt%) along with nucleating agent borax
(3 wt%) added to 35 wt% Na2SO4, 61.5 wt% H2O is reported [91]. To avoid corrosion,
plastic containers of polypropylene, polystyrene, polyethylene terephthalate and highdensity polythylene were suggested for PCM [12]. Different salt hydrates (PCM) and
their compatible containers to prevent corrosion were reported [92]. The results from
various corrosion studies undertaken with phase change materials for latent heat storage
applications are reported elsewhere [15],[88],[89].
2.4 Numerical studies for salt hydrates as phase change material
The thermal performance of a building wall with three different PCM medium
(CaC12·6H2O, paraffin wax and concrete) were numerically simulated by Khalifa et al.
[93]. A one-dimensional unsteady heat transfer model was designed and to solve the
problem model finite-difference and Neumann method was used for concrete and PCM
wall respectively. An 8 cm wall with CaC12·6H2O PCM showed fewer fluctuations (1822oC) in indoor temperature and was found to be the equal effective compared to a wall
with paraffin wax (5 cm thick) and the traditional concrete wall (20 cm thick). Ye et al.
[94] reported the thermal performances of a building wall having two PCM composites
of CaCl2·6H2O/expanded graphite (EG) and RT27/expanded graphite (EG) through
numerical modelling. They applied the unsteady energy equation for common materials
and the enthalpy-porosity technique for the solidification/melting process. The numerical
simulation resulted in the optimum thickness of the PCM panel

having

CaCl2·6H2O/expanded graphite (EG) found to be 8-10 mm, and it showed better
performance over the panel having RT27/expanded graphite (EG). Farid et al. [95]
reported a one-dimensional model to simulate the underfloor heating system having
CaCl2·6H2O as PCM. They used the explicit finite difference method to solve the model
for the concert slab (dimension 0.5 m X 0.5 m X 0.095 m) having CaCl2·6H2O as PCM
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and compared it with experimental results. Simulation results showed good agreement
with experiment results and wall with PCM performance was better than a normal wall
without PCM. Balasubramanian et al. [96] designed a mathematical model to get the
thermal energy storage capacity of MgSO4·7H2O during its dehydration into water vapour
and anhydrous salt. They assumed local thermal equilibrium throughout the system and
negligible convective thermal or mass transport in the system. In a square box filled with
MgSO4·7H2O as PCM, a fixed amount of heat flux employed at its top boundary while
other boundaries were assumed partially insulated. The time to reach dehydration
temperature increased with boundary heat losses. Water vapour formed during
dehydration supplied more energy to store in the anhydrous salt. Thermal study for a
composite having solution of sodium sulphate within the open cell polyurethane foam
(PU-PCM composite) was studied using COMSOL Multiphysics software. A
computational solving approach for phase change of salt solution within the open cell PU
foam was discussed and the model was validated with experimental results [97].
Multiphase model (using Computational fluid dynamics CFD simulation) to analyse
the stable supercooling, triggering crystallization and regular solidification periods during
discharging of a supercooled PCM (Na2S2O3·5H2O) is studied by Zhou et al. [98]. By
taking the source term and the phase transition term in the energy equation and volume
fraction equation respectively, the parameter such as rate of heat transfer, phase change
and solid fractions in the system monitored. After supercooling and during the triggering
crystallization period, the solid fraction increased up to 33% and a quick increase in PCM
temperature was obtained. Varol et al. [99] experimentally showed that the solar collector
system with sodium carbonate decahydrate (Na2CO3·10H2O) as PCM provided good
thermal energy collecting efficiency. Various soft computing techniques like support
vector machines (SVM), adaptive-network-based fuzzy inference system (ANFIS) and
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artificial neural networks (ANN) were adopted for the prediction of experimentally
obtained results. Support vector machines computing techniques found to be more
efficient to predict the results than other soft computing techniques.
2.5 Application of thermal energy storage systems with salt hydrates
The major application of salt hydrate as PCMs for TES include insulation in buildings
wallboards, food container, textile, shipping industries to maintain inner temperature, to
store solar heat energy in domestic solar hot water tanks, to reduce industrial waste heat,
to manufacture thermoregulating fibre and for low-temperature application in
refrigeration, air conditioning system [100],[101]. For buildings insulation from solar
radiation, PCMs having melting temperature equal to average day temperature are
suggested. During the daytime, these PCMs will absorb the solar heat energy and changes
the phase from solid to liquid (endothermic process). Again, in the nighttime, when
environmental temperature drops below the melting point of PCM, these PCMs change
phase from liquid to solid by releasing the latent heat (exothermic process). The heat
released will maintain the inner room temperature of buildings (figure 2.1).

Figure 2.1 Working principle of PCM for its application as insulation layer from solar
energy or outer environmental temperature [102]
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Zeinelabdein et al. [103] reviewed the various free cooling technology for
minimising energy consumption in buildings heating, ventilating and air conditioning
systems (HVAC) using PCMs. A composite having a combination of PCMs and building
material should have higher heat storage density, low volume expansion during phase
change, chemically stable, non-flammable, non-toxic, odourless and offers human
comfort and saving of energy. These PCM composites can be combined with construction
material either by direct incorporation of PCM or PCMs inserted by immersion, vacuum
or by encapsulating within suitable packaging materials. The porous structure inside the
building bricks helps as a good supporting matrix and minimise the supercooling, phase
segregation, during thermal cycling [104]. Porous concrete blocks impregnated with
sodium thiosulphate pentahydrate PCM, as a thermal wall was reported by Hadjieva et
al. [105]. To prepare the composite, heated concrete blocks immersed in a bath filled
with molten sodium thiosulphate pentahydrate (Na2S2O3·5H2O) PCM for 7 hours at 75oC
and observed about 60% space occupation of PCM in the concrete block. Due to the
formation of the strong hydrogen bond with porous concrete, this composited showed
high stability during thermal cycles.
The thermal performance of a concrete slab (0.5m X 0.5m X 0.095m) having
encapsulated CaCl2·6H2O in spherical plastic modules, for an underfloor heating system,
was reported [95]. The encapsulated CaCl2·6H2O (diameter: 75 mm, manufactured by
Cristopia Ltd.) have 10% space to accommodate volume expansion during thermal
cycling. This concrete block having PCM stored more heat as compared to the simple
concrete block and maintained less fluctuation at surface temperature. In an artificial
climatic chamber, the thermal properties of polyvinyl chloride panels were compared with
a composite PCM panel (CaCl2·6H2O/expanded graphite (EG) were packed within
polyvinyl chloride panel) [94]. The panel having CaCl2·6H2O showed better performance
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compared to without PCM and with organic PCM RT27/EG. Further, the insulation
performance of the PCM board having CaCl2·6H2O/expanded perlite composite better
resulted than foam insulating bricks [77]. Trombe wall is a passive solar building design
were used to maintain indoor temperature. In winter, Trombe wall is placed, inside the
room, near the glass window next to the sunny side of a building. The heat from the sun
is absorbed by the Trombe wall during the daytime and discharged during the night hour
which maintains the room temperature. Sodium sulfate decahydrate [106] and calcium
chloride hexahydrate [107] using as PCM for the Trombe wall were reported. A better
thermal performance was reported by an 8.1 cm wall having calcium chloride hexahydrate
PCM than a 40 cm thick masonry wall [107]. Hexahydrate of CaCl2 as a PCM was also
used as a sun shading system for the windows. Even at higher day and night time
temperature fluctuations, it was found to be very useful to maintain indoor temperature
[108]. The use of salt hydrates like CaC12·6H2O [109], Na2SO4·10H2O [110] as PCM has
also been reported to maintain the temperature inside greenhouses.
Another application of inorganic PCM is heat storage in hot water tanks where
solar energy is stored for a shorter time. In hot water tanks, water is used as heat storage
material due to its high storage capacity and less cost [29]. To extend the storage
efficiency, PCMs of salt hydrates are incorporated into the tank walls that provide heat
storage for longer periods even without exterior energy supply. In domestically used solar
hot water systems, salt hydrate PCMs with a melting temperature of 50 to 60oC can be
used. CaCl2·6H2O inserted polyvinyl chloride (PVC) plastic tubes were arranged in
horizontal cylindrical vessels and studied for the domestic solar water-heating system.
The performance of PCM was found to be better than the water and rock-based storage
system [111]. Different salt hydrates like DC58, PT58, and HD60 (transition temperature
50 to 61oC and latent heat: 120 to 240 J/g) [112] and sodium acetate trihydrate [113]
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incorporations in walls of hot water tanks provided promising results. Sodium thiosulfate
pentahydrate as a PCM for an open-loop passive solar water heating system was also
investigated [114]. The effect of some other PCMs like zinc nitrate hexahydrate, disodium
hydrogen phosphate dodecahydrate, calcium chloride hexahydrate, and sodium sulfate
decahydrate was also examined theoretically and realized that the storage time of hot
water can be increased approximately 2.59 to 3.45 times to the conventional solar waterheating system.
Due to lower melting temperature and high density compared to water, various
eutectic salt hydrates were applied to freezing and air condition systems. Since the
melting temperature of water depresses on the addition of salt and have increased melting
enthalpy values, these concentrated salt solutions can be used for energy storage at lowtemperature applications. Different eutectic concentrations of salt solutions as PCM for
very low-temperature (-1.6 to -62oC) applications were reported [23]. The performance
of PCM, having salt solutions of NH4Cl (phase change temperature -15·4oC) [115] and
sodium nitrate (phase change temperature -18oC) [116] in water, connected to interior
refrigeration walls of a commercial freezer were tested. These PCM panels resulted in a
lesser rate of temperature fluctuations in the freezer. Eutectic salt hydrates in air
conditioning systems improved the efficiency of operation by reducing the capacity of
coolant media and the power of refrigeration equipment by 30 to 50% [18]. An air
conditioning system generally needs the coolant media which operates between 4 and
20oC. The effect of different coolant media like chilled water, ice, and PCMs were
compared for the air conditioning system. Efimova et al. [117] suggested a ternary
mixture PCM having equal mass fractions of zinc nitrate hexahydrate, manganese nitrate
tetrahydrate, and potassium nitrate, which shows a melting point in between 18 to 21oC
and melting enthalpy of about 110 J/g. For these PCM mixtures, to reduce supercooling
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and phase separation issues, manganese nitrate hexahydrate (2-3 wt%) as nucleation agent
and various thickeners (3 wt% of SiO2 or xanthan or methylcellulose) were added thus
improved the stability of PCM up to 480 thermal cycles. [23]. PCMs (LiCl/H2O,
LiBr/H2O, CaCl2/H2O and NH3/H2O) as coolant media reduced problems like
environmental pollution, low thermal conductivity, large size and high installing and
running cost for air conditioning system [118]. Nanoparticles like TiO2 and Al2O3
[119],[120],[121] are often added into PCMs to increase the melting rate.
Another possible application for inorganic PCMs is a solar cooker. The heat source
for the solar cooker is solar radiation energy. But at night, due to the non-availability of
solar energy, the use of solar cookers is restricted. To overcome such a problem, PCMs
having a melting temperature between 105 and 110oC can be applied [2]. During the
daytime, they store heat from the sun and will be discharged during night hours. A box
type solar cooker having Mg(NO3)2·6H2O as a heat storage material was reported [122].
Some organic PCMs used in solar cookers were reported in the literature [123].
2.6 Conclusion
Salt hydrates, under the category of inorganic phase change material (PCM), has been
used for thermal energy storage (TES) application. Salt hydrates (AB·nH2O) consist of
inorganic salts (AB) and water (H2O). For the application as PCM, these are available for
a wide range of phase transition temperatures with having desired properties like high
latent heat of fusion, higher thermal conductivity, small volume change, slightly toxic,
non-flammable, inexpensive, compatible with plastic containers [2],[3],[124].
The most undesirable properties for which these PCMs not recommended for TES
application are phase segregation, incongruent melting, supercooling and corrosion to the
PCM container. To mitigate these issues and to make salt hydrates suitable in TES
applications, much research (experimentally and numerically) has been carried out in past
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years. Some of the popular techniques applied include the addition of excess water to the
TES system, the mechanical stirring of the TES system, the addition of nucleating agents
and thickening agents to the TES systems, incorporation of PCM within the porous
material and encapsulation techniques etc. [18],[92]. In most of the reported works, the
target was to focus on solving individual issues separately.
Sodium sulphate decahydrate (Na2SO4·10H2O), an inorganic salt hydrate, is reported
as PCM with a melting point around 32oC-35oC and a melting enthalpy of about 240 J/g.
The thesis focus on solving the issues related to this salt hydrate, as this can be one of the
most popular PCM for its use in room temperature applications (25oC-35oC) [24],[15].
Biswas et. al. [15] suggested adding extra water with the PCM to mitigate the issue
of incongruent melting. A mixture of 68·2 wt% of Na2SO4·10H2O and 31·8 wt% of H2O
(extra added water) was suggested using for TES compared to Na2SO4·10H2O PCM [29].
But due to extra added water, volumetric heat storage capacity decreased compared to
pure PCM. Which lead to an increase of 50% mass and 70% volume for the TES system
to store the same heat as compared to pure PCM [15].
To reduce problems of phase segregation and supercooling, mechanical stirring [22]
of PCM and the use of the rolling cylinder device [36] during thermal cycling are
suggested, as it will keep the solution in motion and reduce the settlement of solid PCM.
Simon [22] studied the performance of PCM having 33 wt% Na2SO4 and 67 wt% of water
by providing soft stirring of the solution that decreases the contact barrier between the
melted salt hydrates and saturated salt solution [22]. But for practical application, this
type of storage system cannot be used because of the difficulties involved in adding
stirring to TES systems.
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To mitigate the issue of supercooling and phase segregation, the addition of an
optimised amount of nucleating agents and thickening agents respectively are reported.
Among other nucleating agents, borax as a nucleating agent was reported to effectively
reduce supercooling of Na2SO4·10H2O from about 15oC to about 1 to 2oC [21],[39],[125]
and also suppresses the formation of heptahydrates [51]. Various thickening agents like
bentonite, attapulgite clay, super absorbent polymer (SAP), gelatine gel are reported for
Na2SO4·10H2O [40], [125], [51], [59], [87], [69], [75]. The effects of adding the
nucleating and thickening agents, both applied individually and combined, with salt
hydrate are reported.
To reduce phase segregation, enhancing thermal conductivity and for getting
uniformity, many researchers reported techniques like incorporation in porous media and
encapsulation using metallic surfaces (steel, iron copper), non-metallic surfaces (polymer
surfaces, open and close cell foam) [8],[80],[87]. These mediums will hold the salt
solution/molten salt hydrate within in its open capillaries and don’t allow or delay the
phase segregation phenomenon. Moreover, some porous medium acts as a nucleating
agent for some salt hydrate crystals.
Although many modifications have been required to make the salt hydrates applicable
as PCM, they can be highly economical and provide more efficiency to TES systems.
Appropriate salt hydrates to be suggested for PCM must have good nucleation property,
no phase segregation during phase transition, high latent heat, desired phase transition
temperature and having no corrosion issue with the PCM container. Most of the research
went on to concentrate on solving the problem without understanding the basic
crystallization-oriented aspects. To achieve a better solution for all the issues, a detailed
crystallization of salt hydrate is required.
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The motivation of the present work:
Sodium sulphate decahydrate (Na2SO4·10H2O) was reported for its application as PCM
with a melting point around 32oC-35oC and a melting enthalpy of about 240 J/g. This can
be the most popular phase change material (PCM) under inorganic salt hydrates for its
use in room temperature applications (25oC-35oC). But, due to undesirable behaviours
such as phase segregation, supercooling, formation of lower hydrates and corrosion to the
storage containers, this salt hydrate is usually not recommended for thermal energy
storage (TES) applications.
The objective of the present work:
The objective of the present research is to accomplish salt hydrate (Na2SO4·10H2O) as
latent heat storage material by mitigating the issues using various intensification
techniques, for its application between 40oC to 10oC.
The novelty of present work:
A PU-PCM composite, by incorporating the aqueous saturated salt solutions within the
pores of a porous polyurethane (PU) layer, has been proposed over dry PU foam for
thermal storage application.
The following novel things are performed to achieve the objective
•

Solution crystallization concepts for utilisation of saturated salt solution as a PCM.

•

To prevent the issues related to phase segregation and supercooling, a composite
saturated salt solution based PCM was synthesised.

•

Hydrogel based on LAPONITE® was tested for its application as PCM compared to
water. The same was then purposed as a thickener with the saturated salt solution to
mitigate phase segregation.
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•

Optimization of amount of nucleating agent and gelling agent, to prevent
supercooling and phase segregation, for preparation of composite saturated salt
solution based PCM

•

Mitigation of the phase segregation of synthesised salt hydrate PCM by
incorporating them into an open-cell polyurethane foam (PU Foam).

•

Computational solving approach for solution crystallization of salt solution within PU
foam and its validation with experimental data.

•

Comparison of this PU-PCM composite over a dry PU-foam between 40oC to 10oC.
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Chapter 3
Solution Crystallization of
Na2SO4·10H2O within Porous
Polyurethane Foam

The content of this chapter is published in,
Purohit, B. K., and Sistla, V. S. (2018). Studies on solution crystallization of
Na2SO4·10H2O embedded in porous polyurethane foam for thermal energy storage
application. Thermochimica Acta, Elsevier, 668, 9-18.
(DOI: https://doi.org/10.1016/j.tca.2018.08.005)
Purohit, B. K., and Sistla, V. S. (2017). Crystallization of inorganic salt hydrates in
polymeric foam for thermal energy storage application. Journal of Energy
Storage, Elsevier, 12, 196-201.
(DOI: https://doi.org/10.1016/j.est.2017.05.001)
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3.1 Introduction
In this chapter, the aqueous saturated salt solution of Na2SO4 is proposed as an inorganic
phase change material (PCM) instead of using pure salt hydrates for thermal energy storage
(TES) applications. The motivation behind using the aqueous saturated salt solution as PCM
came from the synthesis process of the Na2SO4·10H2O salt hydrates (PCM) from its aqueous
saturated salt solution through the solution crystallization technique. The heat
released/absorbed phenomenon with the aqueous saturated salt solution as PCM is explained
using its solubility diagram. As an intensification, open-cell polyurethane foam (PU foam)
as a heterogeneous support surface is introduced to mitigate the problem of phase
segregation during its repeated thermal cycles. Preparation of the composite (PU-PCM)
PCM, having a combination of porous polyurethane foam sheet and the aqueous saturated
inorganic salt solution is discussed. The thermal insulation capability of the PU-PCM
composite sheet was observed, in a model experimental glass setup, for a temperature range
between about 30oC to 5oC and results are discussed.
3.2 Materials and equipment’s used
Sodium sulfate anhydrous (Na2SO4, molecular weight (MW) =142.04 g/mol, purity
99.5%) supplied from THERMO FISHER Limited, was used to prepare aqueous
saturated salt solutions. Open-pore polyurethane foam (density: 30-35 kg/m3; porosity:
95-97%) selected as a supporting matrix for incorporation of aqueous saturated salt
solution (PCM). Distilled water, Cellophane zipper pouch to provide outer cover to PUPCM composite.
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Various types of equipment used for this experiment are listed below.
•

Hot plate with stirrer: used for preparing the aqueous saturated salt solutions.

•

Vacuum filtration unit: vacuum pump attached with a filtration unit was used for the
separation of undissolved solids from the aqueous salt solution and hydrated crystals
from the remaining salt solution.

•

Double jacketed glass vessel: A glass prototype model of the double jacketed vessel
was constructed to test the thermal performance of PU-PCM composite.

•

Chiller: A chiller/thermostat to control the temperature, supplied by IKA India private
limited, was used to maintain the jacketed vessels inside temperature.

•

Temperature data logger: A temperature data logger supplied from RVL scientific and
engineering limited having 8 channels of PT-100 temperature sensor that measure
temperature continuously after each five-second interval with an accuracy of about
±0.01oC.

•

Differential scanning calorimetry (DSC): Thermal analysis of the samples obtained
was analyzed by using differential scanning calorimetry (DSC). DSC (4000
PerkinElmer model) was used, under a constant stream of nitrogen at a flow rate of
20 mL/min. The largest deviation in enthalpy measurements was ±2% and the largest
deviation in temperature measurements was ±0.1oC. A semi-analytical digital balance
(accuracy ±0.00001 g) was used to measure the weight of the samples (mg) for the
DSC analysis. The sample was initially held for 15 minutes at -15°C and then heated
till 60oC at a rate of 2oC/min. Then cooled again to -15°C at a rate of 3oC/min. This
sample again heated to 60oC at a rate of 2oC/min. In the DSC plot, the melting and
freezing curve was represented by a continuous line with time (minute) as abscissa
and heat flow endo up (mW) as primary ordinate axes. The dotted line represents the
plot of time (abscissa) vs sample temperature (secondary ordinate).
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3.3 Experimental details
3.3.1 Formation methodology and preparation process of Na2SO4·10H2O from its
aqueous saturated salt solution
The aqueous saturated salt solution of Na2SO4 as PCM is proposed instead of using
molten salt hydrates directly in TES systems [8]. As this TES system will have the extra
saturated solution (other than water of hydration as with pure salt hydrate crystals), it is
expected that the problem of formation of lower hydrates will be reduced during repeated
hydration/dehydration process in TES systems. The synthesis process of the salt hydrates
(PCM) and the heat released/absorbed process from its aqueous saturated salt solution
using its solubility diagram were explained in section 1.3.
Figure 1.3 represents a partial binary melting phase diagram for the Na2SO4-water
system, which also helps in the interpretation of the solubility of Na2SO4 in water with
reference to temperature [126]. Let the initial state (liquid phase) of aqueous saturated
salt solution is present with a salt concentration in the region above the liquidus line (PQ).
The region below the liquidus line (PQ) represents a magma having two-phase of
Na2SO4·10H2O crystals and aqueous saturated salt solution [15]. When the salt solution
gets cooled (from a state in a region above PQ to a region below PQ) below the liquidus
line, the formation of Na2SO4·10H2O crystals in the saturated solution will start. The
nucleation of crystals starts only when the temperature of the solution crosses a certain
temperature below its saturation point in the liquidous line (supercooling /metastable zone
width). Thereafter crystal growth starts and the amount of salt hydrate formation will
depend on the final supercooling temperature of the solution. The formation of
Na2SO4·10H2O crystals is an exothermic phenomenon, hence the released heat increases
the solution temperature. In reverse during the heating process, hydrate crystals by
absorbing the heat again dissociate into inorganic salt and its water of hydration. As the
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phase changes from solid to liquid (endothermic phenomenon) and the heat will be
absorbed by the PCM. The possible phenomenon for this transition is represented in
equation 3.1 and 3.2 respectively, where the value of n>> 10.
𝑄(↑)

𝑁𝑎2 𝑆𝑂4 + 𝑛𝐻2 𝑂 →

𝑁𝑎2 𝑆𝑂4 ∙ 10𝐻2 𝑂 + (𝑛−10)𝐻2 𝑂
𝑄(↓)

𝑁𝑎2 𝑆𝑂4 ∙ 10𝐻2 𝑂 + (𝑛 − 10)𝐻2 𝑂 →

𝑁𝑎2 𝑆𝑂4 + 𝑛𝐻2 𝑂

[Equation (3.1)]
[Equation (3.2)]

The aim is to develop an inorganic PCM for its application around 25oC-35oC, the
proposed PCM should have the phase change around this temperature range. According
to the solubility information from figure 1.3, when 30 wt% Na2SO4 solution will be cooled
below the saturation temperature at liquidous line (30oC, corresponds to 30 wt% Na2SO4
solution), the phase change phenomenon will occur within the solution. Aqueous
saturated salt solutions were prepared by mixing 64 g of anhydrous sodium sulphate
(Na2SO4) in 150 mL distilled water (about 30 wt% Na2SO4, 175 mL). Initially, this
solution was heated to 35oC and stirred continuously till the salt gets dissolved
completely. This saturated salt solution was filtered in a vacuum filtration unit to get a
solid free clear solution. About 175 mL (214 g) of a clear solution was obtained and only
150 mL (184 g) of it was used for this study. This 150 mL solution was having 0.387
moles of Na2SO4. 150 mL of this filtered saturated solution was kept inside a double
jacketed glass vessel and cooled from region A (30 wt %, 35oC) to region B (below
liquidous line PQ) using a chiller in which water as coolant flows inside the jacketed area
to control the inner temperature. The image of the experimental setup having the saturated
salt solution in the double jacketed glass vessel is shown in figure 3.1 (a). When 150 mL
of filtered saturated solution at 35oC was cooled, homogeneous nucleation of crystals was
observed at about 28oC with a metastable zone width of about 2oC. Further, this solution
was cooled to 6oC for complete crystallization of Na2SO4·10H2O. According to figure
1.3, at a temperature below 0oC, no free liquid salt solution will be available in the system
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and to avoid the complete solidification of the solution, the temperature during the cooling
cycle was limited to 6oC only. The solid crystals formed get settled inside the jacketed
vessel due to higher density (shown in figure 3.1 (b)). Total crystal obtained and
remaining salt solution are separated by filtration. After filtration, 105 g of crystal and 65
mL (79 g) of remained solution were obtained. To study the thermodynamic properties,
crystals formed were analyzed by using a differential scanning calorimeter (DSC)
analyzer and results are discussed in section 3.4.1.

Figure 3.1 (a) Experimental setup for the formation process of Na2SO4·10H2O from
saturated solution and (b) Settled solid crystals and remaining salt solution during cooling
By using the above-mentioned salt solution having a slightly water-rich
concentration of the salt solution (above the liquidous line PQ), the problems related to
incongruent melting/ formation of lower hydrates during crystallization of
Na2SO4·10H2O in TES application can be mitigated. But the settlement of hydrates
(figure 3.1 (b)) was still an issue to this suggested PCM that will reduce its effectiveness
in multiple thermal cycles.
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3.3.2 Preparation process of PU-PCM composite
Open-cell polyurethane foam (PU) sheets having a density of 32 kg/m3 and 97% porosity
[127],[128] were used as insulation support. The PU Foam has perfect insulation
properties like low thermal conductivity, low density, and superior mechanical properties.
PU foam has voids that trap air and offer a low thermal conductivity medium. It has been
widely used as a high-performance insulating material for buildings and in some technical
applications like heat exchangers, cooling pipes and many more [129]. To mitigate the
segregation of crystals as observed in figure 3.1 (b), salt solutions soaked inside the
porous volume of open-cell PU foam. Salt solutions evenly distributes in the porous
volume of PU foam and captured in a microencapsulated structure. During the
cooling/heating thermal cycle, this PU foam keeps the salt solution and formed salt
hydrate crystals at the captured position within its pore structure and will reduce the
movements of PCMs during phase transitions.
PU foam sheet having dimension 0.07 m: 0.01 m: 0.075 m (length: width: height)
was used. The PCM composite was prepared by incorporating 150 mL of the abovementioned saturated salt solution (35oC, 30 wt% Na2SO4) inside the open pores of PU
foam. To soak/incorporate the PCM (aqueous saturated salt solution) inside the open
pores of PU foam, dry PU foam was squeezed and then dipped inside the aqueous
saturated salt solution. During the expansion of PU foam, the PCM moved inside the void
pores (figure 3.2). After PCM incorporation within PU foam, to avoid external contact,
loss of PCM due to solvent evaporation and leakage, a cellophane zipper pouch was used
to cover this composite (figure 3.2 (right)). This composite having the saturated salt
solution within the PU foam were named PU-PCM composite. Further, the capability of
this PU-PCM composite for thermal insulation application was experimentally studied.
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Figure 3.2 Preparation method of PU-PCM composite
3.3.3 Experimental setup for thermal insulation study of PU-PCM composite
The equipment used in this study includes a chiller and double jacketed glass vessel is
shown in figure 3.3. The Jacketed glass vessel used have diameters about 0.075 m, 0.1 m
and heights of 0.125 m and 0.135 m for the inner and outer jacket respectively.
Three PU-PCM composite material having 0.01 m thick was kept attached to the
surface of the inner jacket of the reactor as an insulation layer, and remaining part of the
vessel includes air (figure 3.3 (a)). A chiller having water as coolant media was used to
maintain the temperature of the outer jacket. To avoid heat loss, insulations at the top and
bottom of this setup was arranged (figure 3.3 (b)). A dry porous polyurethane foam
enclosed with a cellophane pouch was kept below the PU-PCM set up to minimize heat
loss from/gain to the bottom of the vessel. A layer of thick closed foam is used to cover
the top of the reactor. The schematic cross-sectional diagram of the experimental setup is
shown in figure 3.4.

58

Figure 3.3 Image of the top (a) and side (b) view of the experimental setup with PU-PCM
composite
Top Insulation
PU-PCM
Composite

Coolant Outlet (T2)

Temperature
Measuring Point

(T1)

Bottom
Insulation
Coolant Inlet (T2)

Figure 3.4 Schematic cross-sectional diagram of the experimental setup having PU-PCM
composite
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3.3.4 Experimental procedures to test thermal insulation capability of PU-PCM
composite
Initially, the jacket temperature of the vessel was set at 35oC. Then it was reduced to 30oC
and allowed to stay for about 15 minutes to reach a steady state. Then the jacket
temperature (T2) was cooled till 6oC at a rate of about 0.2oC/min. In about 100 minutes
jacket temperature reached 6oC and then it was maintained for further 200 minutes. The
formation of hydrates within PU foam was observed within PU foam pores through
microscopically captured images of crystal after one cooling cycle (35oC to 6oC) was
reported [8]. To study the insulation capability of the PU-PCM composite, the
temperature at the centre of the vessel during this thermal cooling cycle was observed.
The profile for the absolute temperature difference (T2-T1) between jacket (T2) and centre
of vessel (T1) throughout this experiment was measured with reference to time and outside
temperature (T2) and results were discussed in section 3.4.2.
3.3.5 Experiments to test the amount of crystal formed within PU-PCM composite
The amount of crystal formed within PU-PCM composite pores (solid phase fraction)
with reference to time and outside temperature (T2) during the cooling cycle was also
observed experimentally. For this experiment, four similar experimental setups as given
in figure 3.3 (b) and described in section 3.3.3 was connected in series (figure 3.5). In
each setup, 150 mL of aqueous saturated salt solution (35oC, 30 wt% Na2SO4) were
soaked within the PU foam of 0.01 m thickness. To maintain the same temperature
condition, all four jacketed vessels were connected to a single chiller. Chiller temperature
was initially started at 35oC and then maintained at 30oC for 15 minutes to keep a uniform
temperature throughout the setup.
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Figure 3.5 Image of four jacketed experimental setups connected with a single chiller
Then the composite from the first setup was taken out of the jacketed vessel. This
PU-PCM composite was squeezed completely for the separation of the non-crystallized
salt solution (remaining salt solution). The crystals formed are captured within the pores
of PU foam and during squeezing only remaining salt solution are separated. The weight
of composite (PU foam and Na2SO4·10H2O crystals) and the solution squeezed out is
measured. Next, the surrounding temperature (T2) was cooled gradually up to 6oC. During
the cooling cycle, in regular time intervals, composites from the other three jacketed
reactors are squeezed one by one to separate the remaining salt solution from the crystal
that formed within the pores of PU foam. The weight of crystal formed and volume of
remain solution within pores were measured. Results obtained for weight/fraction of
crystal formed, the volume of solution remained un-crystallized with reference to time is
discussed in section 3.4.3.
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3.4 Results and discussion
3.4.1 DSC analysis of crystal samples
Thermal analysis of the crystal sample was done (as explained in section 3.2) by using
differential scanning calorimetric (DSC) analysis. A three-step DSC analysis of heatingcooling-heating was done to the crystal samples obtained. In the temperature range, -15°C
to 60oC, the melting and freezing curve results of the sample are shown in figure 3.6.

Figure 3.6 DSC melting/freezing curve for the crystallized sample
According to the melting and freezing curves, during first heating from -15°C to
60oC (step 1), sample melting peak observed at a temperature of 35°C with a melting
enthalpy of 233.4 J/g. During cooling from 60oC to -15°C (step 2), the sample crystallized
at a temperature of about 10°C with a discharge enthalpy of 50 J/g. The second peak
during step 2 observed at a temperature of around -11°C making the solution crystallized
completely. Again, in step 3, during heating from -15°C to 60oC, the sample showed
almost similar melting behaviour with reference to step 1. The DSC results obtained are
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tabulated in Table 3.1. The melting point and enthalpy of Na2SO4·10H2O are reported in
the literature [2],[130] to be 32°C and 240 J/g respectively. The melting point and
enthalpy observed in DSC results confirm the crystals formed during cooling of the
saturated salt solution to be Na2SO4·10H2O.
Table 3.1 DSC analysis results of the crystallized sample
Step

Heating/

Number

Cooling

Step 1

Heating

Condition

Peak

Peak

Peak Enthalpy

point

Temperature (oC)

(J/g)

1

35oC

233.35 J/g

60oC to -15oC

2

9oC

-50.59 J/g

@ 3oC /min

3

-11oC

-48.43 J/g

-15oC to 60oC

4

34.5oC

205.82 J/g

-15oC to 60oC
@ 2oC /min

Step 2

Step 3

Cooling
Heating

@ 2oC /min

3.4.2 Experimental result for thermal insulation capability of PU-PCM composite
As explained in section 3.3.4, the experimental setup having PU-PCM composite layer
shown in figure 3.3 (b), was cooled from 30oC to 6oC. In figure 3.7, the variation of
absolute temperature difference (T2-T1) between chiller (T2) and centre of the reactor (T1)
with reference to time represented as square points. The variation of chiller temperature
(T2) as secondary ordinate with time (minutes) shown as a continuous line.
The crystallization of Na2SO4·10H2O started at about 30oC (section 3.3.1) within
the PU foam. The crystallization of Na2SO4·10H2O within pores of PU foam released
heat energy as latent heat of crystallization. Thus, the temperature difference (T2-T1)
increased with respect to time from 1oC to a maximum of 9oC in a time of 60 minutes
(figure 3.7). As the temperature at the wall (T2) decreasing, crystallization further
continued to the inner layers of the PU foam towards the inner chamber of the reactor.
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After the 100th minute, the outside temperature (T2) remains constant at 6oC.
Simultaneously (T2-T1) starts decreasing after the 60th minute and reached 1oC. This was
due to equilibrium reached for crystallization of Na2SO4·10H2O and non-availability of
latent heat.

Figure 3.7 Experimental result for absolute temperature difference profile (T2-T1) with
respect to outside temperature (T2)
3.4.3 Results for the amount of crystal formed within PU-PCM composite
In figure 3.8 the results for the amount/weight of crystals formed within pores of PU foam
with time and outer temperature (T2) is shown. The fraction of solid crystal
(Na2SO4·10H2O) formed from pure liquid PCM to solid PCM is shown as ordinate axes
with time as abscissa. Square points in figure 3.8 represent the fraction of crystals
obtained experimentally within PU foam.
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Figure 3.8 Experimental result solid phase fraction within PU foam with time and outside
temperature (T2)
The curve of solid-phase fraction that denotes crystal fraction increased rapidly till 60th
minutes. Since solution crystallization is equilibrium based on mass transfer operation,
initially nucleation phenomena are dominant. Due to this, the temperature difference (T2T1) increased to a maximum of 9oC (figure 3.7) during the initial time up to the 60th
minute. After a 60th minute as the nucleation formation slowed down because of a
reduction in supersaturation for crystallization of Na2SO4·10H2O that causes the
decreasing in temperature difference (T2-T1) curve. After the 100th minute, the outer
temperature T2 ceases at 6oC, but crystal growth still occurred at a slower rate within
pores of the composite up to 130th minutes (figure 3.8). Hence, till 60th minute of cooling,
due to rapid nucleation of hydrates (figure 3.8), the temperature difference profile
increased (figure 3.7) and after that, as the system reached the equilibrium between the
energy released due to nucleation and energy loss to cooling or no further formation of
crystals found, the temperature difference profile decreased.
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3.5 Conclusion
This chapter emphasizes the utilization of aqueous saturated inorganic salt solution as a
PCM. The presence of extra water reduced the formation of lower hydrates during
repeated thermal cycles. The method to synthesis Na2SO4·10H2O (PCM) from its aqueous
saturated salt solution is described from its phase diagram. The mechanism of heat
transitions for Na2SO4·10H2O (PCM) within the salt solution was also explained.
Through the DSC analysis, the formation of Na2SO4·10H2O (PCM) from its aqueous
saturated salt solution was confirmed.
The feasibility in applying salt solution incorporated PU foam, to mitigate phase
segregation of hydrate crystals, as PU-PCM composite for thermal energy storage
systems was discussed. Rapid nucleation of Na2SO4·10H2O crystal hydrates within pores
of PU-PCM composite from the saturated solution was observed initially and later crystal
growth dominated. Due to the presence of PU foam, phase segregation of crystal during
multiple thermal cycles can be mitigated. Each pore of PU foam acted like a small
microreactor which provided a heterogeneous surface that enhanced the nucleation of
each drop of solution captured. Hence, these PU-PCM composites can be planned for
utilizing as an insulating and energy storage material.
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Chapter 4
Computational Study for Solution
Crystallization within Porous
Polyurethane Foam

The content of this chapter is published in,
Purohit, B. K., and Sistla, V. S. (2018). Studies on solution crystallization of
Na2SO4·10H2O embedded in porous polyurethane foam for thermal energy storage
application. Thermochimica Acta, Elsevier, 668, 9-18.
(DOI: https://doi.org/10.1016/j.tca.2018.08.005)
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4.1 Introduction
Experimental studies on the preparation and thermal insulation performance of PU-PCM
composite having aqueous sodium sulphate solution embedded in pores of open-cell
polyurethane foam was discussed in chapter 3. In this current chapter, an approach for the
computational study for thermal study of aqueous salt solution embedded in a porous
material that undergoes phase change was done using COMSOL Multiphysics software.
A two-dimensional axisymmetric physical model similar to the experimental setup having
Na2SO4 saturated solution incorporated within porous PU foam was modelled. The
assumptions considered for a computational study employed during this work was
discussed in detail. The results obtained for both computational and experimental study
(chapter 3) were compared and results are discussed.
4.2 Physical model and computational study using COMSOL Multiphysics
4.2.1 Physical model considered
A two-dimensional axes-symmetric physical model (shown in figure 4.1) in COMSOL
Multiphysics software was considered (as related to the experimental setup, figure 3.4)
for the current computational analysis. The PU-PCM composite layer (thickness: height::
0.01 m: 0.075 m) having porous PU foam and inorganic PCM (Na2SO4 salt solution)
attached to the inner surface of the vessel was shown. This PU-PCM composite layer was
enclosed with a thin (thickness: 0.00006 m) cellophane zipper pouch. At the bottom of
the PU-PCM layer, an insulation media consists of dry porous polyurethane foam, 97%
porosity, was used for insulation purpose. The top layer of this model was also thermally
insulated. The inner side of the vessel has only air within it. A cooling thermal cycle
temperature profile (T2) at the outer wall of the jacketed vessel in the model was applied
similar to experiments. To perform computation for temperature (T1), various
assumptions and properties considered have been explained in section 4.2.2.
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Figure 4.1 Two dimensional axes-symmetric physical model of the experimental setup
4.2.2 Computational solving approach for experimental study
The computational solving approach of the above described physical model was done
using COMSOL Multiphysics 5.0 software. COMSOL Multiphysics uses the finite
element analysis method for modelling and simulating physics-based problems. In an
attempt to simulate the solution crystallization phenomenon within pores that undergoes
a phase change, a time-dependent multiphysics model consists of heat transfer in solid,
fluid, porous media and combination with heat transfer during phase change was used for
this computation.
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As the PU foam has a porosity of 97%, the PU-PCM composite was having PU
foam (3%) and the remaining 97% free volume was occupied by the 150 mL of salt
solution. To create 97% porosity for composite within the model, a matrix having
horizontal and vertical lines of PU foam are created. Within assigned PU-PCM composite
area (0.01 m X 0.075 m = 750 mm2), 39 horizontal and 4 vertical lines each having
0.0000325 m thick was assigned as properties of PU foam. They occupy 3% area [(0.01
m X 0.0000329 m X 39) + (0.075 m X 0.0000329 m X 4) - (0.0000325 X 0.0000325 X
39 X 4) = 23.5 mm2] of the entire PU-PCM layer [3% of (0.01 m X 0.075 m = 750 mm2)].
As mentioned in chapter 3 for experiments, 150 mL (184 g) of saturated salt
solution (30 wt% salt solution) were incorporated within PU foam where crystallization
phenomena happen only within the partial area. So, the remaining 97% free area in the
PU-PCM model (750 –23.5=727.5 mm2) having 200 (5 X 40) empty spaces were assigned
to the properties of the salt solution. The initial 30 wt% Na2SO4 aqueous saturated
solutions (150 mL, 184 g) have 55.2 g (30%) of Na2SO4 and 128.8 g (70%) of water. In
the experiment after cooling, the products obtained were 105 g crystal and 79 g of remain
solution (65 mL). The phase diagram (figure 1.3) and DSC results (section 3.4.1, figure
3.6) of the experimentally obtained crystal confirm the formation of only Na2SO4·10H2O
crystals. Experimentally (section 3.3.1) the total Na2SO4·10H2O crystal obtained was
found to be 105 g. This 105 g Na2SO4·10H2O (0.326 moles) have 0.326 moles (46.2 g,
44%) of Na2SO4 and 3.26 mole (58.8 g, 56%) of water in it. Hence, the remaining 79 g
solution (65 ml) will have 9 g (55.2–46.2 g) of Na2SO4 and 70 g (128.8–58.8 g) of water
in it. The concentration of remaining salt solution was about 11 wt% of Na2SO4.
To solve the problem related to phase change of salt solution within the porous
media, a model having a mixture of 11 wt% Na2SO4 salt solution (79 g) and liquid
Na2SO4·10H2O (105 g) PCM within PU foam open pores are considered. Within PU70

PCM composite, the remaining 97% area (727.5 mm2) or 200 (5 X 40) empty spaces were
assigned with properties of 11 wt% Na2SO4 salt solution (79 g) and liquid Na2SO4·10H2O
(105 g) PCM. The phase change was considered only in the area assigned for
Na2SO4·10H2O (105 g). The 11 wt % salt solution and liquid Na2SO4·10H2O PCM were
present at a fraction of about 0.43:0.57 (79/184:105/184). Within 727.5 mm2 in the PUPCM composite 11 wt% Na2SO4 and molten Na2SO4·10H2O were needed to be assigned
in the area of 312.825 mm2 and 414.675 mm2 (0.43 X 727.5: 0.57 X 727.5) respectively.
Hence the 200 empty spaces (727.5 mm2), were assigned to 11 wt% Na2SO4 and molten
Na2SO4·10H2O at a ratio of 2:3 (0.43 X 200: 0.57 X 200). Figure 4.2 represents the
detailed considered structure and arrangement of 11 wt% aqueous solutions of Na2SO4
and molten Na2SO4·10H2O within the PU-PCM composite layer for computational study.

Na2SO4.10H2O
Salt Solution

0.075 m

Polyurethane Foam

z

r

0.01 m

Figure 4.2 Schematic view of the arrangement of salt solution (salt solution and
Na2SO4·10H2O) within composite considered for the computational model
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The thermophysical properties of polyurethane foam, cellophane sheet, saturated
salt solution and Na2SO4·10H2O used are given in Table 4.1 and 4.2 respectively. The
thermophysical properties of 11 wt% Na2SO4 salt solution were obtained by interpolation
from the properties of pure water (density 1000 kg/m3, heat capacity 4186 J/(kg.K),
thermal conductivity 0.6 Wm-1K-1) and liquid Na2SO4·10H2O (44 wt% Na2SO4 solution).
Table 4.1 Thermal properties of polyurethane foam and cellophane sheet
Polyurethane Foam [131]

Cellophane Sheet [132]

Density, ρ (kg/m3)

32

1460

Heat Capacity, CP (J/kg.K)

2700

1440

Thermal Conductivity, k (Wm-1K-1)

0.048

0.0035

Table 4.2 Thermal properties of Na2SO4·10H2O PCM [20],[130],[133],[2],[15]
Latent Heat, L (J/g)

240
Solid

Liquid

Na2SO4·10H2O Na2SO4·10H2O

11 wt % Na2SO4
Salt Solution

Density, ρ (kg/m3)

1460

1330

1082.5

Heat Capacity, CP (J/kg.K)

1920

3260

3491.5

Thermal Conductivity, k (Wm-1K-1)

0.544

0.544

0.597

Assumptions considered for the computational study includes:
•

Pores of PU foam are identical.

•

Volumetric expansion during phase change was neglected.

•

The leakage of PCM/water/salt solution outside pores was neglected.

•

Within a single phase, the property of PCM does not vary with temperature.

•

The top layer was thermally insulated.

•

No surface influence of polymer surface on heterogeneous crystallization of PCM.

•

Both PCM and remaining salt solution were present within the pores only.

•

No phase segregation occurred during the thermal cycle.

•

Viscous dissipation (Qvd) and pressure work (QP) ignored

•

Heat transfer through convection and radiation are neglected
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The mathematical formulations that COMSOL uses for the study of the phase change
(solid and liquid Na2SO4·10H2O) consist of a general heat transfer equation

C 

T
+ C .T = .( .T ) + Q + Qvd + Q
t

[Equation 4.1]

Ignoring viscous dissipation (Qvd) and pressure work (QP) and neglecting heat
transfer through convection and radiation, the heat equation concerts into a more familiar
form for heat transfer for the temperature, T.

C 

T
+ C .T = .( .T ) + Q
t

[Equation 4.2]

If the velocity is set to zero, the equation governing purely conductive heat
transfer is obtained:

C 

T
+ .(− .T ) = Q
t

[Equation 4.3]

The phase change model considered in COMSOL for melting/solidifying of pure
melts is shown in figure 4.3. If the PCM material has phase change temperature Tm, then
it was supposed that the phase transformation starts at temperature Tm + (ΔT/2) and
completes at temperature Tm - (ΔT/2). The complete phase change occurs in the
temperature range ΔT. The ΔT is considered as the phase change temperature gap from
liquid to solid or vice versa. The phase change temperature (Tm) is in the middle of the
temperature gap ΔT. In this ΔT interval, phase behaviours from liquid to solid were
modelled by a smooth function of phase change fraction θ. The value of θ is equal to 0
before Tm + (ΔT/2) and 1 after Tm – (ΔT/2). The total energy associated with this ΔT
interval is represented as latent heat L.
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Figure 4.3 Phase change model considered in COMSOL for melting/solidifying of PCM
In the case of solution crystallization, the solution was crystallized from 30 wt%
Na2SO4 (30oC) (initial feed solution) to 11 wt% Na2SO4 (remaining salt solution). The
nucleation of crystals from 30 wt% Na2SO4 salt solution starts at 30oC and the crystal
grow as Na2SO4·10H2O crystal. So according to the phase diagram (figure 1.4) phase
transformation starts at temperature 30oC (30 wt% Na2SO4 salt solution) till 14oC
(equilibrium temperature at liquidous line corresponds to 11 wt% Na2SO4 salt solution).
As the phase change phenomena occurred in between 30oC (Tm + (ΔT/2)) to 14oC
(Tm - (ΔT/2)), this temperature gap of 16oC was considered as phase change temperature
range ΔT. As COMSOL consider phase change temperature Tm to be at the middle of ΔT.
By considering 30oC as the nucleation or starting phase change temperature, phase change
temperature (Tm) was taken in between 30oC and 14oC (Tm= 30oC – (ΔT/2)) as 22oC.
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[Equation 4.4]
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During phase change the effective density, ρ, effective thermal conductive, k, and
the effective specific enthalpy, H, of PCM are expressed as

 =  . LP + (1 −  ). SP

[Equation 4.5]

𝜅 = 𝜃. 𝜅𝐿𝑃 + (1 − 𝜃)𝜅𝑆𝑃

[Equation 4.6]

H =  . LP H LP + (1 −  ). SP H SP

[Equation 4.7]

Apparent specific heat capacity, CP, can be obtained by differentiating equation
4.7 with respect to temperature.

CP =

   LP H LP + (1 −  )  SP H SP

T 






[Equation 4.8]

After some formal transformations in the above equation (Appendix B) the specific heat
capacity, CP, is considered as

Cp =

1



( LP C P , LP + (1 −  )  SP C P , SP ) + (H SP − H LP ).

  1 (1 −  ). SP −  . LP
 .
T  2






[Equation 4.9]
Here, 𝛼𝑚

=

1 (1−𝜃)𝜌𝑆𝑃 −𝜃𝜌𝐿𝑃

[Equation 4.10]

2 𝜃𝜌𝐿𝑃 +(1−𝜃)𝜌𝑆𝑃

The apparent specific heat capacity, CP, is the sum of an equivalent heat capacity,
Ceq, and the distribution of latent heat, CL, in the ΔT interval.
C p = C eq + C L

Where, C eq =

[Equation 4.11]
1



( LP C P , LP + (1 −  )  SP C P , SP ) and

C L = (H SP − H LP ).

 m
T

[Equation 4.12]

[Equation 4.13]
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In the ideal case, when 1−θ is the Heaviside function (equal to 0 before phase
change and equal to 1 after phase change) and

𝜕∝𝑚
𝜕𝑇

is the Dirac pulse. So, CL is the

enthalpy jump L= (H SP − H LP ) that is added when you have a pure substance at
temperature Tm. Latent heat (L) which is the total heat per unit volume released during
the phase change was
Tm +

T
2

C

Tm +
L

(T ).dT = L.

T
Tm −
2

T
2



T
Tm −
2

 m
.dT = L
T

[Equation 4.14]

Equation 4.7 for apparent specific heat capacity CP can be written as
Cp =

1



( LP C P , LP + (1 −  )  SP C P , SP ) + L.

 m
T

[Equation 4.15]

The mathematical equations that COMSOL considered for heat transfer in solid,
liquid and porous media (equation 4.16, 4.17, 4.18 and 4.19) are given below. These
equations were described by considering zero velocity for fluids, no heat transfer through
convection, radiation, ignoring viscous dissipation (Qvd), pressure work (QP), heat
equation for heat transfer in solid, liquid and porous media. For heat transfer in solid (PU
foam) and fluid medium

C 

T
+ .(− .T ) = Q
t

[Equation 4.16]

For heat transfer in porous media (porous PU foam insulation)

T
+ C .T = .( eff .T ) + Q
t

[Equation 4.17]

( C  ) ef f =  P . P C P , P + (1 −  P ). FM C P , FM

[Equation 4.18]

 eff =  P . P + (1 −  P ). FM

[Equation 4.19]

( C  ) eff
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Above assumptions and a mathematical model were considered for phase change
of salt solution inside porous media. At the surface of the jacketed reactor, a cooling
thermal cycle temperature profile (T2) was applied similarly to the experimental condition
as given in figure 3.7. With respect to time and temperature profile (T2), the temperature
in the middle of the reactor (T1) and the amount of crystal formation was obtained
computationally. With above all consideration the computational results obtained were
compared with the results obtained from the experimental study (chapter 3, figure 3.7 and
3.8) and have been discussed in section 4.3.
As the COMSOL Multiphysics software is based on finite element analysis, then
different mesh sizes for the model may vary the computational result. So, three different
mesh sizes as extra coarse, normal and extra-fine were taken to see the effect on the
computational results. With extra coarse, normal and extra fine mesh sizes, the physical
model has 287974, 425171 and 539437 number of elements respectively. The image of
the model with these three mesh sizes is shown in figure 4.4. Computational results
obtained have been discussed in section 4.3.1.

Figure 4.4 Three different mesh sizes of the model considered in COMSOL software
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The PU-PCM composite shown in figure 4.2 shows the schematic view of the
arrangement of salt solution and molten Na2SO4·10H2O within composite considered for
the computational model. The position or amount for melting and freezing of
Na2SO4·10H2O (liquid ↔ solid) were fixed in assigned areas. In reality, these
arrangements for the salt solution and Na2SO4·10H2O within a composite may be
different. Figure 4.5 shows the different possibilities of arrangements (PU-PCM 1 to PUPCM 9) for the salt solution and molten Na2SO4·10H2O within the PU-PCM composite.
In these arrangements from PU-PCM 1 to 4, the Na2SO4·10H2O quantity (where
melting/freezing occurred) and the ratio of salt solution to molten Na2SO4·10H2O (2:3)
were mentioned similar to as PU-PCM composite (figure 4.2). Arrangement in PU-PCM
1, 2 and 3 considered with the possibility of melting/freezing of Na2SO4·10H2O only at
the left side, at the middle or the right side of the composite respectively. For PU-PCM 4
arrangement, the melting/freezing of Na2SO4·10H2O will only occur at the bottom. In
arrangements PU-PCM 5 and 6, the Na2SO4·10H2O quantity where melting/freezing
occur were varied. The ratio of salt solution to Na2SO4·10H2O was taken as 1:4 (80%
Na2SO4·10H2O) and 3:2 (40% Na2SO4·10H2O) for arrangements PU-PCM 5 and 6
respectively. The arrangements PU-PCM 7, 8 and 9 were taken with the possibility of no
phase change (0% Na2SO4·10H2O), fully phase change (100% Na2SO4·10H2O) and half
phase change (50% Na2SO4·10H2O) within PU-PCM composite respectively. The
computational results obtained for each arrangement were compared with results obtained
for the arrangement with PU-PCM (figure 4.2) and have been discussed in section 4.3.2.
By taking extra fine mesh size and PU-PCM (as in figure 4.2) for the calculation of the
model, the two variables such as latent heat value (L) and phase change temperature range
(ΔT) of PCM were also varied in the range of 180 to 300 J/g and 12 to 20oC respectively.
The computational results obtained are described in section 4.3.3 and 4.3.4.

78

Figure 4.5 Different possibilities of arrangements for the salt solution and Na2SO4·10H2O
within PU-PCM composite
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4.3 Results and discussion
4.3.1 Computational results and validation with respective experimental data
By considering the standard thermodynamic properties of the materials and all the
mentioned assumptions, the two-dimensional axisymmetric model (figure 4.1) was
solved by varying three different mesh sizes (extra coarse, normal and extra fine) in the
computational software COMSOL Multiphysics 5.0. The values of variables like the
latent heat of fusion for PCM as 240 J/g, phase change temperature range ΔT as 16oC was
taken (section 4.2.2) and COMSOL simulation were performed. For the same chiller data
T1 considered in the experimental setup (figure 3.7), computationally obtained
temperature difference profile (T2-T1) from the model with respect to time for three mesh
sizes are shown in figure 4.6.

Figure 4.6 Computational result comparison with three different mesh sizes for the
temperature difference profile (absolute T2-T1 value)
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It was observed that by varying the mesh sizes from extra coarse to extra fine, no
variation in temperature profile observed. Hence, extra-fine mesh size was taken for
further calculations. The comparison for temperature difference profile (absolute T2-T1
value) with respect to outside temperature (T2) for both experimental and computational
result (dashed line) are shown in figure 4.7. The temperature difference (T2-T1) followed
the experimental results and increased up to 9oC in the first 90th minutes and then
decreased to zero temperature difference. An average absolute error of 1.15oC was found
between experimental and computationally obtained absolute temperature difference
profile (T2-T1) data.

Figure 4.7 Experimental and computational result comparison for temperature difference
profile (absolute T2-T1 value) with respect to outside temperature (T2)
Again, the phase change fraction of the PCM from liquid to solid (θ) obtained from
the model simulation is compared with the result for the fraction of the crystal obtained
experimentally (figure 3.8). The dashed line in figure 4.8 shows the computationally
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obtained result for the phase change fraction of the PCM. As theoretically the starting point
for crystallization was considered from 30oC and the initial temperature of the model was
kept at 30oC, at 0th minutes (figure 4.8) 0.01 fraction of crystal initially present.
Computational data states the crystallization ceases at about 100th minutes compared to the
experimental time at about 130th minutes. An absolute average error of 0.077 was obtained
between both results. This variation observed due to reduced crystallization kinetics while
reaching equilibrium. Again, during computation, the influence of heterogeneous
crystallization of polymer surface on PCM was also not considered. Hence validation of the
present physical model has been approached to the obtained experimental results. The
above-given error for computation with experimentation is also evident since the prototype
considered for computation contain a certain set of pores filled with salt hydrate and salt
solution randomly. The change in pore filling will change the error % in the result as well.

Figure 4.8 Experimental and computational result comparison of solid phase fraction
within PU foam with time
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4.3.2 Comparison of computational results with different arrangements of PU-PCM
Composite
By considering the possibility for the different arrangement of salt solution and
Na2SO4·10H2O within the PU-PCM composite (figure 4.5), the computational results of the
model were obtained. The comparison for computational results obtained for PU-PCM 1, 2
and 3 (figure 4.5) with respect to arrangements of PU-PCM composite (figure 4.2) are shown
in figure 4.9. The profile observed for the arrangement PU-PCM 1 and PU-PCM were
analogous. It may be assumed that as the cooling was supplied from the left side of the
composite, phase change started within all pores from the left side till all the Na2SO4·10H2O
got solidified. For PU-PCM 2 and 3, although the amount of phase change was the same,
the heat flow from outside was time-dependent and due to increased distance for the position
of crystallization/phase change area, more heat flow to the inner side of the vessel and
increased the temperature difference profile.

Figure 4.9 Computational result comparison for the arrangements PU-PCM 1, 2 and 3
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Figure 4.10 Computational result comparison for the arrangements PU-PCM 4, 5 and 6

Figure 4.11 Computational result comparison for the arrangements PU-PCM 7, 8 and 9
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The comparison for computational results obtained for PU-PCM 4, 5 and 6 with
respect to arrangements of PU-PCM (figure 4.2) are shown in figure 4.10. The assigned area
for phase change of Na2SO4·10H2O for PU-PCM 4, 5 and 6 (figure 4.5) is about 60%, 80%
and 40% respectively. With less phase change (PU-PCM 6) assigned area, lesser was the
heat resistance and the temperature gap. In PU-PCM 4, although the amount of
Na2SO4·10H2O was the same as in PU-PCM (figure 4.2), the phase change also occurred at
the internal side of the composite, the heat evolved increased the inner temperature thus
temperature gap.
The comparison for computational results obtained for PU-PCM 7, 8 and 9 (figure
4.5) with respect to arrangements of PU-PCM composite (figure 4.2) are shown in figure
4.11. With PU-PCM 7 and 8 arrangements where no and full phase change occurred within
the composite, the temperature gap increases to a maximum of about 3oC and 15oC
maximum respectively. As in PU-PCM 8, the amount assigned for phase change was
maximum, thus maximum heat evolved that provided the maximum temperature gap
observed. While in PU-PCM 7, no phase change occurred and outer temperature were
retarded by sensible heat only. The results for PU-PCM 9 arrangements phase change
assigned to only 50% area of PU-PCM composite, follows the profile of PU-PCM
composite.
From the results of all these arrangements, it was seen that the profile with
arrangements PU-PCM 3 (2:3 ratio, phase change only at the left side), PU-PCM 5 (1:4 ratio,
phase change only at the left side) and PU-PCM 9 (1:1 ratio, phase change occurred
randomly throughout composite) coincides with the profile of PU-PCM composite. Thus it
can be concluded that the amount of area where phase change occurred was between 50%
to 70% and those areas were randomly placed.
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4.3.3 Effect of latent heat (L) of PCM on temperature difference profile (T2-T1)
As explained in section 4.2.2, for the computational study, the latent heat (L) for
validation of experimental study were considered as 240 J/g and validated with
experimental data. Since Na2SO4·10H2O crystallization is not homogeneous and in
heterogeneous surface-based crystallization might have a difference in melting enthalpy
compared to homogeneous crystallization. Melt enthalpy for Na2SO4·10H2O reported in
the literature was in between 180 and 240 J/g [133]. Latent heat (L) of PCM material were
varied to observe the effect of value on temperature difference profile (T2-T1). By keeping
the phase change temperature range (ΔT) as 16oC, latent heat of fusion for Na2SO4·10H2O
PCM was varied with values 180, 240 and 300 J/g and the temperature difference profile
(T2-T1) observed and compared with experimental results (figure 4.12).

Figure 4.12 Effect of latent heat of PCM on temperature difference profile (absolute T2T1 value) with respect to time

86

In figure 4.12 dotted line with square points show the experimentally observed
absolute temperature difference profile (T2-T1). All the continuous line (figure 4.12)
shows computationally obtained results for absolute temperature difference profile (T2T1) with different values of latent heat of PCM with respect to time. For latent heat 180
J/g (denoted as rhombus), a maximum temperature difference profile (T2-T1) of 8oC was
observed at the 60th minute. Temperature difference profile (T2-T1) for latent heat 240
(denoted as a circle) and 300 J/g (denoted as a triangle), reached till 9oC and 10oC at about
90th minute. After that trend in results for all experimental results of temperature
difference profile (T2-T1) are found to be similar to an experimentally observed profile.
Since the phase change temperature range (ΔT) was similar for the three cases, the
complete crystallization time would be similar. By increasing the latent heat of PCM,
more heat was captured by PCM during its phase transition. Due to this a delay in
decreasing inner temperature T1 occurs and thus difference profile (T2-T1) increased.
4.3.4 Effect of phase change temperature range (ΔT) on temperature difference
profile
Computational evaluation for the effect on the temperature difference profile (T2-T1), due
to the variation of the phase change temperature range (ΔT) was also studied. By keeping
latent heat (L) of PCM material at 240 J/g, the value of phase change temperature range
(ΔT) was varied with values of 10oC, 16oC and 20oC. The other variable required for
computational study, phase change temperature (Tm), depends on phase change
temperature range (ΔT) and calculated using formula 30oC = Tm + (ΔT/2). So the values
for phase change temperature (Tm) 25oC, 22oC and 20oC considered for phase change
temperature range (ΔT) as 10oC, 16oC and 20oC respectively. In figure 4.13 and 4.14, the
experimentally obtained results are shown as square points and all the continuous lines
are for computationally obtained results.
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Figure 4.13 Effect of phase change temperature range (ΔT) of PCM on temperature
difference profile (absolute T2-T1 value) with respect to time
In figure 4.13, the absolute temperature difference profile (T2-T1) for all three
variables of ΔT following a similar trend till the 40th minute. The highest (T2-T1) value
(10oC) for the curve obtained for ΔT value at 10oC, whereas the lowest (T2-T1) value
(9oC) obtained for ΔT value at 16oC. At all ΔT values after attaining maximum (T2-T1),
a similar trend observed for all (T2-T1) profiles with time. In figure 4.13, the area under
the curves are increasing with respect to the increase in the ΔT values from 10oC to 20oC
and also the (T2-T1) profile for ΔT at 20oC (denoted as a triangle) is wider than other ΔT
profiles. This may be expected due to the long temperature gap to reach the solution into
equilibrium composition thus more time for complete solidification of PCM which further
increased the time of energy release within PU-PCM composite and thus provides a long
temperature gap.
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Figure 4.14 Effect of phase change temperature range (ΔT) of PCM on solid-phase
fraction within PU foam with time
Time of solidification can also be observed in figure 4.14, which is PCM solid
fraction formation with respect to time. From figure 4.14, the time required to reach
complete solidification of PCM with ΔT at 20oC (denoted as a triangle) is 130th minutes.
Whereas the complete solidification of PCM occurred at about 60th and 70th minutes for ΔT
at 10oC (denoted as rhombus) and 16oC (denoted as a circle) respectively. When the lesser
ΔT value is given, crystal formation is more rapid and the complete crystallization occurred
in a short span of time. Thus, the resistance to the heat flow from the inner chamber to the
cooling jacket will be more. Hence the temperature difference profile (T2-T1) obtained in
figure 4.13 have the highest value at ΔT value 10oC (denoted as rhombus) than others and
reached a minimum at the shortest span of time.
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From figure 4.13 and 4.14, it can be seen that experimental values are more in
alignment with the T2-T1 and a mass fraction (θ) with time curves with ΔT at 10oC during
40-50 minutes. During the time of 80-150 minutes, they (experimental values) are more
aligned with the T2-T1 and a mass fraction (θ) with time curves with ΔT at 20oC. The
simulation and experimental results provided a clear indication that the experimental result
followed rapid nucleation up to 50-60 minutes and later intermediate region of nucleation
and crystal grown occurrence between 60-80 minutes and then followed by only crystal
growth till the end of crystallization time. The above-given error for computation with
experimentation is also evident since the prototype considered for computation contain a
certain set of pores filled with salt hydrate and salt solution randomly. The change in pore
filling will change the error % in the result as well.
4.4 Conclusion
Due to the presence of PU foam, phase segregation of crystal during multiple thermal cycles
can be mitigated. Unlike melt crystallization, using in PU-PCM composite, the comparison
between thermal insulation study experiment and corresponding simulation opened a new
insight for understanding solution crystallization for salt hydrate in aqueous solutions by
COMSOL Multiphysics software. Simulation data obtained from experimental support
yielded only an average absolute error of 1.15oC for temperature difference (T2-T1) profile
and 0.077 for fraction of salt hydrate formation of the crystal within pores with time. The
error may also be minimized by changing the salt hydrate crystals and salt solution
distribution in the prototype module given in figure 4.2. Extended simulation data for varied
variable values (ΔT, ΔH) delivered that solution crystallization experiment performed in PU
foam yielded salt hydrated nucleation domination at initial stages and followed by salt
hydrate crystal growth domination at a later stage.
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Chapter 5
LAPONITE® Based Hydrogel for
Cold Thermal Energy Storage
Application

The content of this chapter is published in,
Purohit, B. K., and Sistla, V. S. (2021). LAPONITE® based hydrogel for cold thermal
energy storage application, Bulletin of Materials Science, Springer, 44. 110.
(DOI: https://doi.org/10.1007/s12034-021-02416-3)
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5.1 Introduction
This chapter aims to propose a water-based gelling agent, that can be added with the
saturated salt solution (PCM) for mitigating phase segregation issue during the phase
transition of PCM. LAPONITE® as a gelling material was used to alter its free-flowing
state of water to prevent the convective movement and leakage during the phase change
process. Just to test the shape stabilization performance of this gelling agent on the water
during phase change, a hydrogel-based on LAPONITE® was purposed as PCM.
Water is an inorganic, non-flammable, non-toxic and easily available phase
change material (PCM) that can be utilized for cold thermal energy storage (TES)
application (melting point at 0oC). In the case of water as a PCM, during cooling, by
releasing the latent heat (exothermic) water changes its phase to an ice state. In reserve
while heating, it absorbs the latent heat (endothermic) during its phase change from solid
to liquid state. Although water has a specific heat of about 4.18 J/(g. K) and melts
congruently with a melting enthalpy of about 333 J/g, its application as an insulation layer
was constrained. Phase separation (bulk convective movement during phase change,
between ice and water), leakage from the container, supercooling during freezing, high
volumetric expansion and corrosion to the container are the main concerns for water as
an insulation layer in thermal energy storage systems.
The objective of this chapter is to mitigate the convective movement of both solid and
liquid phases, by capturing water in a three-dimensional network such that no exudation
of water occurs during the phase change cycle (water  ice) [134]. The idea is to propose
a thick non-flowing hydrogel as an insulating layer for cold thermal energy storage
application. LAPONITE® (Na0.7Si8Mg5.5Li0.3O20(OH)4), an inorganic nano-additives,
generally used as a rheology modifier to water-based systems. This powder is white in
colour and has a disc-shaped structure. It is synthesized from a combination of salts of
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sodium, magnesium, and lithium with sodium silicate and forms ionic colloidal gels in
water. LAPONITE® have a thickness of 1 nm and diameter having 25 ± 2 nm. The
structure consists of six octahedral magnesium ions between two layers of four tetrahedral
silicon atoms and all these layers were supported by four hydroxyl groups and twenty
oxygen atoms [135],[136],[137]. The effect of this additive concentration on gelling time,
viscosity, melting point and phase change enthalpy was studied. The phase change
phenomenon, during phase change between -10oC to 20oC, between ice/water was studied
by using a model system and the results are discussed.
5.2 Experimental
5.2.1 Hydrogel formation with LAPONITE®
The LAPONITE® sample used in this study was supplied from BYK Additives and
Instruments, Pune, India. The particle size distribution of these powdered nanoparticles
were analyzed by using Dynamic Light Scattering (DLS) instrument (Malveren Zetasizer
Analyzer). The results obtained are discussed in section 5.3.1.
The amount of gelling additive required to form a non-flowing thick hydrogel
were optimized. Different amount of LAPONITE® powder (1 to 3 g, 1.96 to 5.67 wt%)
was slowly added to 50 mL water samples (total dissolved solids: 20 to 30 ppm, pH: 7.3).
To disperse LAPONITE® uniformly throughout the system, water was stirred at about
1000 rpm. After mixing, the stirring of the solution was stopped and the time took to form
a non-flowing thick water gel was noted. Gel samples are named Gel 1, Gel 2 and Gel 3
respectively. The particles of LAPONITE® form a house of cards structure in aqueous
media due to electrostatic interactions between the negatively charged faces and partial
positively charged edges of individual particles. Water molecules were captured within
this three-dimension structure of LAPONITE® particles and thick gels were moulded
[135],[136],[137]. The results are discussed in section 5.3.2.
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5.2.2 Rheology study of gel samples
The viscosity of the fluid is one of the essential properties that define its flow properties.
The hydrogel to be utilized in TES systems should not show any phase separation or
movement of ice/water during the phase change process. The rheological studies of all
these three gel samples (Gel 1, Gel 2 and Gel 3) having different concentrations of
LAPONITE® were carried out using a rheometer (MCR-52, Anton Paar) and results are
discussed in section 5.3.3. All these tests were conducted at ambient conditions (25-30oC)
in the cone-plate assembly of the rheometer (cone diameter: 4 cm, cone angle: 1o). The
required amount of gel samples was taken between the cone and plate assembly and then
the cone was sheared for a wide range of shear rates from 0.1 to 1000 s−1 and viscosity
was calculated.
5.2.3 Thermal analysis of gel samples
The phase change enthalpy and phase transition temperature were the two most essential
properties that define PCMs application range and effectiveness in terms of storage
density. Water has a melting point at about 0oC and has a melting enthalpy of about 333
J g-1 [15]. To get the effect of LAPONITE® on the thermal properties of water, thermal
analysis of these gel samples were analyzed by using differential scanning calorimetry
(DSC). Samples (Gel-2 and Gel-3) were analyzed using the instrument DSC 4000
(PerkinElmer model), under a constant stream of nitrogen at a flow rate of 20 mL min-1.
Gel samples were initially held for 2 minutes at -25°C and then heated till 20oC at a scan
rate of 5oC min-1. Then cooled again to -25°C at a scan rate of 5oC min-1. This heatingcooling process of the sample in the temperature range -25°C to 20oC was repeated two
times and the results are discussed in section 5.3.4.
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5.2.4 Phase change phenomenon of gel samples
The phase change phenomenon of the optimized Gel 3 (due to its higher viscosity, rapid
gelling time) sample was studied for its application as an insulating material in the cold
thermal energy storage system. Three samples (water, Isopropyl alcohol (IPA), Gel 3)
each of 30 mL was kept in a closed cylindrical glass vial (diameter: 2.1 cm; height: 14.5
cm). PT-100 temperature sensors were inserted within these solutions to measure the
temperature profile during the phase change process (figure 5.1). Initially, all these three
samples were at the liquid phase at room temperature (at about 24-28oC). To change the
phase from liquid to solid, these three vials were kept in a cold bath (at about -15oC) for
about 60 minutes. Then again to change the phase from solid to liquid, these vials were
taken out to the atmosphere (room temperature about 24-28oC). The temperature profile
in the glass vials, during both cooling/heating processes (between -10oC to 20oC) of
samples, with respect to time was recorded (at each 5-second interval) with the help of
temperature data logger and the results are discussed in section 5.3.5.

Figure 5.1 Image of three samples (Water, Isopropyl alcohol (IPA), Gel 3) within a closed
glass vial and with PT-100 temperature sensors
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5.3 Results and discussion
5.3.1 Result for the particle size distribution of LAPONITE®
The results obtained from the DLS analysis, as explained in section 5.2.1, of powdered
LAPONITE® sample are shown in figure 5.2. The particle size distribution is represented
by a plot between average hydrodynamic diameter size (nm) vs intensity %.

Figure 5.2 Results for particle size distribution in DLS analysis
Results showed that almost 84% of the sample have an average hydrodynamic
diameter of about 56.45 ± 29.18 nm. The second peak observed showed about 13.5 % of
particle have a size 663.7 ± 206.4 nm. This increase in particle size may be due to the
agglomeration of particles. The third peak in the analysis shows the particles of size 5560
nm diameter (2.3%) may be due to impurities. Neglecting the bigger size particles, the
powder sample has an average hydrodynamic diameter of about 56.45 ± 29.18 nm.
5.3.2 Result for gel formation of hydrogel
The result for the effect of the amount of LAPONITE® in the water on gelling time, as
explained in section 5.2.1, is shown in Table 5.1. The name of the gel samples having 1,
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2 and 3 g (1.96, 3.85, 5.67 wt%) of LAPONITE® in 50 mL of water was named as Gel 1,
Gel 2 and Gel 3 respectively. The PH of these three gel samples was observed to be
between 9.0 to 9.5. The gelling time observed for these three samples was varied from
about 2 minutes to about 20 hours, based on the concentration of LAPONITE® added. At
about 5.67 wt% concentration, the time for gel formation was about 2-3 minutes. This
may be due to rapid electrostatic interactions between LAPONITE® particles at higher
concentration of LAPONITE®. Image of non-flowing transparent hydrogel formed (with
a small magnetic stirrer bar) after addition of LAPONITE® in water is shown in figure
5.3. The water sample were captured within the LAPONITE® network that restricted the
movement of water. To be a suitable PCM, the required non-flowing state achieved.

Figure 5.3 Image of non-flowing hydrogel formed after addition of LAPONITE® in water
Table 5.1 Effect of amount of LAPONITE® added on gelling time
Amount of gelling material added to 50 mL of water

Gelling time

Name of sample

1 g (1.96 wt%)

15-20 hour

Gel 1

2 g (3.85 wt%)

10-15 minute

Gel 2

3 g (5.66 wt%)

2-3 minute

Gel 3

97

5.3.3 Results for rheology study for gel samples
The viscosity (Pa.s) profile of the three gel samples (Gel 1, Gel 2 and Gel 3) measured,
as explained in section 5.2.2., are shown in figure 5.4 as continuous lines with legends of
a square, circle and triangle respectively. The abscissa axes show the range of shear rate
applied to the gel sample, which was from 0.1 to 1000 s−1. The ordinate axes show the
results of viscosity profiles obtained for all three gel samples. The initial viscosity of these
samples at a shear rate of about 0.1 s−1 was observed to be about 47 Pa.s for Gel 1, 773
Pa.s for Gel 2 and 3071 Pa.s for Gel 3 respectively. The viscosity of water was reported
as 1x10-03 Pa.s. With the addition of a very small amount of (1.96-5.67 wt%)
LAPONITE® additive, the viscosity of water composite enhanced to a very high value,
which expected to satisfy the required property for mitigating phase separation during the
transition between ice  water and leakage from the PCM container. The higher viscous
samples Gel 2 and Gel 3 were considered as they have more viscosity than Gel 1 and a
non-flowing state of gel acquired in less than 10-15 minutes.

Figure 5.4 Viscosity (Pa.s) profiles observed for gel samples
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5.3.4 Results for thermal analysis of gel samples
The DSC curve for the Gel 2 and Gel 3 samples for two thermal heating and cooling
thermal cycles are shown in figure 5.5 (a) and (b) respectively. In the DSC plots, the
melting and freezing heat flow data (ordinate) was plotted against the sample temperature
(abscissa). The melting and freezing curve obtained during the first and second thermal
cycles (-25oC to 20oC) are represented by a continuous and dashed line respectively. The
onset, peak temperature and phase change enthalpy obtained during these two thermal
cycles for Gel 2 and Gel 3 samples are shown in Table 5.2.

Figure 5.5 DSC plots obtained for the gel samples (a) Gel 2 and (b) Gel 3
In DSC analysis of both the Gel 2 (figure 5.5 (a)) and Gel 3 (figure 5.5 (b))
samples, the melting points of samples were observed (during thermal cycle 1 and 2) near
0oC (pure water melting point). The melting enthalpy obtained (during thermal cycle 1)
for Gel 2 and Gel 3 sample were about 316.08 J/g and 301.07 J/g respectively. Reduction
in the enthalpy per unit mass than the melting enthalpy of pure water at 0oC, which was
reported to be about 333 J/g [15] was observed. During thermal cycle 2, the melting
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enthalpy for Gel 2 and Gel 3 samples were observed lesser than the amount obtained
during thermal cycle 1, due to the loss of water because of nitrogen flow within DSC. The
freezing enthalpy obtained for both Gel 2 and Gel 3 sample were about 220-240 J/g. In
DSC, the freezing points of samples were observed near -18 to -20oC, and pure water
freezing point was reported at about -20oC [138],[139]. It can be concluded that the
melting enthalpy and melting point of water gel samples are not much affected due to the
addition of LAPONITE®.
Table 5.2 Thermal property data obtained from DSC result of Gel 2 and Gel 3 sample
Sample name: Gel 2 (18.250 mg)
Onset

Thermal cycle

Peak

temperature (oC) temperature (oC)

Peak enthalpy
(J/g)

Thermal

Heating @ 5oC/min

0.06

8.06

316.08

cycle 1

Cooling @ 5oC/min

-19.84

-17.83

-237.08

Thermal

Heating @ 5oC/min

0.14

7.62

299.73

cycle 2

Cooling @ 5oC/min

-20.49

-18.49

-220.28

Sample name: Gel 3 (17.350 mg)
Thermal

Heating @ 5oC/min

-0.06

7.78

301.07

cycle 1

Cooling @ 5oC/min

-19.66

-17.34

-228.54

Thermal

Heating @ 5oC/min

0.06

7.47

282.98

cycle 2

Cooling @ 5oC/min

-18.34

-15.84

-222.45

5.3.5 Result for phase change phenomenon of gel samples
Results of the temperature profile, as explained in section 5.2.4, during both the cooling
and heating process for three samples are shown in figure 5.6. The abscissa axis shows
the time in minutes and the ordinate axes represent the temperature change within three
glass vials having samples of Water (continuous line), IPA (dotted line) and Gel 3 (dashed
line) respectively.
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Figure 5.6 Result of temperature profile obtained (during both the cooling and heating
process) for three samples (Water, IPA, Gel 3)
As explained in section 5.2.4, initially, for about 10 minutes, three samples were
at room temperature (about 24-28oC) (figure 5.6). For the next 60 minutes, three vials
having samples of Water, IPA and Gel 3 were kept in the cold bath (about -15oC). The
IPA profile showed a continuous decrease to -10oC and remained fixed unchanged till the
70th minute. In the case of Water, the temperature profile showed a continuous decrease
till -7oC and showed a sudden increase in temperature to about 2oC. Water did not
crystallize at 0oC but at -7oC was due to the supercooling phenomena followed by no
stirring condition. A sudden increase in temperature was mainly due to the energy
released during the crystallization of ice (in the case of water about 333 J/g). The
temperature variation profile of the sample Gel 3 followed temperature profiles of Water
and IPA but showed a deviation at about 0oC for about 25 minutes (15th to 40th minute).
The variation is due to the formation of ice crystals within the gel sample. Further, there
was no variation in temperature profile until the end of the cooling cycle (70th minute).
The image of all three glass vials after taking out from the cold bath is shown in figure
101

5.7 (a). It can be observed that the Water and Gel samples exist in the solid phase due to
the phase change process, while IPA was still in a liquid state (freezing point far below 20oC).

Figure 5.7 Image of three samples (water, IPA, Gel 3) (a) after cooling (b) during melting
and (c) after fully melting
After the 70th minute, the heating of the sample started by keeping the three vials
to room temperature (about 24-28oC). The temperature profiles observed from 70th to
160th minutes are shown in figure 5.6. As there was no phase change in the IPA, the
temperature reached room temperature very quickly. The profile of Water and Gel 3
showed a deviation from IPA at about 0oC (because of the starting of the melting process).
According to the temperature profile, the melting temperature for ice is higher in Gel 3
sample compared to pure ice (0oC) due to the formation of composite with LAPONITE®.
The image of glass vials having both solid and liquid phases of water is shown in figure
5.7 (b). The transition of ice to water during melting of a vial having Water can be seen
in figure 5.7 (b). Ice is floating due to its low density and viscosity above water. In Gel 3
sample, the ice was still observed at the centre of the vial. The image of the samples at
about 20oC is shown in figure 5.7 (c).
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To check the phase separation phenomenon of water in Gel 3 sample, 50 mL of
Gel 3 sample in a 100 mL beaker was taken and then cooled below 0oC. Then to observe
the phase change phenomenon during heating or melting, the sample kept at room
temperature at about 24-18oC. The images of the sample at three temperature conditions
such as ice state below 0oC, during melting of ice and sample at room temperature (2428oC), are taken (figure 5.8). From the image shown in figure 5.8, it can be observed that
the melting and freezing of water occurred within the gel network. No movement or loss
of ice/water observed during the phase change process.

Figure 5.8 Image of Gel 3 samples (a) at ice state below 0oC, (b) during melting of ice
and (c) after fully melting
5.4 Conclusion
The LAPONITE® as an additive can easily mix with water and then the mixture can be
poured within an insulation structure in liquid form. The proposed hydrogel, as an
insulation layer, have a gelling time of about 3 to 5 minutes and can be formed within the
PCM container. This gelled PCM has a similar melting temperature (at about 0oC),
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enthalpy (about 300 J/g) as water and has more viscosity (about 3071 Pa.s) than pure
water which also will restrict both phase separation (ice/water) and leakage within the
insulation chamber. The phase change phenomenon of this gel sample was compared with
pure Water and IPA in the temperature range -10oC to 20oC. The phase change of water
in Gel, during melting and freezing, occurred within the gel network and no movement
of ice/water or leakage observed during the phase change process. With the addition of
LAPONITE® as a thickener, the current objective that is to reduce the ice/water
movement and leakage during phase transition is achieved. This shape stabilized hydrogel
PCM can be kept as a thin insulating layer within some plastic/polymer container and
applied for heat resistance for the atmosphere/outer temperature fluctuating between 10oC to 10oC. The supercooling of water can be modified by adding some optimized
amount of nucleating agents. For corrosion issue, some corrosion inhibitors can be added
or can be stored in some non-metallic containers. These will be the scope for future work.
Some nano-additives or metal foam may be added to the PCM container for minimizing
the supercooling, charging/discharging time of PCM.
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Chapter 6
Suitability of LAPONITE® Based
Aqueous Na2SO4 Solution as
Composite Phase Change Material

The content of this chapter is published in,
Purohit, B. K., and Sistla, V. S. (2020). Study on suitability of laponite‐based aqueous
Na2SO4 solution incorporated foam as latent heat storage medium. International Journal
of Energy Research, Wiley, 45 (3), 3999-4013.
(DOI: https://doi.org/10.1002/er.6056)
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6.1 Introduction
The objective of the present chapter is to develop a stable inorganic salt hydrate
(Na2SO4·10H2O) based PCM that can be applied as an insulating layer for domestic
buildings with environmental temperature variation (thermal cycle, cooling  heating)
in one day ranging between 40oC to 10oC. To maintain the inner temperature of buildings
near to atmospheric temperature (25oC-35oC), the phase change of salt hydrate PCM
should occur between 25oC-35oC. To mitigate the issues related to the shortage of water
for hydration, aqueous saturated salt solution of Na2SO4 as PCM was proposed in chapter
3. instead of using molten salt hydrates directly in TES systems [8]. The synthesis process
of the salt hydrates (PCM) and the heat released/absorbed process from the aqueous
saturated salt solution were explained in chapter 3 (section 3.3.1) from its solubility
diagram. This aqueous saturated salt solution of Na2SO4 having extra water may resolve
the issue related to the formation of lower salt hydrates, but the issue related to
supercooling and phase segregation still a major concern for its application. To mitigate
this, a PU-PCM composite having the saturated salt solution incorporated within porous
PU foam were proposed in chapter 3.
In this work, intensification to the proposed aqueous saturated salt solution of
Na2SO4, to mitigate the phase segregation issue with using the only saturated salt solution
as PCM, was performed. A composite having a mixture of a saturated aqueous salt
solution of Na2SO4, LAPONITE® (water-based gelling agent) and borax as nucleation
agent is proposed for TES application than direct use of salt hydrate Na2SO4·10H2O or
aqueous saturated salt solution of Na2SO4. To reduce phase segregation and irregular
nucleation of desired salt hydrate, experiment-based test methods are developed for
finding the optimum amount of nucleating agent in the saturated salt solution for the phase
change process (energy storage temperature) ranging temperature between 25oC-35oC.
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Similarly, a suitable amount of water-based gelling agent LAPONITE®, for the formation
of gel-based PCM, was obtained experimentally. LAPONITE® is a water-based gelling
agent and was never been applied to the aqueous saturated salt solutions for its application
as PCM. The developed gel-based PCM was tested (compared to water and saturated salt
solution) for its phase transition temperature range and thermal performance after
multiple heating and cooling cycles and the results are discussed.
6.2 Experimental
6.2.1 Preparation of borax seeded aqueous salt solution (non-gel based PCM)
Borax as a common nucleation agent for Na2SO4·10H2O was used by various researchers,
which reportedly helped in reducing the difference between saturation temperature and
supercooling temperature from about 15oC to about 1 to 2oC [39],[21] and also suppressed
the formation of lower heptahydrate [51]. To reduce nucleation temperature of salt
hydrate (Na2SO4·10H2O), different quantities of borax (0, 2, 4 and 6 g) were added to the
aqueous saturated salt solution (30 wt% Na2SO4 (44 g) in 100 mL water, at 40oC). The
nucleation tests were performed using a temperature data logger by the temperature-time
history method. At 40oC, 2 and 4 g of borax seems to be soluble within the 30 wt% salt
solution. As the saturated salt solution with 6 g of borax showed some undissolved borax.
Hence further addition of borax (8 g of borax) to the salt solution was stopped.
The temperature-time history method was used to determine the influence of
borax quantity on the phase change process or heterogeneous nucleation of the salt
hydrate. Aqueous salt solution mixtures having 40 mL each as ’Water’ ‘Salt-0’, ‘Salt-2’,
‘Salt-4’ and ‘Salt-6’ (solution composition is given in Table 6.1) were taken in five
separate closed cylindrical glass vials (50 mL capacity; diameter: 2.1 cm; height: 14.5
cm). Five separate PT-100 temperature sensors (connected to the temperature data logger)
were set inside the glass vials, which record the temperature of the solution at every five107

second interval. Initially, all these five glass vials (figure 6.1) were exposed to a hot water
bath at a temperature of about 60oC for 30 minutes (to reach a steady-state and equal
temperature in all vials). Thereafter to observe the desired nucleation point during the
cooling thermal cycle, these five glass vials were taken to a cold-water bath at a
temperature of about 10oC (for the next 20 minutes). In a third consecutive step, again
these five glass vials were moved to the hot water bath (for the next 20 minutes) at about
60oC. Temperatures in the cold-water bath (jacketed glass vessel) were maintained with
the help of flowing coolant from the chiller and for the hot water bath by using a hot plate.
The block diagram for the experimental setup for the temperature-time history method is
shown in figure 6.2. These heating/cooling thermal cycles between 60oC to 10oC repeated
ten times and results are discussed in section 6.3.1. To study thermal properties, the salt
hydrate crystals obtained from the optimized solution are analyzed through differential
scanning calorimetry (DSC) analysis. For DSC analysis, the sample was initially held for
5 minutes at -15°C and then heated till 55oC at a rate of 3oC/min. Then cooled again to 15°C at a rate of 3oC/min. This heating-cooling of the sample in the temperature range 15°C to 55oC was repeated twice.
Table 6.1 Detail composition (in grams/ wt%) of different PCM used
Composition of PCM (g/ wt%)
Na2SO4
0g
(0 wt%)
44
(30.56 wt%)
44
(30.14 wt%)
44
(29.73 wt%)
44
(29.33 wt%)

Borax
0g
(0 wt%)
0
(0 wt%)
2
(1.37 wt%)
4
(2.70 wt%)
6
(4.00 wt%)

LAPONITE®
0g
(0 wt%)
0
(0 wt%)
0
(0 wt%)
0
(0 wt%)
0
(0 wt%)
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PCM/Sample
Name
Water
100 g
(100 wt%)
100
(69.44 wt%)
100
(68.49 wt%)
100
(67.57 wt%)
100
(66.67 wt%)

Water
Salt-0
Salt-2
Salt-4
Salt-6

Figure 6.1 Image of closed cylindrical glass vials having liquid PCM solutions (Water/
Salt-0/ Salt-2/ Salt-4 and Salt-6) and PT-100 temperature sensors

Figure 6.2 Diagram for experimental setup having hot and cold-water bath, temperature
data logger connected to glass vials
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6.2.2 Synthesis of gel-based composite PCM
The optimized composition of saturated salt solution and borax (‘Salt-6’, as the phase
change process of salt hydrates, occur between 25oC-35oC) was considered from
experimental results for the non-gel based composite PCM. Phase segregation of salt
hydrates in solution during the cooling cycles was still a major problem to use this salt
solution as PCM.
To mitigate the crystal phase segregation in this salt solution (PCM), one of the
probable ways is the addition of an optimum amount of gelling agent to the salt solution.
It was expected that the gel formed would provide a hindrance to the free settling of
crystals during the cooling thermal cycle. In this work, an inorganic water-based gelling
agent “LAPONITE®”, was used along with the saturated salt solution to suppress the
phase segregation of salt hydrates. For executing preliminary tests, different variable
amounts of LAPONITE® (2 to 8 g) were added to 100 mL of distilled water (with stirring
at about 1000 rpm) and then the time to reach the gelling state was observed. It was found
that 2 g (1.97 wt%) of LAPONITE® in 100 mL (98.03 wt%) of water form gel in more
than 15-20 hour. Hence, three samples of water-based gel were taken by adding 4 or 6 or
8 g of LAPONITE® in 100 mL water respectively for which the gelling time was less than
about 10-15 minutes. These gel samples formed (figure 6.3 (a)) were then heated to a
temperature of about 60-70oC. Next, the optimum amount of Na2SO4 and borax (obtained
from the experimentation in section 6.3.1 i.e. ‘Salt-6’ composition: 29.33 wt% (44 g) of
Na2SO4 and 4 wt% (6 g) of borax) was added to gel samples and stirred mechanically.
With the addition of salt and borax, the viscosity of the non-following gel decreased to a
thick flowable gel. By providing a strong mechanical stirring, these were mixed and the
aqueous gel-based PCM composite was prepared (Figure 6.3 (b)). The same method was
adopted, for preparing all the gel-based PCMs (Table 6.2).
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Table 6.2 Detail composition (in grams/ wt%) of different gel-based PCM used
Composition of PCM (g/ wt%)
Na2SO4
0
(0 wt%)
44
(28.57 wt%)
44
(28.20 wt%)
44
(27.84 wt%)

Borax
0
(0 wt%)
6
(3.90 wt%)
6
(3.85 wt%)
6
(3.80 wt%)

LAPONITE®
6
(5.66 wt%)
4
(2.60 wt%)
6
(3.85 wt%)
8
(5.06 wt%)

PCM/Sample
Name
Water
100
(94.34 wt%)
100
(64.94 wt%)
100
(64.10 wt%)
100
(63.30 wt%)

Gel
Gel-4
Gel-6
Gel-8

Figure 6.3 Image of (a) non-flowing water gel and (b) composite gel-based PCM
The phase change starting point/salt hydrate nucleation point in gel-based PCM,
the stability of the gel-based composite PCMs and the optimum amount of LAPONITE®
needed to form gel-based PCM was determined by using the temperature-time history
method as described in section 6.2.1. Six samples naming; ‘Water’, ‘Salt-6’, ‘Gel’, ‘Gel4’, ‘Gel-6’ and ‘Gel-8’ were prepared according to the solution compositions provided in
Table 6.1 and 6.2. 40 mL each of the above six samples were taken in six closed
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cylindrical glass vials and connected to a data logger by inserting separate temperature
sensors in each vial (figure 6.4). The temperature variation profile within these glass vials
was recorded by using a temperature data logger for ten heating/cooling cycles between
60oC to 10oC as explained in section 6.2.1. To study thermal properties, differential
scanning calorimetry (DSC) analysis of the optimized gel-based PCM are done and
results are discussed in section 6.3.2.

Figure 6.4 Image showing closed cylindrical glass vials with liquid PCM solutions
(Water/ Salt-6/ Gel/ Gel-4/ Gel-6 and Gel-8) and temperature sensors (connected to the
temperature data logger)
6.2.3 Thermal performance test of gel-based composite PCM
The optimized gel-based composite PCM (‘Gel-6’) was inserted within the jacketed area
of a modelled double jacketed cylindrical glass vessel and tested for its practical
application as an insulation layer. The schematic cross-sectional diagram with dimensions
of the model jacketed vessel is shown in figure 6.5.
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Figure 6.5 Schematic diagram of a cylindrical double jacketed glass vessel for thermal
performance test
The black thick lines in the schematic cross-sectional diagram (figure 6.5)
represent glass walls of 2 mm thickness. The vessel is connected to a chiller which uses
a coolant that flows in the outer jacket of the vessel and helps in maintaining the
outer/jacket temperature (TJ) between 10oC to 40oC. In the center of the vessel, one PT100 temperature sensor was placed (as shown in figure 6.5) which measures the inside
temperature of the vessel (T1). In three such double jacketed vessels, 160 mL each of
Water, optimized gel-based PCM composite (‘Gel-6’) and ‘Salt-6’ (in separate reactors)
samples are introduced as insulation layers.
To perform a thermal cooling cycle, the temperature in outer/jacket temperature
(TJ) was cooled from 40oC to 10oC for a time span of 90 minutes. After 90 minutes, this
temperature (TJ) was again raised to 40oC to perform a thermal heating cycle. During
these thermal cooling/ heating cycles (180 minutes, one thermal cycle), the temperatures
TJ, T1 were recorded (recorded at each five-second interval) with respect to time using a
temperature data logger. The image of the experimental setup is shown in figure 6.6. To
compare the stability of this optimized gel-based PCM composite (‘Gel-6’), compared to
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‘Water’ and ‘Salt-6’ as an insulation layer, this cooling/heating cycle with this PCM was
repeated for 15 thermal cycles (two thermal cycles per day) and results are discussed in
section 6.3.3.

Figure 6.6 Image of the experimental setup having Gel-6 and Salt-6 sample within the
jacketed vessel for thermal performance test
6.3 Results and discussion
6.3.1 Result for optimization of borax in the saturated salt solution
As explained in 6.2.1, to find performance and optimum amount of nucleating agent, all
the five glass vials (‘Water’, ‘Salt-0’, ‘Salt-2’, ‘Salt-4’ and ‘Salt-6’) which were initially
in a hot water bath, were taken out and immersed inside the cold-water bath (at 10oC) for
about 20 minutes. During this cooling cycle, the recorded temperature variation (by using
temperature data logger) with time in all the glass vials is shown in figure 6.7. The
abscissa in figure 6.7 shows the time (minutes) and ordinate represents the temperature
profile inside the glass vials with respect to time.
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In figure 6.7, till about 30oC, temperature variation profiles of all samples showed
a similar trend of cooling. Within five minutes, the temperature in ‘Water’ (continuous
line) reached the temperature of the cold-water bath and remained constant.

Figure 6.7 Temperature profile observed for different PCMs during the first thermal
cooling cycle
The temperature profile of ‘Salt-0’ (dotted line) showed a continuous decrease till
about 16oC and then a sudden increase in temperature till 19oC (at the ninth minute) was
observed. In the case of ‘Salt-2’ (triangles), a sudden increase in temperature observed
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till 28oC after reaching 21oC at about the seventh minute. The increase in temperature is
due to the sudden formation of salt hydrate crystals in the solution. More gap in the
temperature profile of ‘Salt-2’ was due to the presence of borax that minimized the
supercooling effect for nucleation temperature and maximized the amount of crystal
formation (exothermic) in the ‘Salt-2’ solution. In the case of ‘Salt-4’ (square) and ‘Salt6’ (circle), the temperature profile showed a deviation (compared to ‘Water’) after 29oC
onwards. Such deviation suggests that there was some energy release due to salt
crystallization. Unlike in ‘Salt-0’ and ‘Salt-2’, there was no sudden increase in
temperature in the case of ‘Salt-4’ (square) and ‘Salt-6’ (circle) temperature profile.
Which suggest that lesser salt nucleation formation and more crystal growth, due to the
presence of undissolved borax inside the solution triggered the heterogeneous nucleation
of salt hydrate (PCM) and further prompted the growth propagation. Such a slow rise in
temperature in samples ‘Salt-4’, ‘Salt-6’comparatively favours during practical
application like “maintaining household interior temperature”.
The cooling temperature profiles for the second and tenth thermal cycles are
shown in figure 6.8 and 6.9 respectively. During the second and tenth thermal cooling
cycle, ‘Salt-6’ showed a better temperature profile among all. The temperature profile
deviated from the ‘Water’ temperature profile from 29oC onwards but did not show any
sudden variation. Which support the formation of low nucleation and increased growth
of hydrates. Such low nucleation and dominated growth from the second to the tenth cycle
may be the cause of the phase segregation of undissolved salt hydrate crystals formed
during the first cooling cycle.
These undissolved salts acted as a nucleating agent for the next thermal cycle and
this amount tends to increase with the number of thermal cycles, which eventually
decreased the amount of salt hydrate formation during each cooling cycle and hence the
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reduced temperature deviation from the ‘Water’ temperature profile at tenth thermal
cooling cycle compared to first thermal cooling cycle (figure 6.7 and 6.9). Figure 6.10
shows the image of glass vials after the tenth thermal heating cycle showing the deposited
borax and undissolved salts at the bottom of vials.

Figure 6.8 Temperature profile observed for different PCMs during the second thermal
cooling cycle
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Figure 6.9 Temperature profile observed for different PCMs during the tenth thermal
cooling cycle
Figure 6.11 shows the image of the ‘Salt-6’ sample during the first thermal cooling
cycle, which is having salt hydrate crystals and remain saturated liquid. To study thermal
properties of formed salt hydrate crystals, DSC analysis of the crystal sample (20.84 mg)
was performed and the result is shown in figure 6.12. In all DSC plots, the melting and
freezing curve was represented by a continuous line with time (minute) as abscissa and
heat flow endo up (mW) as primary ordinate axes. The dotted line in DSC represents the
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plot of time (abscissa) vs sample temperature (secondary ordinate). Melting peaks
observed during the first heating cycle at 1°C (peak 1, figure 6.12) and 38°C (peak 2,
figure 6.12) have an enthalpy of about 40.78 J/g and 259.59 J/g and represents the peaks
for extra captured water (peak 1) in the crystal structure and Na2SO4·10H2O respectively.
In the second heating cycle, these peaks were observed at the same temperatures (as
observed in the first heating cycle) with a reduced enthalpy of 21.24 J/g (peak 5, figure
6.12) and 122.50 J/g (peak 6, figure 6.12) respectively. During both the cooling cycles,
the freezing curves were observed at 25°C with a freezing enthalpy of -85.48 J/g (peak 3,
figure 6.12) and -33.75 J/g (peak 7, figure 6.12). The second peak observed during both
the cooling cycles at around -11°C (peak 4 and 8, figure 6.12) where the solution
crystallized completely. The DSC results are tabulated in Table 6.3. DSC results confirm
the formation of Na2SO4.10H2O crystals in the vial ‘Salt-6’ and as per the reported
melting point and melting enthalpy in the literature was about 32°C and 240 J/g
respectively [15],[140]. The deviation in melting enthalpy and melting point is expected
due to the presence of excess water and borax as the nucleating agent.
In conclusion, among all the tested samples, the ‘Salt-6’ solution showed
nucleation of salt hydrates at an average temperature of 29oC (temperature variation
profile in ‘Salt-6’ sample during the cooling thermal cycle and also DSC results). As this
is one of the objectives of this work, ‘Salt-6’ was considered as the optimum borax
composition sample and it was further used for the preparation of gel-based PCM. Borax
composition increase may help further but it may also show no effect on the amount of
salt hydrate crystallization.
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Figure 6.10 Image of glass vials having undissolved and deposited solid observed after
the tenth thermal heating cycle

Figure 6.11 Image showing the formed crystal and remain saturated solution after a
cooling thermal cycle of Salt-6 sample
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Figure 6.12 Differential scanning calorimetry (DSC) of crystal obtained from Salt-6
sample

Table 6.3 DSC result data of the crystallized sample (Salt-6) obtained after the cooling
cycle
Heating/ Cooling

Peak
point

o

o

o

Heating -15 C to 55 C @ 3 C /min

o

o

o

Cooling 55 C to -15 C @ 3 C/min

o

o

o

Temperature (oC)

Peak
Enthalpy (J/g)

1

1oC

40.78 J/g

2

38oC

259.59 J/g

3

25oC

-85.48 J/g

4

-11oC

-18.27 J/g

5

0oC

21.24 J/g

6

38oC

122.50 J/g

7

25oC

-33.75 J/g

8

-11oC

-2.63 J/g

o

Heating -15 C to 55 C @ 3 C /min

o

Peak

o

Cooling 55 C to -15 C @ 3 C/min
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6.3.2 Result for preparation of composite gel-based PCM
The experimental procedure given in section 6.2.2 followed to find the suitable
amount of LAPONITE® as gelling agent to prepare gel-based composite PCM. The
temperature variation profile in glass vials ‘Water’ and ‘Gel’, ‘Salt-6’, ‘Gel-4’, ‘Gel-6’
and ‘Gel-8’ during the first and tenth thermal cooling cycle are shown in figure 6.13 and
6.14 respectively. During the first thermal cooling cycle, the temperature of ‘Gel’ shows
a little deviation from ‘Water’. The profile of the ‘Gel-4’ (triangle) sample followed the
cooling profile for ‘Gel’ and then showed a sudden rise in temperature profile at 19oC
(similar to ‘Salt-6’) to till 27oC due to the heavy nucleation of salt hydrates caused the
heat release and prompted the temperature increase. Temperature profiles of ‘Gel-6’ (star)
and ‘Gel-8’ (square) deviated from ‘Water’ at about 29oC but showed a slight increase in
temperature peak at 26oC and 25oC respectively and then a similar trend in both’s
temperature profile observed. Even though the quantity of salt solution and borax present
is the same in all the samples studied, the nucleating temperature and the time of salt
hydrate crystallization deviated in presence of LAPONITE®.
Again, during the tenth cooling cycle, results shown in figure 6.13 and 6.14, an
outcome may be observed in terms of decrease in nucleation performance of the ‘Salt-6’,
due to the phase segregation of undissolved salt crystals and deposited nucleating agent
borax. On the other hand, in case of samples ‘Gel-6’ and ‘Gel-8’ showed better
temperature variation which supports the low nucleation and continuous growth of salt
hydrate crystals even at the tenth thermal cooling cycle. Comparatively, at the tenth cycle,
the salt hydrate nucleation/growth in gelled samples also last longer (first cooling cycle:
thirteen minutes; tenth cooling cycle: sixteen minutes). Such a result strongly supports
gelling in ‘Gel-6’ and ‘Gel-8’ samples restricted phase segregation and borax as the
nucleating agent was well utilized for salt hydrate nucleation. The image of glass vials
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after the tenth heating cycle is shown in figure 6.15, showing no deposition of the
deposited borax and undissolved salts (‘Gel-6’ and ‘Gel-8’) at the bottom of the glass
vials as with the ‘Salt-6’ sample.

Figure 6.13 Temperature profile observed for different PCMs during the first thermal
cooling cycle (Gel-based composite PCM)
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Figure 6.14 Temperature profile observed for different PCMs during the tenth thermal
cooling cycle (Gel-based composite PCM)
DSC analysis of ‘Gel-6’ composite (20.30 mg) is shown in figure 6.16. The
heating and cooling condition of the sample were provided as similar to explained in
section 6.3.1. In both the heating/cooling cycles, the melting and freezing peaks from the
DSC plot were observed at 35oC (peak 1 and 3, figure 6.16) and 24oC (peak 2 and 4,
figure 6.16) respectively. As the water was in the gelled state, an extra water peak at 0oC
is not observed in figure 6.16. In the ‘Gel-6’ sample, the melting/freezing enthalpy
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observed is around 132.57 and 112.40 J/g, which is the key amount in terms of energy
release during recrystallization. It is much higher than the ‘Salt-6’ freezing enthalpy
(figure 6.12). In DSC analysis of both ‘Salt-6’ (figure 6.12) and ‘Gel-6’ (figure 6.16)
samples, the melting and freezing peaks were observed around 33-38oC and 25oC
respectively. The DSC results for the ‘Gel-6’ sample are tabulated in Table 6.4. The
variation in melting and freezing temperatures in ‘Gel-6’ compared to ‘Salt-6’ is the result
of the presence of LAPONITE® and excess water but still ‘Gel-6’ sample provided
impressive energy released during freezing. In concluding remarks, it was found that the
‘Gel-6’ sample showed its melting/ freezing point around 35oC/25oC respectively and
was more stable, has no phase segregation and showed less supercooling (as tested for
ten number of thermal cycles).

Figure 6.15 Image of glass vials with composite PCMs after the tenth thermal heating
cycle
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Figure 6.16 Differential scanning calorimetry (DSC) plot of Gel-6 composite PCM
Table 6.4 DSC result data of Gel-6 composite PCM
Heating/ Cooling

Peak
point

Peak
Temperature (oC)

Peak
Enthalpy (J/g)

Heating -15oC to 55oC @ 3oC /min

1

33oC

132.51 J/g

Cooling 55oC to -15oC @ 3oC/min

2

24oC

-122.57 J/g

Heating -15oC to 55oC @ 3oC /min

3

35oC

112.40 J/g

Cooling 55oC to -15oC @ 3oC/min

4

24oC

-102.84 J/g

6.3.3 Result for thermal performance test of optimized gel-based composite PCM
As per the experimental method explained (in section 6.2.3), the thermal performance of
two PCM samples ‘Salt-6’ and ‘Gel-6’ as insulating layers were tested and compared to
‘Water’ as an insulating layer in double jacketed glass vessels. In figure 6.17, 6.18 and
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6.19, the abscissa represents the time scale in a minute. The primary ordinate axis vs time
shown as continuous line represents the outside jacket temperature (TJ, figure 6.5)
ranging between 10oC and 40oC, which decreases initially till 90th minute (cooling) and
then increases from 90-180 minutes. The secondary ordinate axis having legends of
triangle, square and circle represent plots of the absolute temperature difference profile
with respect to outside jacket temperature (TJ) for ‘Water (T)’, ‘Salt-6 (T)’ and ‘Gel-6
(T)’ respectively. The absolute temperature difference profile denotes the absolute
difference between the outside jacket temperature (TJ) and inner space temperature inside
the vessel (T1) during the cooling/heating thermal cycle.
Figure 6.17 represents the average absolute temperature difference profile for the
first three thermal cycles for ‘Water’ (triangle), Salt-6 (square) and ‘Gel-6’ (circle) as
insulating layers. Initially, at a steady-state, the outer jacket temperature (TJ) was about
38oC-40oC and the inner space temperature in these three reactors were about 35oC-37oC
(T1). During the cooling cycle (till 90th minute), the absolute temperature difference
profiles for ‘Water’ (triangle), ‘Salt-6’ (square) and ‘Gel-6’ (circle) increased to a
maximum of 2oC, 4.5oC and 5.5oC respectively and then started decreasing. All the
deviations (compared to ‘Water’) observed in ‘Salt-6’ and ‘Gel-6’ profiles in figure 6.17
(after about 28oC) is due to the starting of phase change in those samples, which restricted
the temperature flow to inner space. During the heating cycle (90-180 minutes), the outer
temperature reached about 40oC at the 140th minute and then fixed at this temperature till
the 180th minute. The absolute temperature difference profiles for ‘Water’, ‘Salt-6’ and
‘Gel-6’ were increased to about a maximum of 3oC, 5.5oC and 6oC respectively. The
deviation in the profile during the heating cycle was observed after the 100th minute when
the outer temperature (TJ) reached above 24oC. The profiles of both ‘Salt-6’ and ‘Gel-6’
samples showed almost double efficient than ‘Water’ as insulation.
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Figure 6.17 Average absolute temperature difference profiles observed with Water,
Salt-6 and Gel-6 as insulation layer (after first three cooling/heating cycle)
Results for this temperature profile during heating followed by cooling thermal
cycles for ‘Salt-6’ and ‘Gel-6’ samples for the 15th cycle are shown in figure 6.18 and
6.19 respectively. The maximum deviation observed (during the cooling cycle) in the
absolute temperature difference profile with ‘Salt-6’ from 1st to 10th thermal cycle showed
a declination from about 5.5oC (Circle) till 3.5oC (lower triangle). Similarly, during the
1st to 15th thermal heating cycle (figure 6.18), the maximum deviation in temperature
difference profile decreased from about 6oC to about 3.4oC by the end of the 15th thermal
cycle. On the counter, in the vessel having ‘Gel-6’, the absolute temperature difference
profile was nearly about similar from the 1st to till 15th thermal cycle (figure 6.19) due to
the function of gel which restricted the settlement of hydrates during the cooling cycle.
The temperature difference profile during 1st thermal cycle (circle, figure 6.19) was about
6oC during both cooling and heating thermal cycles. This peak temperature difference
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profile between the 5-15th thermal cycle are observed to be in the range of 4.5-5.5oC. The
‘Gel-6’ sample provided a stable absolute temperature difference profile for the observed
thermal cycles between 40oC to 10oC than aqueous saturated salt solution as PCM.

Figure 6.18 Average absolute temperature difference profiles observed with Salt-6 as
insulation layer (after 1st, 5th, 10th and 15th thermal cycle)
The reasons behind such results can be supplied from the image of the vessels,
having ‘Salt-6’ and ‘Gel-6’ as an insulating layer, taken after the 15th thermal cycle (as
shown in figure 6.20 (a) and (b) respectively). More declination in temperature profile in
‘Salt-6’ observed during successive thermal cycles was due to the undissolved salts that
get settled (figure 6.20 (a)) at the bottom due to gravity and a non-stirred environment.
As the inorganic salt available for hydration reduces, the amount of heat releases/ absorbs
in repeated thermal cycles reduced. In the case of ‘Gel-6’, as water molecules were intact
with the salt molecules and no such settlement of salts were observed, thus forms hydrate
regularly and mitigated the temperature profile declination.
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Figure 6.19 Average absolute temperature difference profiles observed with Gel-6 as
insulation layer (after 1st, 5th, 10th and 15th thermal cycle)

Figure 6.20 Image of vessels with Salt-6 and Gel-6 as insulating layer after the 15th
thermal cycle
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6.4 Conclusion
The gel-based PCM composite of the inorganic salt hydrate was prepared for its use in
thermal energy storage application (instead of aqueous saturated salt solution) in the
temperature range 10oC to 40oC. The gel-based PCM (‘Gel-6’) having the composition
of 64.10 wt% water, 28.20 wt% Na2SO4, 3.85 wt% borax and 3.85 wt% LAPONITE®
was considered to be the most suitable PCM composite among the sample tested. DSC
analysis of the optimized gel-based PCM composite showed the phase change peaks (at
about 35oC/25oC, during melting/freezing). Summarised thermos-physical property for
the effect of adding LAPONITE® powder into water in represented in Table 6.5. Thermal
performance test using gel-based PCM (‘Gel-6’) as an insulating layer showed no phase
segregation due to mitigation of movement of hydrated crystals to the bottom of the
container. Due to which no variation in temperature difference profile for 15 thermal
cycles as compared with salt solution layer (‘Salt-6’). This addition of a small amount of
LAPONITE® gelling agent to form a gel-based PCM (‘Gel-6’), enhanced the performance
of the ‘Salt-6’ sample. This synthesized PCM can be utilized instead of pure salt hydrate/
aqueous salt solution, for short-term energy storage applications.
Table 6.5 Thermos-physical property for the effect of adding LAPONITE® powder into
water
Sample
name

Amount added to water

Onset

Peak enthalpy

temperature (oC)

(J/g)

Na2SO4

LAPONITE®

Borax

Salt (wt%)

(wt%)

(wt%)

Water

0

0

0

0

333

Gel 1

0

1.96

0

0.06

316.08

Gel 3

0

5.66

0

-0.06

301.07

Salt 6

29.33

0

4

38

259.59

Gel 6

28.20

3.85

3.85

33

132.15
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Chapter 7
Gel-Based PU-PCM Composite as
Latent Heat Storage Medium

The content of this chapter is published in,
Purohit, B. K., and Sistla, V. S. (2020). Study on suitability of laponite‐based aqueous
Na2SO4 solution incorporated foam as latent heat storage medium. International Journal
of Energy Research, Wiley, 45 (3), 3999-4013.
(DOI: https://doi.org/10.1002/er.6056)
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7.1 Introduction
To resolve the phase segregation issues, the idea is to capture the salt hydrate
Na2SO4·10H2O or aqueous saturated salt solution of Na2SO4 within a three-dimensional
structure, so that it will not move during its phase transition process or during
heating/cooling thermal cycles. A PU-PCM composite foam having an aqueous saturated
(30 wt% Na2SO4) salt solution (as PCM) incorporated in an open pore polyurethane (PU)
foam (PU-Salt PCM) was discussed in chapter 3. The open pores of PU foam not only
hold the formed crystals during the cooling cycle but also provide a heterogeneous surface
for the nucleation of crystals. But the holding capacity of liquid PCM within the pores
found to be very less during repeated thermal cycles. Hence after multiple thermal cycles
and due to the gravity effect, most of the liquid PCMs move out or leaks from the
composite that causes a reduction in the thermal performance of the PU-PCM composite
[97]. In chapter 5, a commercially used nano-size gelling material ‘LAPONITE®’ was
added to water to modify its viscosity so that the water will be in the non-flowing state
(shape-stabilized PCM) during its phase transition process. In chapter 6, the suitability of
a gel-based PCM (the combination of the aqueous saturated salt solution of Na2SO4 with
borax and LAPONITE®) as a phase change material (compared to the aqueous saturated
salt solution of Na2SO4) for its application in the temperature range between 40oC to 10oC
was studied.
In this chapter, as an intensification to the PU-PCM composite explained in
chapter 3 to maximize the holding capacity of liquid PCM within the pores of PU foam.
This gel-based PCM (the combination of aqueous saturated salt solution with
LAPONITE®) was incorporated within the pores of PU foam (PU-Gel PCM) instead of
liquid saturated salt solution incorporated within PU foam (PU-Salt PCM). The leakage
test of gelled PCM from PU-PCM composite for different concentration of gelling agent
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was observed to optimize the gel concentration in PU-Gel composite. Melting/freezing
temperature/enthalpy of these synthesized gel composite, PU-Salt PCM and PU-Gel PCM
was analyzed using differential scanning calorimetric analysis and results were discussed.
The thermal performance results for both PU-Salt PCM and PU-Gel PCM composites as
an insulation layer in the temperature range between 10oC to 40oC were discussed in
detail.
Along with the Na2SO4 based saturated salt solution as PCM, the feasibility of
another saturated salt solution (Na2HPO4) as PCM are also examined. The concentration
of Na2HPO4 for aqueous solution (non-gel based composite PCM) was taken from its
phase diagram so that the phase transition occurred within 25-35oC. By taking
LAPONITE® as a gelling agent, the gel-based composite were prepared. These non-gel
and gel-based composite are incorporated within PU foam and its thermal insulation
performance are examined similarly as examined for Na2SO4 salt solution as PCM.
7.2 Experimental
7.2.1 Preparation of PU-Salt PCM and PU-Gel PCM composite
Polyurethane based PU-Salt PCM, PU-Gel PCM composites were prepared by
incorporating the samples of ‘Salt-6’, ‘Gel-4’ and ‘Gel-6’, within the PU foam. The
preparation of these composites included a two-step procedure. The first step was:
production of sample solutions of ‘Salt-6’, ‘Gel-4’ and ‘Gel-6’ (as explained in section
6.2.1 and 6.2.2, chapter 6) and the second step was placing the completely squeezed dry
PU foam inside the PCM (‘Salt-6’, ‘Gel-4’ and ‘Gel-6’) solution. During the expansion
of PU foam, due to the capillary effect, PCM samples are transported to the inner voids
of PU foam pores by replacing air. After PCMs incorporated within PU foam, to avoid
external contact and loss of PCM, a cellophane pouch was used to cover this composite.
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7.2.2 PCM leakage test from PU-Gel/Salt-PCM composite
The leakage of salt/gel-based PCMs (‘Salt-6’, ‘Gel-4’ and ‘Gel-6’) from the open pores
of PU foam, was tested by incorporating the salt/gel PCM samples within a fixed volume
(dimension (length X width X thickness): 2.5 X 2.5 X 3 cm3; mass: 0.6 g) of dry PU foam.
Holding capacity or the amount of PCM that incorporated within the pores of PU foam
was recorded for all the samples in wt%. After incorporation of PCM, these PU-Salt/Gel
PCM composites were centrifuged for three minutes at an rpm of about 370-430 rpm. To
apply centrifugation, the PU-Salt/Gel PCM composites were placed in a perforated beaker
(bottom of which was connected to the shaker of a spin coater instrument, figure 7.1).
After each minute of the centrifugation, the instrument was stopped and the weight of
PU-Salt/Gel PCM composite was measured until three minutes. The results obtained were
discussed in section 7.3.1.

Figure 7.1 PU-PCM composite inside a perforated beaker, for centrifugation within a
spin-coater unit
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Although during the practical application, only gravitational force, the
concentration of PCM within the pore and the number of thermal-cycle performed will
influence the leakage from PU foam. This test was performed for a quick understanding
of the holding capacity of PCM within the pores.
7.2.3 Differential scanning calorimetry (DSC) analysis of PU-PCM composite
The two PU-PCM composites optimized from the above-explained leakage test that is
PU-Salt PCM and PU-Gel PCM were analyzed using DSC to find the phase change
phenomenon of PCMs within PU foam and also to understand the thermal properties of
these composites. All analysis was done within a temperature ranging between -15oC to
55oC at a scan rate of 3oC/min. Initially, the sample was kept at -15°C for 5 minutes and
then heated till 55oC. Then cooled again to -15°C with the same scan rate of 3oC/min.
This heating followed by the cooling process was repeated two times. The results obtained
were explained in the result section 7.3.2.
7.2.4 Thermal performance analysis of PU-PCM composite
After experimentally attaining the optimum composition of gel-based PCMs and
confirmation of phase change within PU foam using DSC analysis, this PU-Gel PCM
composite layer was compared with PU-Salt PCM and PU foam for its thermal
performance in a prototype model. A double jacketed cylindrical glass vessel was
constructed and this PU-Gel PCM composite layer supported as an insulation layer to test
the thermal performance. The schematic cross-sectional diagram with dimensions of the
model jacketed vessel is shown in figure 7.2.
The thick black lines in figure 7.2 represent glass walls of 2 mm thickness. The
vessel were connected to a chiller, which uses a coolant that flows in the outer jacket of
the vessel and helps in maintaining the outer/jacket temperature (TJ) between 10oC to
40oC. The inner space of the double jacketed vessel consists of three parts. In the bottom
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of the inner space, a dry foam insulation medium was kept to restrict the flow of heat
from the bottom side. In the sidewall near to top inner space of the vessel, the PU-PCM
composite layer was placed. This PU-PCM composite insulation layer was also covered
by a glass layer on the inner side to provide mechanical strength. Each cylindrical
insulation layer PU-PCM foam (PU-Gel PCM, PU-Salt PCM and PU foam) was divided
into three vertical sections of foam. The weight of each dry PU foam was about 2 g having
a dimension of 7 cm X 7 cm X 1.2 cm (length X width X thickness). The PCM holding
capacity in each vertical section of PU-Gel PCM and PU-Salt PCM layer was about 63 ±
3 g and 68 ± 2 g respectively. The image of the experimental setup is shown in figure 7.3.
In the central vacant space of the prototype vessel, a temperature sensor (connected to the
temperature data logger) was placed (as shown in figure 7.2) to measure the inside
temperature of the jacketed vessel (T1).
To perform a thermal cooling cycle, the temperature in outer/jacket temperature
(TJ) was cooled from 40oC to 10oC for 90 minutes. After 90th minutes, this temperature
(TJ) was again raised to 40oC to perform the thermal heating cycle. During these thermal
cooling/ heating cycles (180 minutes, one complete thermal cycle), the temperatures TJ,
T1 were recorded (recorded at each five-second interval) with respect to time using a
temperature data logger. The insulation performance of four different layers (PU-Gel
PCM, PU-Salt PCM, PU foam and Air) were tested for the thermal cycle between the
temperatures ranging between 40oC to 10oC. The 180th minutes of the thermal cycle were
repeated thirty times to compare the insulation performance of the PU-Gel PCM layer
with other insulation layers and PU-Salt PCM. To test the leakage of PCM, during these
thirty cycles of thermal performance test, another two similar jacketed vessels with PUSalt PCM and PU-Gel PCM was connected in series to the chiller. The results obtained
were discussed in section 7.3.3.
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Figure 7.2 Cross-sectional schematic diagram for cylindrical double jacketed glass vessel
setup for thermal performance test of PU-Salt PCM/PU-Gel PCM composite

(b) image of setup

Figure 7.3 Image of jacketed vessel with PU-Salt PCM/PU-Gel PCM as insulation
layer
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7.2.5 Preparation of Na2HPO4 (gel and non-gel) based PU-PCM composite and its
thermal performance analysis
To examine the feasibility of another salt solution, an aqueous saturated salt solution of
Na2HPO4 were taken as PCM other than Na2SO4. Figure 1.4 represents a partial binary
melting phase diagram for the Na2HPO4-water system [30], which helped in the
interpretation of the required concentration needed to be considered for the aqueous
saturated salt solution of Na2HPO4. The proposed PCM should have the phase change
around the temperature range around 25oC-35oC. According to the phase diagram (figure
1.4), when about 27 wt% of Na2HPO4 aqueous solution will be cooled below the
saturation temperature at liquidous line (about 30oC, corresponds to 27 wt% Na2HPO4
solutions), the phase change phenomenon/ nucleation of hydrates (Na2HPO4·12H2O) will
occur within the solution. In the case of Na2HPO4, the phase or heat transition
phenomenon will be achieved almost similar to the hydration and dehydration with
Na2SO4 solution. Equation 7.1 and 7.2 represents the heat transition phenomenon during
the hydration and dehydration of Na2HPO4·12H2O within the aqueous saturated solution.
During cooling, nucleation of Na2HPO4·12H2O will occur by emitting the heat of
formation to the surrounding. In reverse, by taking the heat from the surrounding
(endothermic), the hydrated crystals will undergo a transition from solid to liquid phase.
𝑄(↑)

𝑁𝑎2 𝐻𝑃𝑂4 + 𝑛𝐻2 𝑂 →

𝑁𝑎2 𝐻𝑃𝑂4 ∙ 12𝐻2 𝑂 + (𝑛−12)𝐻2 𝑂
𝑄(↓)

𝑁𝑎2 𝐻𝑃𝑂4 ∙ 12𝐻2 𝑂 + (𝑛 − 12)𝐻2 𝑂 →

𝑁𝑎2 𝐻𝑃𝑂4 + 𝑛𝐻2 𝑂

[Equation (7.1)]
[Equation (7.2)]

This 27 wt% aqueous saturated salt solution of Na2HPO4 (27 wt% Na2HPO4 + 73
wt% water (50 g Na2HPO4· 2H2O in 100 mL water)) taken as the non-gel based composite
PCM. For the synthesis of gel-based composite PCM, the process followed was similar
to explained in section 6.2.2. The prepared gel-based composite PCM have the
composition of 25.6 wt% Na2HPO4 + 3.85 wt% LAPONITE® + 70.55 wt% water ( 50 g
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Na2HPO4· 2H2O, 6 g LAPONITE® in 100 mL water). These gel and non-gel based
composites were then incorporated within the pores of PU foam (as explained in section
7.2.1) to form the required PU-Gel PCM and PU-Salt PCM respectively.
The thermal performance analysis of these composite (PU-Gel PCM and PU-Salt
PCM) layers were performed as similar to explained in section 7.2.4. These composite
layers supported as an insulation layer in a double jacketed cylindrical glass vessel. These
vessels were connected to a chiller, which uses a coolant that flows in the outer jacket of
the vessel and helps in maintaining the outer/jacket temperature (TJ) between 10oC to
40oC. To perform a thermal cooling cycle, the temperature in outer/jacket temperature
(TJ) was cooled from 40oC to 10oC for 150 minutes. After 150 minutes, this temperature
(TJ) was again raised to 40oC and maintained till the next 120 minute to perform the
thermal heating cycle. During these thermal cooling/ heating cycles (270 minutes, one
thermal cycle), the temperatures TJ and T1 were recorded (for ten number of thermal
cycle, recorded at each five-second interval) with respect to time using a temperature data
logger and the results obtained were discussed in section 7.3.4.
7.3 Results and discussion
7.3.1 Result for leakage test of PCMs from PU-PCM composite
The mass loss/leakage of PCM (gelled and non-gelled salt solution) from the pores of PU
foam composite (PU-Salt PCM/PU-Gel PCM) after each minute of centrifugation at an
rpm of 370-430 is shown in figure 7.4. The abscissa shows the time scale in minutes and
the ordinate shows the percentage of mass loss of PCM (gelled and non-gelled salt
solution) from PU-PCM composites. The results clearly showed that in the absence of
LAPONITE® as a gelling agent (samples ‘Water’ (square) and ‘Salt-6’ (circle)), almost
70% of the PCM solution mass was leaked from PU foam after three minutes of
centrifugation at an rpm of 370-430. For ‘Gel-4’ (upper triangle) and ‘Gel-6’ (rhombus),
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the observed mass loss was up to 20% and 4% respectively after three minutes of
centrifugation. In the case of ‘Gel-6’, during centrifugation, the gelled solution on the
outer periphery or at the outer layers of the foam flown out and caused the mass loss.
Percentage mass leakage results for ‘Gel-4’ and ‘Gel-6’ samples from PU foam explain
that the presence of gelling agent LAPONITE®/quantity of LAPONITE® increased the
salt solution (PCM) holding ability in the foam capillaries. The reduction in solution loss
may also be the result of reduced foam capillary diameter due to gel formation on the
surface of foam fibres or increased PCM solution viscosity in presence of gel or blockage
of capillary pore openings by the gel. Since ‘Gel-6’ showed less leakage from PU foam
under the applied centrifugation force, the PU-Gel PCM composite having the
composition ‘Gel-6’ was used for further thermal performance tests.

Figure 7.4 Result for leakage test of PCMs from PU-PCM composite
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7.3.2 Results for DSC analysis of PU-Salt PCM/PU-Gel PCM composite
The DSC analysis of two samples PU-Salt PCM and PU-Gel PCM performed and the
results obtained are shown in figure 7.5 and 7.6 respectively. The sample weight taken in
DSC analysis of PU-Salt PCM and PU-Gel PCM was 25.40 mg and 20.70 mg
respectively. These weights include both PU foam and the amount of PCM (‘Salt-6’/
‘Gel-6’) within the composite.
In both the heating cycles, the melting peaks for the PU-Salt PCM sample was
observed at 32oC (peak 3, figure 7.5) and 35oC (peak 7, figure 7.5) respectively. For the
PU-Gel PCM sample, the melting peaks were observed at 32oC (peak 1, figure 7.6) and
33oC (peak 3, figure 7.6) respectively. On the other hand, during the cooling cycle for the
PU-Salt PCM sample, the freezing peaks observed at 25oC (peak 4 and 8, figure 7.5).
While for the PU-Gel PCM sample (figure 7.6), the freezing peaks at both cooling cycles
were observed at 22oC (peak 2) and 25oC (peak 4) respectively. Comparatively reduced
melting and freezing enthalpies observed (figure 7.5 and 7.6) during the phase transition
in the DSC curves are due to the reduction of pure PCM (salt hydrate) weight in the
composite and also the presence of non-melting PU foam in the analyzed sample.
The number of melting and freezing peaks other than salt hydrate peaks are there
in the DSC plot of PU-Salt PCM (figure 7.5) but not in PU-Gel PCM (Figure 7.6). The
melting peak observed at 0oC for PU-Salt PCM (during the first heating cycle) was due
to the melting of unbound extra solution present in the sample, which was absent in the
PU-Gel PCM sample. The DSC results leading to the conclusion that the extra water
present in the solution supported the formation of gel and thus reduced the incongruent
melting in the composite PCM. The DSC data obtained from plots of PU-Salt and PUGel sample was tabulated in Table 7.1 and 7.2 respectively.
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Figure 7.5 Differential scanning calorimetry (DSC) analysis of PU-Salt PCM composite

Figure 7.6 Differential scanning calorimetry (DSC) Plot of PU-Gel PCM composite
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Table 7.1 DSC result data of PU-Salt composite PCM
Heating/ Cooling

Peak
point

Heating -15oC to 55oC@ 3oC/min

o

o

o

Cooling 55 C to -15 C @ 3 C/min

o

o

o

Temperature (oC)
0.8oC

76.78 J/g

2

17oC

9.43 J/g

3

33oC

70.68 J/g

4

25oC

-81.06 J/g

5

12oC

-11.53 J/g

6

17oC

8.69 J/g

7

35oC

117.93 J/g

8

25oC

-60.81 J/g

9

12oC

-10.76 J/g

o

Cooling 55 C to -15 C @ 3 C/min

Peak
Enthalpy (J/g)

1

o

Heating -15 C to 55 C@ 3 C/min

o

Peak

Table 7.2 DSC result data of PU-Gel composite PCM
Heating/ Cooling

Peak
point

Peak
Temperature (oC)

Peak
Enthalpy (J/g)

Heating -15oC to 55oC@ 3oC/min

1

32oC

68.92 J/g

Cooling 55oC to -15oC @ 3oC/min

2

22oC

-107.72 J/g

Heating -15oC to 55oC@ 3oC/min

3

33oC

68.75 J/g

Cooling 55oC to -15oC @ 3oC/min

4

25oC

-109.38 J/g

7.3.3 Results for thermal performance analysis of PU-PCM composite
Figure 7.7 shows the average (for the first three cooling and heating cycle) of the results
obtained from the thermal performance test of four different insulation layers, as
explained in section 7.2.4. The abscissa denotes the time of the experiment in minutes.
The primary ordinate denotes the outer jacket temperature (TJ) of the double jacketed
vessel and the secondary ordinate denotes the absolute temperature difference (|TJ-T1|)
between the outer jacket temperature (TJ) and inside space temperature of the jacketed
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vessel (T1). The temperature variation profile (TJ vs time) describes the cooling of the
system from 40oC to 10oC for 90 minutes and then heating of the system from 10oC to
40oC till 180th minute.
During the first three cycles of the cooling and heating process, ‘Air’ (rhombus)
as an insulation layer showed an average |TJ-T1| of about 3 to 4oC, while with the ‘PUAir’ (triangle) as an insulation layer, a maximum |TJ-T1| of about 7 to 8oC observed. The
insulation layer having PU-Salt PCM (circle) and PU-Gel PCM (square) provided a
maximum average absolute temperature difference |TJ-T1| of about 9 and 12oC
respectively during the first 90 minutes of the cycle (cooling). During the next 90 minutes
of the cycle (heating), PU-Salt PCM and PU-Gel PCM insulation layers showed a
maximum value of 11 and 12oC respectively.

Figure 7.7 Average absolute temperature difference (|TJ-T1|) and outer jacket
temperature (TJ) profiles for Air, PU-Air, PU-Salt PCM and PU-Gel PCM composites as
an insulation layer
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According to the results in figure 7.6, an obvious improvement in the maximum
value of |TJ-T1| observed in the order of ‘Air’, ‘PU-Air’, ‘PU-Salt PCM’ and ‘PU-Gel
PCM’. In the case of PU-Salt PCM and PU-Gel PCM as insulation layers, an increase in
the maximum value of |TJ-T1| occurred, this was due to the phase change phenomena in
the temperature range (40oC to 10oC vice versa). DSC results (figures 7.5 and 7.6) also
confirm the phase change involvement within the PU-Salt PCM, Pu-Gel PCM composites
during this temperature range. Due to this phenomenon, the temperature profiles of PUSalt PCM and PU-Gel PCM insulation layers showed about 40% and 70% higher value
of |TJ-T1| than normal PU-Air foam. From the results of |TJ-T1| vs the time it can also be
observed that the amount of time to reach a value of 0oC for |TJ-T1| is increasing in the
order of insulating layers ‘Air’, PU-Air, PU-Salt PCM and PU-Gel PCM. If considered a
value of 4oC as a benchmark value for |TJ-T1| to evaluate the performance of insulation
layer as PCM, then among all the insulation layers, PU-Gel PCM provided it for more
than 60 minutes inside the jacketed vessel during both cooling and heating process of the
cycle.
As per the experimental process explained in section 7.2.4, the cooling/heating
thermal cycle of 180 minutes was repeated thirty times to compare the stability of
insulation performance of the PU-Gel PCM layer with the PU-Salt PCM insulation layer.
The absolute temperature difference |TJ-T1| with time after the tenth, twentieth and thirty
thermal cooling/heating cycle for the insulation layer with PU-Salt PCM and PU-Gel
PCM are shown in figures 7.8 and 7.9 respectively. The salt solution draining out of openpore PU-Salt PCM composite after completion of tenth, twentieth and thirty thermal
heating cycle was also observed. From the PU-Salt PCM composite, about 12%, 10% and
8% of liquid PCM (Na2SO4-water solution) drained and remained at the sides and bottom
of the composite (within covered cellophane pouch). Hence the maximum absolute
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temperature difference |TJ-T1| observed to be decreasing from about 10oC (during the
first three thermal cycles) to about 9oC (after the tenth cycle) and 7oC (after the twentieth
and thirty thermal cycles) for PU-Salt PCM composite as observed in figure 7.8. In figure
7.8, with respect to the increase in the number of thermal heating and cooling cycles from
10 to 30, the maintenance time, of considered benchmark value 4oC for |TJ-T1|, is also
decreasing considerably. This decreasing trend was due to the leakage of the salt solution
from the PU foam composite.

Figure 7.8 Absolute temperature difference (|TJ-T1|) and outer jacket temperature (TJ)
profiles for PU-Salt PCM composite as an insulation layer (after the tenth, twentieth and
thirty thermal cooling/heating cycle)
On the other hand, with PU-Gel PCM composite, no drainage of liquid PCM
observed outside the PU-Gel PCM composite until the thirty-thermal cycle (figure 7.9).
Hence the maximum absolute temperature difference |TJ-T1| profile with PU-Gel PCM
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composite observed to be about 13oC (during first three thermal cycles) to about 12oC
(after the tenth cycle), 10oC (after the twentieth cycle) and 9oC (after thirty cycles). The
time to maintain, the considered benchmark value 4oC for |TJ-T1| is also not changing
substantially for PU-Gel PCM composite and it is fluctuating with the increase in the
number of cycles (figure 7.9).

Figure 7.9 Absolute temperature difference (|TJ-T1|) and outer jacket temperature (TJ)
profiles for PU-Gel PCM composite as an insulation layer (after the tenth, twentieth and
thirty thermal cooling/heating cycle)
7.3.4 Results for thermal performance test of Na2HPO4 based PU-PCM composite
Figure 7.10 shows the average (for the first three cooling and heating cycle) of the
temperature difference profile obtained from the thermal performance test with three
different insulation layer (PU-Air, PU-Gel PCM and PU-Salt PCM), as explained in
section 7.2.5. The abscissa denotes the time of cooling and heating in minutes. The
primary ordinate denotes the outer jacket temperature (TJ) of the double jacketed vessel
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and the secondary ordinate denotes the absolute temperature difference (|TJ-T1|) between
the outer jacket temperature (TJ) and inside space temperature of the jacketed vessel (T1).
The temperature variation profile (TJ vs time) describes the cooling of the system from
40oC to 10oC for initial 150 minutes and then heating of the system from 10oC to 40oC
till 270th minute.
During the first three cycles of the cooling and heating process, PU-Air’ (triangle)
as an insulation layer showed a maximum average |TJ-T1| profile of about 6 to 7oC. The
insulation layer having PU-Salt PCM (circle) and PU-Gel PCM (square) provided a
maximum average absolute temperature difference |TJ-T1| of about 10 and 13oC
respectively during the first 150 minutes of the cycle (cooling). During the next 120
minutes of the cycle (heating), PU-Salt PCM and PU-Gel PCM insulation layers showed
a maximum value of about 10 and 14oC respectively.

Figure 7.10 Average absolute temperature difference (|TJ-T1|) and outer jacket
temperature (TJ) profiles for PU-Air, PU-Salt PCM and PU-Gel PCM composites (with
Na2HPO4) as an insulation layer
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The cooling/heating thermal cycle of 270 minutes was repeated ten times to
compare the stability of insulation performance of the PU-Gel PCM layer with the PUSalt PCM insulation layer. The absolute temperature difference |TJ-T1| profile with time
after the first, fifth and tenth thermal cycle for PU-Salt PCM and PU-Gel PCM are shown
in figures 7.11 and 7.12 respectively. The absolute temperature difference |TJ-T1| profile
observed to be a maximum of about 10-11oC (PU-Salt PCM) and 12-14oC (PU-Gel PCM)
till the tenth thermal cycle. Hence, no drainage of liquid PCM observed outside these
composite until the tenth thermal cycle and the temperature difference profiles are not
decreased. But with increasing the number of thermal cycles, the profile of PU-Salt PCM
may decrease as compared to PU-Gel PCM.

Figure 7.11 Absolute temperature difference (|TJ-T1|) and outer jacket temperature (TJ)
profiles for PU-Salt PCM composite (with Na2HPO4) as an insulation layer (after the first,
fifth and tenth thermal cooling/heating cycle)
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Figure 7.12 Absolute temperature difference (|TJ-T1|) and outer jacket temperature (TJ)
profiles for PU-Gel PCM composite (with Na2HPO4) as an insulation layer (after the first,
fifth and tenth thermal cooling/heating cycle)
7.4 Conclusion
The gel-based PCM composite of the inorganic salt hydrate was prepared to incorporate
within the PU foam (PU-Gel PCM) as an intensification to the aqueous saturated salt
solution (PU-Salt PCM). This gel-based and PU-Gel PCM were prepared for its use in
thermal energy storage application (instead of saturated salt solution and PU-Salt PCM)
in the temperature range 10oC to 40oC. Even though the method used in the current
research to estimate the leakage from PU foam was not direct, but it provided valuable
information in finalizing the percentage of LAPONITE® in preparing PU-Gel PCM. The
holding capacity, within pores of PU foam, of gel-based PCM (Gel-6) composite (about
96%) was better than non-gel based PCM (Salt-6). The DSC analysis also ascertained the
stable melting and recrystallization of PU-Gel PCM over PU-Salt PCM with a moderately
good amount of energy release.
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The results obtained from the thermal performance test showed better suitability
of PU-Gel PCM over other combinations tested. From thermal performance test results,
it can be concluded that PU-Gel PCM composite reduced the influence of conventional
problems like phase segregation, incongruent melting and supercooling. As the amount
of salt hydrate in PU-Gel PCM is less compared to pure salt hydrate, the amount of energy
released or absorbed, during phase change, reduced during initial cycles. Variation in
properties like thermal conductivity, melting enthalpy and freezing enthalpy in presence
of borax, LAPONITE® and PU foam also influence to the great extent the performance
of PU-Gel PCM composite. Formation and testing of PU-Gel PCM based on Na2HPO4
also opened the path for finding the suitability of laponite as a gelling agent with various
other inorganic PCM. Since the current study focused on using PU-Gel PCM as a latent
heat storage material for thirty thermal cycles only, future focus is to study its stability
over hundred cycles which provide initial information about the possible commercial
application of the composite.
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Overall Conclusion and Future
Recommendations

The present research dedicated to an objective to accomplish salt hydrate
(Na2SO4·10H2O) as latent heat storage material by mitigating the issues (phase
segregation, supercooling and corrosion to the containers) using various intensification
techniques, for its application between 40oC to 10oC. This chapter presents the main
conclusions derived from this thesis and also suggests the areas which need further study.
Summary of the thesis
The major conclusions which can be summarized from this thesis are as follows:
The aqueous saturated salt solution as a phase change material, alternate to pure
salt hydrates, is proposed. The solution crystallization process for the formation of salt
hydrate (Na2SO4·10H2O, confirmed through DSC results) from the Na2SO4-water phase
diagram provided the motivation. The synthesis process and the heat transition
phenomenon (a mechanism to store/release heat) in using the aqueous saturated salt
solution as PCM was explained. Although this PCM will provide lower storage density
than pure salt hydrates and have issues related to phase segregation, the excess water
available will reduce the formation of anhydrous/ lower hydrates during repeated melting
and recrystallization cycles.
To mitigate the problem of phase segregations, a PU-PCM composite, by
incorporating the aqueous saturated salt solutions within the pores of a porous
polyurethane (PU) foam layer was proposed. Large numbers of small pores in PU foam
155

can be considered as microreactors that provide a heterogeneous surface to the nucleation
of salt solution and also mitigate the settlement of hydrates during cooling and heating
cycles. The thermal insulation capability test (between 30oC to 5oC) for PU-PCM
composite showed the temperature difference (T2-T1, between both sides of composite)
profile increased with respect to time from 1oC to a maximum of 9oC in a model jacketed
reactor.
A computational solving approach for Na2SO4 saturated solution incorporated
within open porous of PU foam and its phase change during the cooling cycle was studied
using a two-dimensional axisymmetric model in COMSOL Multiphysics software and
compared with its experimental results. Simulation data obtained yielded only an average
absolute error of 1.15oC for temperature difference (T2-T1) profile and 0.077 for fraction
of salt hydrate formation of the crystal within pores with time.
A thick non-flowing hydrogel as a shape stabilized water-based PCM has been
purposed as an insulating layer for its application as cold thermal energy storage material.
Laponite® as a gelling additive can be easily mixed with water and can be poured within
the PCM container as the gelling time is about 3 to 5 minutes. This gelled PCM has a
similar melting temperature (at about 0oC), enthalpy (about 300 J/g) as water and has
more viscosity (about 3071 Pa.s) than pure water which also restricted both phase
separation (ice/water) and leakage within the insulation chamber. The phase change
phenomenon (between -10oC to 20oC) of this PCM has been compared to be better than
water and isopropyl alcohol.
Further, a gel-based composite material having a mixture of an aqueous saturated
salt solution of Na2SO4, Laponite® as a gelling agent and borax as nucleation agent was
suggested, than the direct use of salt hydrate Na2SO4·10H2O and non-gel based aqueous
saturated salt solution. The synthesis and optimization process of various components of
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this composite mixture has been discussed using the temperature-time history method.
The thermal insulation capability (within a model double jacketed cylindrical vessel,
between 40oC to 10oC) and thermal analysis (melting/freezing temperature and
enthalpies) of this composite gel-based PCM was found to be better than non-gel based
saturated salt solution.
The gel-based PCM composite was incorporated within the PU foam (PU-Gel
PCM) as an intensification to the aqueous saturated salt solution (PU-Salt PCM). This
PU-Gel PCM were prepared for its use in thermal energy storage application (instead of
saturated salt solution and PU-Salt PCM) in the temperature range 10oC to 40oC. Even
though the method used in the current research to estimate the leakage from PU foam was
not direct, but it provided valuable information in finalizing the percentage of laponite in
preparing PU-gel PCM. The holding capacity, within pores of PU foam, of gel-based
PCM (Gel-6) composite (about 96%) was better than non-gel based PCM (Salt-6). The
DSC analysis also ascertained the stable melting and recrystallization of PU-Gel PCM
over PU-Salt PCM with a moderately good amount of energy release.
The results obtained from the thermal performance test showed better suitability
of PU-Gel PCM over other combinations tested. From thermal performance test results,
it can be concluded that PU-Gel PCM composite reduced the influence of conventional
problems like phase segregation, incongruent melting and supercooling. As the amount
of salt hydrate in PU-Gel PCM is less compared to pure salt hydrate, the amount of energy
released or absorbed, during phase change, reduced during initial cycles. Variation in
properties like thermal conductivity, melting enthalpy and freezing enthalpy in presence
of borax, Laponite® and PU foam also influence to the great extent the performance of
PU-Gel PCM composite.

157

Future Recommendations
•

The current study focused on using PU-PCM as a latent heat storage material for only
thirty thermal cycles, future focus is to study its stability over hundred cycles which
provide initial information about the possible commercial application of the composite.

•

Developments of low-cost, non-toxic and easily available water-based phase change
materials.

•

Development of two or more inorganic salt hydrate based eutectic inorganic phase
change materials.

•

Experiments with the use of various gelling agents with salt solution, to reduce leakage
and calculate the rate of hydrate formation.

•

Modelling using COMSOL Multiphysics software, under the same boundary condition,
to compare with experimental results.

•

Appropriate heat exchanger design for practical application of these PU-PCM
composites as insulation layers.
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APPENDIX A: INFORMATION FROM CHAPTER 2
Table A.1 List of inorganic salt hydrates used as PCM
Salt hydrates

Melting point (oC)

Latent heat (J/g)

Aluminium nitrate nonahydrate
[Al(NO3)2·9H2O]
Aluminium sulfate hexadecahydrate
[Al2(SO4)3·16H2O]
Aluminium sulfate octadecahydrate
[Al2(SO4)3·18H2O]
Aluminum ammonium sulfate dodecahydrate
[(NH4)Al(SO4) ·12H2O]
Ammonium chloride Sodium sulphate
decahydrate [NH4Cl·Na2SO4·10H2O]
Barium hydroxide octahydrate
[Ba(OH)2·8H2O]
Calcium bromide tetrahydrate
[CaBr2·4H2O]
Calcium bromide hexahydrate
[CaBr2·6H2O]
Calcium chloride tetrahydrate
[CaCl2·4H2O]
Calcium chloride hexahydrate
[CaCl2·6H2O]
Calcium chloride dodecahydrate
[CaCl2·12H2O]
Calcium iodide hexahydrate
[CaI2·6H2O]
Calcium nitrate tetrahydrate
[Ca(NO3)2·4H2O]
Calcium nitrate trihydrate
[Ca(NO3)2·3H2O]
[CCl3F·17H2O]
Cadmium nitrate tetrahydrate
[Cd(NO3)2·4H2O]
Cadmium nitrate monohydrate
[Cd(NO3)2·H2O]
Cobalt (II) sulfate heptahydrate
[CoSO4·7H2O]
Cobaltous nitrate hexahydrate
[Co(NO3)2·6H2O]

72
[7],[2]
112
[86],[100]
88
[86],[100]
95
[5],[7]
11
[86]
78
[5],[7]
110
[86],[100]
34
[5],[7]
44·2
[43]
28–30 [5],[141]
29.8 [7],[15]
29·8
[7],[2], [86]
42
[7],[2]
47
[7],[2],[141]
51
[7],[2]
8.5 [7]
59·5
[5],[21]
59.5
[86]
40·7
[7],[2]
57
[86]

155
[7],[2]
N.A.

177

218
[86]
269
[5],[7]
163
[86]
266 [5],[7]
280 [4]
N.A.
115·5 [5],[7]
138 [2]
99·6
[43]
190–200 [5]
171 [15],[141]
174
[7],[2], [86]
162
[7],[2]
153 [7],[2]
161.9 [141]
104
[7],[2]
210 [7]
98
[86]
107
[86]
170
[7],[2]
115
[86]

Copper sulphate heptahydrate
[CuSO4·7H2O]
Dipotassium hydrogen phosphate hexahydrate
[K2HPO4·6H2O]
Iron (III) bromide hexahydrate
[FeBr3·6H2O]
Ferric chloride dehydrate
[FeCl3·2H2O]
Ferric chloride hexahydrate
[FeCl3·6H2O]
Iron (III) nitrate nonahydrate
[Fe(NO3)3·9H2O]
Potassium fluoride tetrahydrate
[KF·4H2O]
DiPotassium hydrogen phosphate trihydrate
[K2HPO4·3H2O]
Potassium aluminum sulfate dodecahydrate
[KAl(SO4)2·12H2O]
Potassium Iron alum dodecahydrate
[KFe(SO4)2·12H2O]
Potassium phosphate tribasic heptahydrate
[K3PO4·7H2O]
Lithium bromide dihydrate
[LiBr2·2H2O]
Lithium chloride monohydrate
[LiCl·H2O]
Magnesium nitrate tetrahydrate
[Mg(NO3)2.4H2O]
Magnesium nitrate hexahydrate
[Mg(NO3)2 ·6H2O]
Magnesium sulfate heptahydrate /
Epsom salts [MgSO4·7H2O]
Manganese(II) chloride tetrahydrate
[MnCl2·4H2O]
Manganese(II) nitrate tetrahydrate
[Mn(NO3)2·4H2O]
Manganese(II) nitrate hexahydrate
[Mn(NO3)2·6H2O]
Nickel(II) nitrate hexahydrate
[Ni(NO3)2·6H2O]
Sodium acetate trihydrate
[CH3COONa·3H2O]

178

40.7
[86]
14
[86]
21 [7],[86]
27 [2]
56
[7],[2]
37
[7],[2]
47
[7],[2]
19
[5],[15]
48
[7],[2]
91
[7],[2]
33
[2]
45
[86]
34
[7],[2]
99
[86]
47
[2]
89·3
[2],[141]
48·5
[7],[2]
58
[7],[2]
37·1
[2]
25·3
[5], [7],[2]
57
[7],[2]
58
[5],[7],[2]

171
[86]
109
[86]
105
[7],[2]
90
[7],[2]
223
[7],[2]
155
[7],[2]
231
[5],[15]
99
[7],[2]
184
[7],[2]
173
[2]
145
[86]
124
[7],[2]
212
[86]
142
[2]
150 [5]
167 [2]
202
[7],[2]
151
[7],[2]
115
[2]
125·9 [5]
148 [2]
169
[7],[2]
226 [5],[7]
270 [142]

Sodium carbonate decahydrate
[Na2CO3·10H2O]
Sodium chromate decahydrate
[Na2CrO4·10H2O]
Sodium dihydrogen phosphate heptahydrate
[Na2HPO4·7H2O]
Sodium dihydrogen phosphate dodecahydrate
[Na2HPO4·12H2O]
Sodium nitrate hexahydrate
[Na(NO3)2·6H2O]
Sodium pyrophosphate decahydrate
[Na2P2O7·10H2O]
Sodium Phosphate dodecahydrate
[Na3PO4·12H2O]
Nick nitrate hexahydrate
[Ni(NO3)2·6H2O]
Sodium sulfate decahydrate / Glauber’s salt
[Na2SO4·10H2O]
Strontium hydroxide octahydrate
[Sr(OH)2·8H2O]
Zinc chloride trihydrate
[ZnCl2·3H2O]
Zinc nitrate dihydrate
[Zn(NO3)2·2H2O]
Zinc nitrate tetrahydrate
[Zn(NO3)2·4H2O]
Zinc nitrate hexahydrate
[Zn(NO3)2·6H2O]

179

33
[5],[7],[2]
18
[1],[141]
48
[100]
35-45
[5],[7],[141]
53
[86]
70
[5],[7]
69 [5]
65 [7],[2]
57
[86]
32·4 [7],[2],[15],
[29],[142] 34 [5]
89
[86]
10
[100],[141]
54
[5],[2]
45·5
[7],[2]
36
[2],[141]

247 [5],[7] 267
[2],[86]
164
[141]
N.A.
279.6
[5],[7],[2]
158
[86]
184
[5],[7]
190
[7],[2]
169
[86]
241[7], 256 [5]
251 [142],[143]
370
[86]
N.A.
68
[2]
110
[7],[2]
146·9 [5],[7] 134
[2],[141]

Table A.2 List of salt hydrates with thermal properties (density, specific heat, and
thermal conductivity)
Salt hydrates

Barium hydroxide
octahydrate
[Ba(OH)2·8H2O]
Calcium chloride
tetrahydrate
[CaCl2·4H2O]
Calcium
chloride hexahydrate
[CaCl2·6H2O]
Potassium fluoride
tetrahydrate [KF·4H2O]
Lithium chlorate
trihydrate
[LiClO3·3H2O]
Magnesium chloride
hexahydrate
[MgCl2·6H2O]
Magnesium nitrate
hexahydrate
[Mg(NO3)2 ·6H2O]
Manganese(II) nitrate
hexahydrate
[Mn(NO3)2·6H2O]
Sodium acetate
trihydrate
[CH3COONa·3H2O]
Sodium carbonate
decahydrate
[Na2CO3·10H2O]
Sodium dihydrogen
phosphate

Specific heat
capacity (J/g·K)

Density (kg/m3)

Solid
phase

Liquid
phase

Solid
phase

1.17
[15]
1.34 [4]
1.25
[20]

2.44
[4]
2.13
[20]

2070
1937
1.255
0.653
[20],[144 [20],[144 [20],[144 [20],[144
]
]
]
]
1680
1500
0.626
0.45
[20]
[20]
[20]
[20]

1.42
[15],[1
45]
1·84
[15],[1
45]
N.A.

2.10
[145]

1800
[5],[144]

2·39
[15],[1
45]
N.A.

1450
[5],[15]

1.72
[15]

2.82
[15]

1569
[144]

1450
[144]

0.694
[144]

0.570
[144]

1.84
[20]

2.51
[20]

N.A.

N.A.

1636
[20],[144
]
1600
[49]

1550
[20],
[144]
1738 [1]

0.611
[20],
[144]
N.A.

0.49
[20],[144
]
N.A.

1.7
[20]

2.9
[20]

145
[5]

N.A.

0.43
[4]

0.34
[4]

1.92
[86]

3.26
[86]

1442
[20]

N.A.

0.514
[86]

0.224
[86]

1.55
[20]

2.51
[20]

1520
[5],[15],
[145]

1720
[86]
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Liquid
phase

Thermal
conductivity
(W/m·K)
Solid
phase

Liquid
phase

1562
1.088
0.540
[15],[144 [144],[14 [144],[14
]
5]
5]
1450
N.A.
N.A.
[15],[145
]
1530
N.A.
N.A.
[86]

1440
0.514
0.476
[15],[145 [15],[145 [15],[145
]
]
]

dodecahydrate
[Na2HPO4·12H2O]
Sodium sulfate
decahydrate / Glauber’s
salt [Na2SO4·10H2O]

1.70
[15]
1.92
[15],[2
0]

1.95
[15]
3.26
[20]
3.3
[143]

Sodium thiosulfate
pentahydrate
[Na2S2O3·5H2O]
Zinc nitrate
hexahydrate
[Zn(NO3)2.6H2O]

1.46
[15],[2
0]
1.34
[15],[2
0]

2.39
[15],[2
0]
2.26
[15],[2
0]

1460
1330
[20],[143 [20],[143
]
]
1485
[15]
1750
1670
[15],[20] [15],[20]
1954
[20]
2065
[15]

1828
[144]
2065
[15]

0.514
[15],[20]

0.589
[20]

0.76 [4]

0.38 [4]

N.A.

0.464
[5],[144]

Table A.3 Eutectic salt hydrates used as PCM
Melting

Latent heat

point (oC)

(J/g)

55% CaCl2·6H2O + 45 % CaBr2·6H2O

14

140

[146]

75% CaCl2·6H2O + 25 % MgCl2·6H2O

21·4

102·3

[72]

66·6% CaCl2·6H2O + 33·3% MgCl2·6H2O

25

127

[100],[146]

45% Ca(NO3) 2·6H2O + 55% Zn(NO3) 2·6H2O

25

130

[141],[146]

40% Na2CO3·10H2O + 60 % Na2HPO4·12H2O

27·3

220·2

[73]

67% Ca(NO3) 2·4H2O + 33% Mg(NO3) 2·6H2O

30

136

[141],[146]

25% Na2SO4·10H2O + 75 % Na2HPO4·12H2O

31·2

262·1

[74]

18% Mg(NO3) 2·6H2O + 82% Zn(NO3)2·6H2O

32

130.1

[141]

72% Ca(NO3) 2·4H2O + 28% Al(NO3) 2·9H2O

35

138.9

[141]

53% Mg(NO3) 2·6H2O + 47% Al(NO3) 2·9H2O

61

148

[15]

50% Mg(NO3)2·6H2O + 50% MgCl2·6H2O

58-59

132

[4],[146]

80% Mg(NO3)2·6H2O + 20% MgCl2·9H2O

60

150

[146]

53% Mg(NO3) 2·6H2O + 47% Al(NO3) 2·9H2O

61

148

[15],[141]

Eutectic salt hydrate composition
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Table A.4 Different salt hydrates and its nucleating agents
Salt hydrate PCM

Calcium
chloride hexahydrate
[CaCl2·6H2O]

Potassium fluoride
dihydrate [KF·2H2O]
Potassium fluoride
tetrahydrate
[KF·4H2O]
Lithium chlorate
trihydrate
[LiClO3·3H2O]
Magnesium chloride
hexahydrate
[MgCl2·6H2O]

Magnesium nitrate
hexahydrate
[Mg(NO3)2 ·6H2O]

Nucleating agent

Degree of supercooling
(oC)

References

Without
nucleating
agent

With
nucleating
agent

BaCO3, SrCO3, BaF2,
SrF2
BaI2·6H2O,
SrCl2·6H2O,
SrBr2·6H2O
3 wt% KNO3
SrCl2·6H2O
γ-Al2O3 (50 nm)
NaCl
Al2O3

10-14

3-5

[15]

N.A.

N.A.

[33]

N.A.
N.A.
N.A.
N.A.
25-30

N.A.
N.A.
N.A.
N.A.
5-8

[147]
[10]
[41]
[42]
[15]

Pumice stone

15-24

9.5

[15]

KClO4, Na2SiF6,
K2SiF6, BaSiF6

2-8

0·5

[15]

Na3AIF6, CaC2O4.H2O,
Sr(OH)2, SrCO3, BaO,
Ca(OH)2, CaO,
Ba(OH)2, Mg(OH)2
SrCO3, Sr(OH)2
MgSO4·4H2O,
CuSO4·3H2O,
NaBO2·2H2O,
CaSO4.2H2O,
NiSO4·4H2O,
COSO4·4H2O,
Sr(OH)2, SrCO3,
Ca(OH)2, CaO, CaCO3,
Mg(OH)2, MgO, BaO,
MgCO3, Mg3(PO4)2,
Ba(OH)2, BaCO3
Mg(OH)2, BaO, MgO,
Sr(OH)2

N.A.

N.A.

[33]

N.A.
N.A.

N.A.
N.A.

[32],[16]
[33]

N.A.

N.A.

[48]

182

Manganese(II) nitrate
hexahydrate
[Mn(NO3)2·6H2O]

Sodium acetate
trihydrate
[CH3COONa·3H2O]

Sodium dihydrogen
phosphate
dodecahydrate
[Na2HPO4·12H2O]

Sodium sulfate
decahydrate
[Na2SO4·10H2O]
Sodium thiosulfate
pentahydrate
[Na2S2O3·5H2O]
Zinc nitrate
hexahydrate
[Zn(NO3)2.6H2O]

NaCl, NaNO3, NaSO4,
MnCl2·4H2O,
MnSO4·4–6H2O,
NiSO4·6H2O,
Kerosene, Heptane,
Carbon black
Na2SO4
SrSO4
Carbon (1·5-6.7 µm)
Potassium sulphate (2
wt%)
Na4P2O7·10H2O,
Activated charcoal,
Na2CO3, NaWO4·2H2O
Borax
Na2HPO4·12H2O
Na2SO4 + Silver nano
particles (AgNPs)
AIN nano particles
Tetrosodium
pyrophosphate
decahydrate
(Na4P2O7·10H2O)
Nano-Copper
(10-30 nm)
Borax
Carbon (1·5-6·7 µm)
TiO2 (2-200 µm)
Copper (1·5-2·5 µm)
Aluminium
(8·5-20 µm)
Borax
(Na4B4O7·10H2O)
Aerosol SiO2 (12 nm)
K2SO4
Na2P2O7·10H2O
ZnO, Zn(OH)2
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20

8-15

[49]

20
N.A.
N.A.
N.A.

4-6
0-2
4-7
2-3

[40]
[40]
[40]
[40]

N.A.

N.A.

[21]

N.A.
N.A.
N.A.

N.A.
N.A.
N.A.

[54]
[55],[56]
[58]

N.A.
N.A.

N.A.
N.A.

[57]
[142]

N.A.

N.A.

[63]

20
N.A.
N.A.
N.A.
N.A.

6-9
0-1
0-1
0·5-1
3-10

[40]
[40]
[40]
[40]
[40]

15-18

3-4

[15],[39]

N.A.
30
N.A.

N.A.
0-3
0-2

[53]
[40]
[40]

2-7

1-6

[15]

Table A.5 Different salt hydrates and its thickening agent
Salt hydrate PCM
Calcium chloride hexahydrate
[CaCl2·6H2O]
Calcium nitrate tetrahydrate
[Ca(NO3) ·4H2O]
Magnesium chloride hexahydrate
[MgCl2·6H2O]
Sodium acetate trihydrate
[CH3COONa·3H2O]

Sodium carbonate decahydrate
[Na2CO3·10H2O]
Sodium dihydrogen phosphate
dodecahydrate [Na2HPO4·12H2O]
Sodium sulfate decahydrate
[Na2SO4·10H2O]
Sodium thiosulfate pentahydrate
[Na2S2O3·5H2O]

Thickening agent
Hydroxy ethyl cellulose

References
[15]

Polyacrylic acid

[34]

PEG 2000

[65]

Carboxymethyl cellulose (CMC)
Gelatin gel
Methyl-cellulose, Methyl
hydroxyethyl-cellulose
CMC, Xanthan Rubber
Xanthan
Superabsorbent polymer (SAP)
Polyethylene oxide
Starch
Super absorbent polymer (SAP)
Bentonite, Attapulgite Clay
Super absorbent polymer (SAP)
Gelatin gel
Wood pulp
CMC

[40],[54]
[54]
[60]
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[148]
[142]
[40]
[15]
[15]
[40]
[15],[51]
[40],[50]
[59]
[15]
[40]

Table A.6 Optimized composition of nucleating agent and thickener for salt hydrates
Salt hydrate PCM

Thickening
agent

Nucleating agent

Phase transition
temperature (°C)

References

Na2SO4·10H2O
(94 wt%)
Na2SO4·10H2O
(88 wt%)
Na2CO3·10H2O
(93 wt%)
Na2HPO4·12H2O
(92·8 wt%)
Na2S2O3·5H2O
(92 wt%)
CH3COONa·3H2O
(96 wt%)
CH3COONa·3H2O
(96 wt%)
CH3COONa·3H2O
(91.4 wt%)
CH3COONa·3H2O
(91.3 wt%)
CH3COONa·3H2O
(91 wt%)
CH3COONa·3H2O

SAP
(3 wt%)
Attapulgite clay
(9.36 wt%)
SAP
(3 wt%)
SAP
(3·5 wt%)
CMC
(3 wt%)
CMC
(3 wt%)
CMC
(3 wt%)
CMC
(3 wt%)
Gelatine gel
(3.3 wt%)
CMC
(4 wt%)
CMC and silica
gel
CMC
(4 wt%)

Borax
(3 wt%)
Borax
(2.64 wt%)
Sr(OH)2
(4 wt%)
TiO2
(3·7 wt%)
SrSO4
(5 wt%)
K2SO4
(1 wt%)
Na2P2O7·10H2O
(1 wt%)
Na2HPO4 .12H2O
(5.6 wt%)
Na2HPO4 .12H2O
(5.4 wt%)
AlN nanoparticles
(5 wt%)
Na2SO4 and silver
nanoparticles
Al2O3
(1 wt%)

32°C

[40]

32°C

[51]

32°C

[40]

35°C

[40]

48°C

[40]

58°C

[40]

N.A.

[40]

N.A.

[54]

N.A.

[54]

52·5oC

[57]

N.A.

[58]

N.A.

[68]

CH3COONa·3H2O
- 8wt% KCl

185

186

APPENDIX B: INFORMATION FROM CHAPTER 4
Derivation of the formal transformation from Equation 4.8 to Equation 4.9:
During a phase change the effective density, ρ, effective thermal conductive, k, and the
effective specific enthalpy, H, of PCM are expressed as
𝜌 = 𝜃. 𝜌𝐿𝑃 + (1 − 𝜃). 𝜌𝑆𝑃

[Equation 4.5]

𝜅 = 𝜃. 𝜅𝐿𝑃 + (1 − 𝜃)𝜅𝑆𝑃

[Equation 4.6]

𝜌𝐻 = 𝜃. 𝜌𝐿𝑃 𝐻𝐿𝑃 + (1 − 𝜃). 𝜌𝑆𝑃 𝐻𝑆𝑃

[Equation 4.7]

𝐻=

𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐻𝑆𝑃
𝜌

Apparent specific heat capacity, CP, can be obtained by differentiating this expression of
specific enthalpy H (equation 4.7) with respect to temperature.
𝜕

𝐶𝑃 = 𝜕𝑇 (𝐻)

𝐶𝑃 =
=

𝜕

𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 +(1−𝜃)𝜌𝑆𝑃 𝐻𝑆𝑃

(
𝜕𝑇

𝜌

)

[Equation 4.8]

1
𝜕
𝜕𝜌
(𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐻𝑆𝑃 )} − {(𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐻𝑆𝑃 ) ∗ }}
∗ {{𝜌 ∗
2
𝜌
𝜕𝑇
𝜕𝑇

={

1 𝜕
1 𝜕𝜌
(𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐻𝑆𝑃 )} − {(𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐻𝑆𝑃 ) ∗ 2 ∗ }
∗
𝜌 𝜕𝑇
𝜌 𝜕𝑇

For simplicity in solving the lengthy equations. let’s take

𝐶𝑃 = {𝐴} − {𝐵}
Then
1

𝜕

𝜌

𝜕𝑇

𝐴= ∗

(𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐻𝑆𝑃 )

𝐵 = (𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐻𝑆𝑃 ) ∗

1
𝜌2
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∗

and
𝜕𝜌
𝜕𝑇

Here, 𝐴 =

1
𝜌

∗

𝜕
𝜕𝑇

(𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐻𝑆𝑃 )

𝐴=

1
𝜕(𝜌𝐿𝑃 𝐻𝐿𝑃 )
𝜕(𝜌𝑆𝑃 𝐻𝑆𝑃 )
∗ {𝜃 ∗
+ (1 − 𝜃) ∗
}
𝜌
𝜕𝑇
𝜕𝑇

𝐴=

1
𝜕𝐻𝐿𝑃
𝜕𝜌𝐿𝑃
𝜕𝐻𝑆𝑃
𝜕𝜌𝑆𝑃
∗ {𝜃 ∗ (𝜌𝐿𝑃
+ 𝐻𝐿𝑃
) + (1 − 𝜃) ∗ (𝜌𝑆𝑃
+ 𝐻𝑆𝑃
)}
𝜌
𝜕𝑇
𝜕𝑇
𝜕𝑇
𝜕𝑇

𝐴=

1
𝜕𝜌𝐿𝑃
𝜕𝜌𝑆𝑃
∗ {𝜃 ∗ (𝜌𝐿𝑃 𝐶𝑃,𝐿𝑃 + 𝐻𝐿𝑃
) + (1 − 𝜃) ∗ (𝜌𝑆𝑃 𝐶𝑃,𝑆𝑃 + 𝐻𝑆𝑃
)}
𝜌
𝜕𝑇
𝜕𝑇

𝐴=

1
1
𝜕𝜌𝐿𝑃
𝜕𝜌𝑆𝑃
∗ {𝜃𝜌𝐿𝑃 𝐶𝑃,𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐶𝑃,𝑆𝑃 } + ∗ {𝜃𝐻𝐿𝑃
+ (1 − 𝜃)𝐻𝑆𝑃
}
𝜌
𝜌
𝜕𝑇
𝜕𝑇
Here 𝐶𝑃,𝐿𝑃 =

Again 𝐵 = (𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐻𝑆𝑃 ) ∗
1

1
𝜌2

∗

𝜕𝐻𝐿𝑃
𝜕𝑇

𝑎𝑛𝑑 𝐶𝑃,𝑆𝑃 =

𝜕𝐻𝑆𝑃
𝜕𝑇

𝜕𝜌
𝜕𝑇

𝜕

𝐵 = (𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐻𝑆𝑃 ) ∗ 𝜌2 ∗ 𝜕𝑇 (𝜃𝜌𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 )
Here 𝜌 = 𝜃𝜌𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃
𝐵 = (𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐻𝑆𝑃 ) ∗

1
𝜕𝜌𝐿𝑃
𝜕𝜌𝑆𝑃
∗ {𝜃
+ (1 − 𝜃)
}
2
𝜌
𝜕𝑇
𝜕𝑇

1
𝜕𝜌𝐿𝑃 1
𝜕𝜌𝑆𝑃
1
𝜕𝜌𝐿𝑃
𝐵 = ( 2 𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 𝜃
+ 2 𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 (1 − 𝜃)
+ 2 (1 − 𝜃)𝜌𝑆𝑃 𝐻𝑆𝑃 𝜃
𝜌
𝜕𝑇
𝜌
𝜕𝑇
𝜌
𝜕𝑇
+

1
𝜕𝜌𝑆𝑃
(1
(1
)
−
𝜃)𝜌
𝐻
−
𝜃)
𝑆𝑃
𝑆𝑃
𝜌2
𝜕𝑇

Now 𝐶𝑃 = {𝐴} − {𝐵} =
=

1
1
𝜕𝜌𝐿𝑃
𝜕𝜌𝑆𝑃
∗ {𝜃𝜌𝐿𝑃 𝐶𝑃,𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐶𝑃,𝑆𝑃 } + ∗ {𝜃𝐻𝐿𝑃
+ (1 − 𝜃)𝐻𝑆𝑃
}
𝜌
𝜌
𝜕𝑇
𝜕𝑇
1
𝜕𝜌𝐿𝑃 1
𝜕𝜌𝑆𝑃
− ( 2 𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 𝜃
+ 2 𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 (1 − 𝜃)
𝜌
𝜕𝑇
𝜌
𝜕𝑇
+

1
𝜕𝜌𝐿𝑃 1
𝜕𝜌𝑆𝑃
(1
(1
(1
)
−
𝜃)𝜌
𝐻
𝜃
+
−
𝜃)𝜌
𝐻
−
𝜃)
𝑆𝑃
𝑆𝑃
𝑆𝑃
𝑆𝑃
𝜌2
𝜕𝑇
𝜌2
𝜕𝑇
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=

=

=

1
1
𝜕𝜌𝐿𝑃 1
𝜕𝜌𝑆𝑃
∗ {𝜃𝜌𝐿𝑃 𝐶𝑃,𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐶𝑃,𝑆𝑃 } + 𝜃𝐻𝐿𝑃
+ (1 − 𝜃)𝐻𝑆𝑃
𝜌
𝜌
𝜕𝑇
𝜌
𝜕𝑇
−

1
𝜕𝜌𝐿𝑃 1
𝜕𝜌𝑆𝑃
𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 𝜃
− 2 𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 (1 − 𝜃)
2
𝜌
𝜕𝑇
𝜌
𝜕𝑇

−

1
𝜕𝜌𝐿𝑃 1
𝜕𝜌𝑆𝑃
(1
(1
(1
−
𝜃)𝜌
𝐻
𝜃
−
−
𝜃)𝜌
𝐻
−
𝜃)
𝑆𝑃
𝑆𝑃
𝑆𝑃
𝑆𝑃
𝜌2
𝜕𝑇
𝜌2
𝜕𝑇

1
1
𝜕𝜌𝑆𝑃 1
𝜕𝜌𝐿𝑃
∗ {𝜃𝜌𝐿𝑃 𝐶𝑃,𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐶𝑃,𝑆𝑃 } + (1 − 𝜃)𝐻𝑆𝑃
− 2 (1 − 𝜃)𝜌𝑆𝑃 𝐻𝑆𝑃 𝜃
𝜌
𝜌
𝜕𝑇
𝜌
𝜕𝑇
−

1
𝜕𝜌𝑆𝑃 1
𝜕𝜌𝐿𝑃 1
𝜕𝜌𝐿𝑃
(1 − 𝜃)𝜌𝑆𝑃 𝐻𝑆𝑃 (1 − 𝜃)
+ 𝜃𝐻𝐿𝑃
− 2 𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 𝜃
2
𝜌
𝜕𝑇
𝜌
𝜕𝑇
𝜌
𝜕𝑇

−

1
𝜕𝜌𝑆𝑃
𝜃𝜌𝐿𝑃 𝐻𝐿𝑃 (1 − 𝜃)
2
𝜌
𝜕𝑇

1
∗ {𝜃𝜌𝐿𝑃 𝐶𝑃,𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐶𝑃,𝑆𝑃 }
𝜌
1
𝜕𝜌𝑆𝑃
1
𝜕𝜌𝐿𝑃
+ 𝐻𝑆𝑃 { (1 − 𝜃)
− 2 (1 − 𝜃)𝜌𝑆𝑃 𝜃
𝜌
𝜕𝑇
𝜌
𝜕𝑇
−

1
𝜕𝜌𝑆𝑃
(1
(1
−
𝜃)𝜌
−
𝜃)
}
𝑆𝑃
𝜌2
𝜕𝑇

1 𝜕𝜌𝐿𝑃 1
𝜕𝜌𝐿𝑃 1
𝜕𝜌𝑆𝑃
− 𝐻𝐿𝑃 {− 𝜃
+ 2 𝜃𝜌𝐿𝑃 𝜃
+ 2 𝜃𝜌𝐿𝑃 (1 − 𝜃)
}
𝜌 𝜕𝑇
𝜌
𝜕𝑇
𝜌
𝜕𝑇
=

1
1
𝜕𝜌𝑆𝑃
∗ {𝜃𝜌𝐿𝑃 𝐶𝑃,𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐶𝑃,𝑆𝑃 } + 𝐻𝑆𝑃 { (1 − 𝜃)
𝜌
𝜌
𝜕𝑇
−

1
𝜕
(1 − 𝜃)𝜌𝑆𝑃
(𝜃𝜌𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 )}
2
𝜌
𝜕𝑇

1 𝜕𝜌𝐿𝑃 1
𝜕
− 𝐻𝐿𝑃 {− 𝜃
+ 2 𝜃𝜌𝐿𝑃
(𝜃𝜌𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 )}
𝜌 𝜕𝑇
𝜌
𝜕𝑇
=

1
1
𝜕𝜌𝑆𝑃
𝜕
∗ {𝜃𝜌𝐿𝑃 𝐶𝑃,𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐶𝑃,𝑆𝑃 } + 𝐻𝑆𝑃 2 {𝜌(1 − 𝜃)
− (1 − 𝜃)𝜌𝑆𝑃
(𝜌)}
𝜌
𝜌
𝜕𝑇
𝜕𝑇
− 𝐻𝐿𝑃

=

1
𝜕𝜌𝐿𝑃
𝜕
{−𝜌𝜃
+ 𝜃𝜌𝐿𝑃
(𝜌)}
2
𝜌
𝜕𝑇
𝜕𝑇

1
1
𝜕𝜌𝑆𝑃
𝜕
∗ {𝜃𝜌𝐿𝑃 𝐶𝑃,𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐶𝑃,𝑆𝑃 } + 𝐻𝑆𝑃 2 {𝜌(1 − 𝜃)
− (1 − 𝜃)𝜌𝑆𝑃
(𝜌)}
𝜌
𝜌
𝜕𝑇
𝜕𝑇
− 𝐻𝐿𝑃

1
𝜕
𝜕𝜌𝐿𝑃
{𝜃𝜌
(𝜌)
−
𝜌𝜃
}
𝐿𝑃
𝜌2
𝜕𝑇
𝜕𝑇
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=

1
𝜕 (1 − 𝜃)𝜌𝑆𝑃
𝜕 𝜃𝜌𝐿𝑃
(
)
∗ {𝜃𝜌𝐿𝑃 𝐶𝑃,𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐶𝑃,𝑆𝑃 } + 𝐻𝑆𝑃
(
) + 𝐻𝐿𝑃
𝜌
𝜕𝑇
𝜌
𝜕𝑇 𝜌

=

1
𝜕 2(1 − 𝜃)𝜌𝑆𝑃
𝜕 2𝜃𝜌𝐿𝑃
(
)
∗ {𝜃𝜌𝐿𝑃 𝐶𝑃,𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐶𝑃,𝑆𝑃 } + 𝐻𝑆𝑃
(
) + 𝐻𝐿𝑃
𝜌
𝜕𝑇
2𝜌
𝜕𝑇 2𝜌

=

1
𝜕 (1 − 𝜃)𝜌𝑆𝑃 + (1 − 𝜃)𝜌𝑆𝑃
∗ {𝜃𝜌𝐿𝑃 𝐶𝑃,𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐶𝑃,𝑆𝑃 } + 𝐻𝑆𝑃
(
)
𝜌
𝜕𝑇
2𝜌
+ 𝐻𝐿𝑃

=

1
𝜕 (1 − 𝜃)𝜌𝑆𝑃 + 𝜌 − 𝜃𝜌𝐿𝑃
∗ {𝜃𝜌𝐿𝑃 𝐶𝑃,𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐶𝑃,𝑆𝑃 } + 𝐻𝑆𝑃
(
)
𝜌
𝜕𝑇
2𝜌
+ 𝐻𝐿𝑃

=

𝜕 (1 − 𝜃)𝜌𝑆𝑃 − 𝜃𝜌𝐿𝑃 − 𝜌
(
)
𝜕𝑇
2𝜌

1
𝜕 (1 − 𝜃)𝜌𝑆𝑃 − 𝜃𝜌𝐿𝑃 1
∗ {𝜃𝜌𝐿𝑃 𝐶𝑃,𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐶𝑃,𝑆𝑃 } + 𝐻𝑆𝑃
+ )
(
𝜌
𝜕𝑇
2𝜌
2
− 𝐻𝐿𝑃

=

𝜕 𝜃𝜌𝐿𝑃 + 𝜌 − (1 − 𝜃)𝜌𝑆𝑃
(
)
𝜕𝑇
2𝜌

1
𝜕 (1 − 𝜃)𝜌𝑆𝑃 − 𝜃𝜌𝐿𝑃 + 𝜌
∗ {𝜃𝜌𝐿𝑃 𝐶𝑃,𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐶𝑃,𝑆𝑃 } + 𝐻𝑆𝑃
(
)
𝜌
𝜕𝑇
2𝜌
− 𝐻𝐿𝑃

=

𝜕 𝜃𝜌𝐿𝑃 + 𝜃𝜌𝐿𝑃
(
)
𝜕𝑇
2𝜌

𝜕 (1 − 𝜃)𝜌𝑆𝑃 − 𝜃𝜌𝐿𝑃 1
− )
(
𝜕𝑇
2𝜌
2

1
𝜕 (1 − 𝜃)𝜌𝑆𝑃 − 𝜃𝜌𝐿𝑃
𝜕 1
∗ {𝜃𝜌𝐿𝑃 𝐶𝑃,𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐶𝑃,𝑆𝑃 } + 𝐻𝑆𝑃
(
) + 𝐻𝑆𝑃
𝜌
𝜕𝑇
2𝜌
𝜕𝑇 2
− 𝐻𝐿𝑃

𝜕 (1 − 𝜃)𝜌𝑆𝑃 − 𝜃𝜌𝐿𝑃
𝜕 1
(
) + 𝐻𝐿𝑃
𝜕𝑇
2𝜌
𝜕𝑇 2

=

1
𝜕 (1 − 𝜃)𝜌𝑆𝑃 − 𝜃𝜌𝐿𝑃
∗ {𝜃𝜌𝐿𝑃 𝐶𝑃,𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐶𝑃,𝑆𝑃 } + (𝐻𝑆𝑃 − 𝐻𝐿𝑃 )
(
)
𝜌
𝜕𝑇
2𝜌

=

1
𝜕 (1 − 𝜃)𝜌𝑆𝑃 − 𝜃𝜌𝐿𝑃
∗ {𝜃𝜌𝐿𝑃 𝐶𝑃,𝐿𝑃 + (1 − 𝜃)𝜌𝑆𝑃 𝐶𝑃,𝑆𝑃 } + (𝐻𝑆𝑃 − 𝐻𝐿𝑃 )
(
) = 𝑪𝒑
𝜌
𝜕𝑇
2𝜌

Thus, the equation obtained is Equation 4.9.
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