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Thermal energy storage is receiving increased attention as the world transitions away from fossil 

fuels and seeks to improve the efficiency of existing energy production systems. While higher-

temperature thermal energy storage has received the majority of attention in the field, thermal 

energy storage at temperatures close to ambient conditions may also have some practical 

applications. Hydrated salt phase change materials (PCMs) store thermal energy in this 

temperature range and can have high gravimetric and volumetric energy storage capacities while 

having a very low cost. Despite the benefits of these salts, they generally suffer from 

supercooling, phase segregation during cycling, and a high corrosion potential. In the current 

work, these inorganic salts were characterized and tested by a variety of laboratory methods; 

including: differential scanning calorimetry, drop calorimetry, rapid and slow thermal cycling, 

thermogravimetric analysis, and a large dehydration cell. Through these methods, the following 

parameters or conditions could be measured or observed: the melt temperature, the heat of 

fusion of melting, the material’s water content, supercooling, and phase separation during 

cycling.  

 

After initial characterization of the thermal performance of several hydrated salt candidate 

materials, three calcium chloride hexahydrate (CaCl2·6H2O)-based salts were selected for 

additional testing. For the first of these salts, CaCl2·6H2O + magnesium chloride hexahydrate 

(MgCl2·6H2O) a new eutectic composition was found along with a modeled phase diagram, which 

agrees well with the experimental findings. This salt was cycled for over two thousand seven 

hundred cycles with minimal changes in the heat of fusion or melt temperature as measured by 

drop calorimetry. A second material, CaCl2·6H2O + potassium nitrate (KNO3), was also fully 

characterized and cycled with good long-term performance during cycling. When CaCl2·6H2O was 

similarly characterized and cycled, it was found to experience phase segregation during cycling. 

Abstract 
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Potassium chloride (KCl) was found to stabilize CaCl2·6H2O, although this stabilizing effect was 

only realized after a supernatant liquid was removed from the frozen PCM. The ternary phase 

diagram of the CaCl2-H2O-KCl system suggests that several stable mixtures are possible at 

different H2O weight percentages, which was verified through experimentation. It was also found 

that CaCl2·6H2O, which has separated, can be restored to a homogenous state through heating 

to temperatures above 45°C. In addition, a clear relationship between the PCM cooling rate and 

the rate at which separation progresses was found; with faster cooling resulting in less 

separation. 

 

Several common metals were tested for corrosion resistance when in direct contact with the 

three CaCl2·6H2O-based PCMs. Test were conducted under isothermal (molten) and cycling 

conditions, where metal coupons were immersed in the PCM test samples for test periods of up 

to a year. For the CaCl2·6H2O and CaCl2·6H2O + MgCl2·6H2O PCMs, an aluminum alloy and carbon 

steel were found to have good corrosion resistance under both isothermal and cyclic testing. An 

anodized aluminum was found to provide superior corrosion resistance. If the CaCl2·6H2O + KNO3 

PCM is used, aluminum samples were found to deteriorate very quickly and either carbon steel 

or stainless steel are recommended for containment.  

 

Medium-scale (100-1000 kg) batches of industrial-grade CaCl2·6H2O with additives were prepared 

and cycled in a prototype cold storage system. When tested by drop calorimetry, these materials 

showed good thermal performance and stability, although there appears to be a slight decrease 

in latent energy as the number of cycles was increased. Additional testing of industrial-grade 

materials is required in order to determine if they maintain their stability and performance at 

greater than a hundred cycles. This work has resulted in a demonstrably stable, low-temperature 

PCM with good thermal performance, low cost, and good material compatibility with several 

common, inexpensive metals.  
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Thermal energy storage is essential for life. Every day the earth absorbs and stores solar energy 

from the sun. Some of this energy is stored as sensible heat in the oceans and land and a portion 

is stored as latent energy in the form of clouds. Sensible heat stored by the oceans, land, and 

atmosphere during the day maintains the dark side of the planet at comfortable temperatures 

throughout the night. Latent heat energy stored in gaseous water is released as clouds precipitate 

moisture. Truly the earth is a marvelously-balanced thermal energy system with the energy being 

stored more or less perfectly matching that radiated to space. On a small scale, thermal energy 

storage has influenced human design for centuries. For instance, as presented by Butti et al. in 

their book “A Golden Thread”, ancient Greek homes were designed to absorb heat from the sun 

during winter days. This heat would be released from the earthen floors and adobe walls of the 

house during the night, maintaining inside temperatures without the need for a furnace [B20]. 

With the later advent of glass, thermal energy storage within structures became much more 

efficient as the glass prevented heat absorbed by the materials or air inside the structure from 

escaping. Glass heat “traps”, such as greenhouses have been used since the 18th century to 

maintain plants at moderate temperatures even during the coldest months of the year [B20]. 

Throughout history, heated stones or bricks have been used to maintain temperatures in the 

region immediately surrounding an individual. Some examples of this are foot or bed warmers, 

which were little more than fire-heated stones. These heated stones could be used to keep feet 

warm during long wagon rides or could be swept through the covers of a bed in order to pre-heat 

it on cold nights. Truly, thermal energy storage is everywhere if one only looks for it. 

 

After over a century of rapid industrial progress, the world has realized the importance of energy 

efficiency as overconsumption of natural resources threatens our way of life. While much of the 

recent research has focused on electricity production and storage, thermal energy storage has 

1 Introduction 
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also enjoyed a renaissance, particularly as it relates to solar-thermal energy storage. In the 

current work, a thermal energy storage material utilizing the latent heat of a solid/liquid phase 

transition was developed. This material is designed to have a phase transition temperature of 

around 30°C with a relatively high latent heat of fusion (>150 J/g). Since this phase change 

material (PCM) is made from hydrated salts, materials costs are very low (~ $USD 0.10/kg). These 

three conditions of a phase transition temperature around 30°C, a high heat of fusion, and low 

cost pave the way for some interesting use cases for this material. Two of these use cases are 

presented herein – supplemental cooling of air-cooled main steam condensers and building 

thermal regulation. 

 

1.1 Supplemental Cooling of Air-Cooled Condensers 

Fossil power plants currently account for 63% of annual U.S. electricity production, with 

production split almost equally between coal and natural gas [E2]. Over the past decade, the 

percentage of electricity generated by natural gas plants has risen dramatically due to a 

combination of low natural gas prices and increasing regulation of coal-fired plants. Many of 

these new gas plants have chosen to use air-cooled main steam condensers (ACCs) due to either 

limited water resources or hot water discharge limits. It should be noted that ACCs have also 

been installed at several U.S. coal-fired plants in order to reduce water usage. While ACCs do 

provide benefits in reducing water usage, they introduce plant efficiency constraints as their 

cooling performance is strongly tied to ambient conditions. Thermodynamics dictate that the 

efficiency of a Rankine-cycle fossil plant is limited by the maximum temperature difference 

between the hot and cold reservoirs. With hot-side steam temperatures limited by metallurgical 

constraints, a low condenser temperature is crucial for maximum plant efficiency. Despite good 

condenser design, on hot days an ACC may not be capable of cooling the condensate to the 

desired temperature. As condenser temperature rises, backpressure on the final turbine stage 
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rises accordingly, reducing generation at a given steam flow rate. According to the U.S. 

Department of Energy’s (DOE) Advanced Research Project Agency – Energy (ARPA-e), a 3°C rise 

in steam condensate temperature is known to result in a 1% reduction in power output [A9]. Such 

a reduction in power output will have a direct negative impact on the economics of plant 

operation as lost generation is lost energy to sell. Compounding this problem is the fact that the 

hottest days are typically periods of high electricity demand. Since high demand usually 

corresponds to a higher electricity selling price, lost demand during these periods of time can be 

particularly harmful to a plant’s bottom line. 

 

One potential technology that could improve ACC performance is through the use of a PCM, which 

can be melted during the day, absorbing heat from the steam. Such a solution has been proposed 

and developed by Advanced Cooling Technologies (ACT), Lehigh University, and the University of 

Missouri, with project funding and oversight provided by ARPA-E. This cooling system utilizes a 

hydrated salt phase change material with a melt temperature between the average daytime and 

nighttime temperatures. When the heat load exceeds the limits of the ACC, the PCM is available 

to be melted, removing heat from the steam. As the ambient air temperature falls during the 

night and the ACC is capable of maintaining lower condensate temperatures, the PCM is frozen 

(regenerated), with heat transferred to the air through fins at the top of the system. Once frozen, 

the PCM is ready to remove heat from the steam the following day. An illustration of this ACC 

cooling system is presented in Figure 1.1. 
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Figure 1.1: Proposed PCM-Based Supplemental Condenser Cooling System 

 

1.2 Building Thermal Regulation 

According to the U.S. Energy Information Administration (EIA), in 2015 heating and cooling were 

together responsible for 51.3% of residential energy usage in the U.S. [E1]. The use of low-

temperature phase change materials to offset this energy demand was examined by Dr. Maria 

Telkes in the late 1940’s. In 1949 she constructed a house, which was entirely heated by solar 

energy in Dover, Massachusetts (Figure 1.2). Solar energy entered the house through large second 

story windows, behind which were located solar hot air collectors. Hot air from these collectors 

was circulated through rooms filled with barrels of Glauber’s salt (Na2SO4·10H2O), which would 

absorb the thermal energy and melt at a temperature of 32°C (90°F). During the night or poor 

weather days, heat from the cans would be used to heat the house, freezing the Glauber’s salt 

in the process [H20]. Unfortunately, during the third winter of operation, the Glauber’s salt 

separated into salt and supernatant liquid layers – rendering it useless from a latent energy 

storage perspective [L7]. This separation is an inherent quality of Glauber’s salt, although in 

subsequent work Telkes claimed to have eliminated it [T5].  
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Figure 1.2: The Dover House as Constructed by Dr. Maria Telkes [B20,H20] 

 

Despite this failure by Telkes, PCM-based thermal energy storage is still of interest in space 

heating applications. For instance, recent experimental work by Barzin et al. has considered the 

use of paraffin-based PCMs embedded into common construction materials, such as gypsum 

wallboard [B4,B5]. Although thermal energy could be stored using a sensible heat-based storage 

system, a PCM-based storage system is preferable due to the high volumetric energy density of 

PCMs. To illustrate this, cubes representing the volume of five common materials required to 

store 1 kJ of thermal energy between 25 and 35°C are presented in Figure 1.3. For each of these 

five materials, thermal energy storage in the specified temperature range is purely sensible 

energy storage. If a PCM, such as calcium chloride hexahydrate (CaCl2·6H2O, or CC6) is used to 

store this energy, it can be seen that a much smaller volume of material is required! CC6 has a 

phase transition temperature (Tm) of 29°C and latent heat of fusion (Hf) of 170 kJ/kg. This smaller 

volume is not only important as it requires less space for comparable thermal energy storage, 

but it may also result in reduced containment costs. For instance, liquid water is a common 

thermal energy store and it is virtually free. However, as seen in Figure 1.3, storing a comparable 
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quantity of thermal energy in water will require an order of magnitude larger containment vessel 

relative to CC6. It should be noted that these cost and volume savings can only be realized if the 

PCM is very low in cost – as is the case for CC6. 

 

 

Figure 1.3: Volume of Material Required for 1 kJ of Storage Between 25 & 35°C 

 

One potential application of PCMs to building temperature regulation is embedding of the PCM 

into floor tiles. The PCM can be embedded into the tiles in one of two ways. A method by which 

a paraffin-based PCM was mixed with the tile material and binder was presented by Hittle [H18]. 

This method is not recommended for use with hydrated salt PCMs due to their volume change 

during freezing and melting. Instead, it is recommended that the tile be constructed in such a 

way that voids within the tile be filled with PCM, while leaving a slight air gap to allow for 

expansion and contraction. A basic illustration of this configuration is presented in Figure 1.4. 

With this method, the structural integrity of the tiles must be fully evaluated to ensure they are 

as durable as standard tile. 

 

Two proposed applications for the PCM embedded floor tile are presented in Figure 1.5. First is 

coupling of the tile with a solar heated radiant floor system. Such systems are known to be 

capable of offsetting a portion of a home’s heating demand, even in climates far from the 

equator, such as the north eastern region of the U.S. While hot water from the solar collectors 
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could be directly used to store heat for nighttime use, a significant volume of water would be 

required if large quantities of thermal energy were to be stored. Instead, it is proposed that a 

layer of PCM embedded tile be placed on the floor above the radiant heating pipes. During the 

day this tile will absorb thermal energy from the solar collector, melting the PCM. At night, the 

PCM will solidify, maintaining the room at a comfortable temperature close to the phase 

transition temperature of the PCM. 

 

 

Figure 1.4: Floor Tile with Embedded PCM 

 

A second, entirely passive configuration for solar heating with PCM floor tile thermal storage is 

presented on the righthand side of Figure 1.5. The building is designed such that during the day 

solar radiation enters the structure through large windows. This solar radiation is absorbed by 

the PCM tiles, melting the PCM. At night the PCM solidifies, releasing heat to the air in the 

building. A secondary benefit of this storage system is that it prevents overheating of the 

structure during times when maximum sunlight is entering through the windows. Instead of 

heating the air and other building materials, the incident radiation is absorbed by the melting 

PCM, preventing high room temperatures. 
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Figure 1.5: Usage Examples for PCM Embedded Floor Tile 

 

The two presented applications for thermal storage only scratch the surface of potential thermal 

energy storage applications in the temperature range about 30°C. There are additional 

applications in smart clothing, the automotive industry, space systems, and weapons; anywhere 

where temperature regulation and/or thermal load shifting is required. However, before 

considering practical applications an inexpensive, durable, PCM with both the required phase 

change temperature and latent heat must be developed and demonstrated. This research is the 

focus of the present study. 

 

A comprehensive search for PCMs in the temperature range between 15 and 35°C is conducted 

in Chapter 2, with a handful of hydrated salts selected for additional characterization and 

testing. Test methods for PCM testing and characterization are presented in Chapter 3 before 

being used to characterize the previously-selected PCMs in Chapter 4. Three CC6-based PCMs 

were selected for in-depth testing and characterization, which uncovered significant issues 
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related to supercooling and phase separation. Supercooling was largely eliminated through the 

addition of a small percentage of strontium chloride hexahydrate (SrCl2·6H2O or SC6) to the salts. 

Separation of CC6 is addressed in detail in Chapter 5, where it was found that the addition of a 

small percentage of potassium chloride (KCl) eliminated separation if specific PCM preparation 

procedures were followed. Phase equilibria models are presented to assist in explaining the role 

KCl plays in the stabilization of CC6. The use of hydrated salt PCMs raises corrosion concerns with 

regard to any structural metals they are contained in or come in contact with. Corrosion testing 

between three CC6-based PCMs and a handful of common metals is presented in Chapter 6. 

Despite initial corrosion concerns, carbon steel was found to have a low corrosion rate when in 

contact with all three of the CC6-based PCMs. A second metal, aluminum alloy 5086, also had 

good corrosion performance in two of the three PCMs. Finally, industrial-grade CC6 was prepared 

in quantities of up to 200 liters for testing in a 10 kWh prototype cold-storage system. A summary 

of the specifics of this preparation and the thermal performance of the resulting PCM are 

presented in Chapter 7.  
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As discussed in Section 1, the two primary forms of thermal energy storage are sensible and 

latent energy storage. On the macro scale, sensible energy storage is quite straightforward with 

a given unit of thermal energy raising the temperature of a mass by a specified quantity [P11]: 

 

Q = ∫ mCpdT = mCp(T2 - T1)
T2

T1

 (1) 

 

where, m is the mass under consideration, Cp is the specific heat of the material, and T2 and T1 

are the final and initial temperatures respectively. On the atomic level, sensible energy storage 

directly relates to the motion of sub-atomic particles, with higher energy corresponding to a 

greater degree of motion and lower energy reduced motion. While sensible thermal energy 

storage is quite effective, its relatively low storage density is a considerable limitation for many 

applications.  

 

Latent thermal energy storage overcomes the limitation of low storage density by utilizing the 

energy released or absorbed during a material’s phase transition. This phase transition can be 

between a solid and liquid, liquid and gas or solid and gas. Since there is a large volume change 

when transitioning between a solid and gas or liquid and gas, these transitions are not typically 

considered for practical energy storage and will not be considered here. There is also a class of 

latent energy storage materials, which utilize solid to solid conversions between crystal types. 

Once again, these materials are outside the scope of this report and the term “phase transition” 

will exclusively be used in referring to the liquid/solid transition. The equation describing latent 

heat energy storage is as follows [P11]: 

 

2 Phase Change Thermal Energy Storage 
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Q = ∫ mCpdT + mαHf + ∫ mCpdT
T2

Tm

 
Tm

T1

 (2) 

 

Where Tm is the phase change temperature, α is the fraction of phase change completed, and Hf 

is the latent heat of melting or freezing. Equation (2) consists of three parts. The two integrals 

detail sensible heat storage of the material in the temperature regions before and after the 

phase change. Note that the specific heat (Cp) of the melted and frozen material are often 

different. During a phase transition, a large quantity of heat is released or absorbed from the 

material despite a negligible or very small temperature difference. The magnitude of heat 

transferred during this process is described by the center term of Equation (2), where the 

material’s latent heat of fusion is multiplied by the fraction of mass having undergone the phase 

change. 

 

Like sensible energy, latent thermal energy corresponds to an increase or decrease in motion of 

atoms and/or molecules. However, it differs in the magnitude of this change. For instance, during 

melting of a solid, a threshold has been reached where the energy of the atoms and/or molecules 

exceeds that of the crystalline bonds holding them together. This causes the atoms and/or 

molecules to break free of the crystalline structure and reach the higher energy state referred 

to as a liquid. A similar process occurs for the transition from liquid to gas although the energies 

involved are often much greater. When looked at macroscopically, this disparity in energies is 

striking. To illustrate this, the sensible heat storage capacity of water and ice are presented 

alongside their latent heat of melting in Figure 2.1. 
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Figure 2.1: Sensible vs. Latent Heat Storage in Water and Ice 

 

As seen, 4.21 J/g of thermal energy must be removed from the water to cool it from 1 to 0°C. 

From 0°C, removing 334 J/g of energy is required to fully freeze the water, despite no change 

in temperature. Once frozen at 0°C, the ice can be cooled an additional 1°C by removal of 2.11 

J/g of thermal energy. This process and associated energy flows are reversed in the case where 

water is absorbing thermal energy. It is clear from this example, that the 334 J/g of thermal 

energy associated with the phase transition far outweighs the sensible heat storage capacity of 

either the water (4.21 J/g°C) or ice (2.11 J/g°C). If the system can tolerate a very large 

temperature swing of the storage medium, or if the quantity of the medium is very large (as is 

the case with the oceans), sensible heat storage may make sense. However, since most practical 

systems do not have either of these luxuries, the benefit of latent heat stores is evident. 

 

2.1 Phase Change Material Classes 

Latent heat storage is not without its drawbacks. Primary among these is that a material with an 

appropriate phase transition temperature must be used. While the melting of ice to water works 

well for cooling foods and drinks, it is obvious why this phase change is completely ineffective 
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at storing heat from a solar thermal collector operating at 700°C. Fortunately, there are many 

different phase change materials, which have widely different transition temperatures. Figure 

2.2 presents Tm vs. Hf for a subset of PCM classes with melting temperatures in the range between 

0 and 300°C. These PCMs consist of the organic paraffins and sugar alcohols and the inorganic 

hydrated salts and their eutectics. Since there is considerable overlap in these PCM classes in 

both Tm and Hf, additional selection criteria are needed to arrive at the optimal PCM for a given 

application. 

 

The following is a list of the primary parameters, which influence PCM selection: 

 

• Phase transition temperature (Tm). 

• Liquid/solid enthalpy of fusion (Hf). 

• PCM material cost and availability. 

• Thermal conductivity (k). 

• Safety and environmental concerns. 

• Containment requirements and corrosiveness. 

• Long-term thermal stability of Hf during repeated cycling. 

• Supercooling. 

• Volume change during phase change. 
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Figure 2.2: Melting Temperature & Latent Heat of Fusion of Various PCMs [P11,G2] 

 

Selection of the correct phase change temperature is highly application dependent and the PCM 

should be selected such that the system being heated or cooled by the PCM can be operated at 

the desired temperature. For most applications, a higher heat of fusion is desired as this not only 

minimizes the quantity of PCM required but can also result in a smaller mass and/or volume of 

PCM. PCM costs are critical to any application, but especially to those that require many tons of 

material and are competing against mature technologies, such as the ACC supplemental cooling 

system presented in Section 1.1. Most PCMs are known to have low thermal conductivities, which 

greatly impact the rate at which thermal energy can be transferred into and out of the PCMs. 

Even a marginally higher conductivity can result in significant overall system-level costs as the 

required heat transfer area is reduced. Some PCMs have either safety or environmental concerns 

that are considerable barriers to their widespread use – especially in large quantities. 

Fortunately, most inorganic PCMs are quite benign to both the environment and humans. 

Corrosion of containment materials by the PCMs must be addressed as many PCMs are known to 
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be highly corrosive, which can result in catastrophic material failures over very short timescales. 

Thermal stability of a PCM during decades of repeated cycling is critical for material success in 

most applications. For instance, if the material begins to lose its thermal storage capacity over 

time, it may fail to provide the needed thermal energy storage capacity. PCM supercooling refers 

to the phenomenon where the PCM must be cooled to a temperature below its freezing 

temperature before crystallization begins. Supercooling can be a considerable barrier to the 

practical use of a PCM if the temperature must be significantly decreased below the actual 

freezing temperature. Finally, the volume change of the PCM during a phase transition must be 

considered in order to prevent stresses on the container housing the PCM.  

 

While the importance of these parameters is dependent on the specific application, they should 

all be considered to ensure maximum performance of the PCM. Each class of PCMs tends to have 

an advantage in several of these areas, while other PCMs perform better in others. 

 

2.1.1  Paraffins 

The organic PCMs consist of the paraffin, fatty acids, and sugar alcohol classes. Of these, the 

paraffins are the most widely used class of PCMs. Paraffin waxes behave very well as PCMs as 

they melt and freeze congruently in the very desirable temperature range of between 0-110°C. 

Congruent melting and freezing is important as it means the PCM does not undergo what is known 

as phase segregation. Phase segregation (also referred to as phase separation, or separation) 

can result in significantly degradation of the latent heat storage capacity after numerous thermal 

cycles. Paraffins are also known to be non-toxic, non-corrosive, do not supercool, and can have 

a high heat of fusion (> 200 J/g). The major drawbacks to the use of paraffin PCMs is their order 

of magnitude higher price, relative to hydrated salt PCMs, and their very low thermal 

conductivity [C15,H3]. This low thermal conductivity is normally addressed by providing 

additional heat transfer surface area to help move thermal energy into and out of the paraffin. 
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The advantages and disadvantages of paraffin wax PCMs are summarized in Table 2.1. Finally, in 

general, paraffins have a lower volumetric storage density than hydrated salt PCMs. While this 

may not be an issue for many applications, there are some applications, such as the floor tile 

presented in Section 1.2, where the thermal storage volume is at a premium. 

 

Table 2.1: Advantages and Disadvantages of Paraffins Used as PCMs [S21] 

Advantages Disadvantages 

No Separation 

Stable 

High Latent Heat 

No Supercooling 

Safe 

Non-corrosive 

Higher Cost 

Low Thermal Conductivity 

Flammable 

Wide Melting Temp. Range 

 

An exhaustive literature review of paraffin-based PCMs with melt temperatures in the range of 

interest (15 – 30°C) was conducted. These paraffin-based PCMs are presented in Table 2.2. It is 

interesting to note that Table 2.2 shows that melt temperature directly correlates with the 

number of carbon atoms in the paraffin. For all PCMs, the latent heat of fusion is close to or 

exceeds 200 J/g, which is a very good thermal storage capacity on a mass-basis. 
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2.1.2 Non-Paraffin Organics 

The non-paraffin organics are a large category of PCMs. Materials include fatty acids and their 

eutectic mixtures, esters, sugar alcohols, and glycols. In general, these PCMs are known to 

melt/freeze congruently and are chemically stable. They normally have a low corrosiveness and 

are non-toxic [C10]. In the case of fatty acids, there are minimal supply issues as they are derived 

from vegetable or animal sources, which are not only widely available, but are also highly 

renewable [F10]. Another advantage inherent to fatty acids is a minimal volume change between 

the liquid and solid state, which minimizes containment issues which arise due to a change in 

volume. The primary drawbacks to the use of non-paraffin organics are their flammability and 

very low thermal conductivity. Costs also tend to be higher than inorganics, and even paraffins 

[F10]. Odor can also be a concern for some organics. For example, Lane mentioned that capric 

acid (Tm = 30 to 36°C) smells like a wet goat [L7]. Despite these drawbacks, it was pointed out 

by Feldman et al. that the lower corrosivity and good chemical stability preclude the use of the 

more expensive encapsulations, which are required when using inorganic, hydrated salt PCMs 

[F11]. Table 2.3 presents the non-paraffin organic PCMs found in the literature, while the 

advantages and disadvantages of these non-paraffin organics are summarized in Table 2.4. As 

was the case for paraffins, an increase in the number of carbon atoms in the non-paraffin, organic 

PCMs corresponds to an increase in the melt temperature [Z2]. 
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Table 2.4: Advantages and Disadvantages of Non-Paraffin Organics Used as PCMs [F11,L7] 

Advantages Disadvantages 

No Separation 

Stable 

High Latent Heat 

No Supercooling 

Safe 

Non-corrosive 

Insoluble in Water 

Higher Cost 

Low Thermal Conductivity 

Flammable 

Lower Density 

Wide Melting Temp. Range 

Foul Odors 

 

2.1.3  Hydrated Salts 

Hydrated salts are the most widely researched type of inorganic PCMs. The general chemical 

form of these salts is a salt bonded to a quantity of water according to the following relationship: 

 

 Salt · nH2O 

 

Where, n is the number of moles of water relative to a singular mole of the salt. Hydrated salt 

PCMs are desirable due to their very low cost, while maintaining high heats of fusion. Advantages 

for most salts include minimal health and safety concerns, wide availability, and the potential 

for tuning of their melt/freeze temperature through the use of additives, mixtures with other 

salts, or variations in the quantity of water (hydration level). Although hydrated salts have low 

thermal conductivities, they still tend to have several times greater conductivities than organic 

PCMs. In addition, as pointed out by Farid et al., hydrated salt PCMs have a high volumetric 

energy storage density [F3]. The major disadvantages of hydrated salt PCMs include a propensity 

to supercool and either incongruent or semi-incongruent melting and freezing. Researchers have 

demonstrated different nucleation agents, which are capable of eliminating or greatly reducing 

supercooling of hydrated salts. For instance, strontium chloride hexahydrate (SrCl2·6H2O or SC6) 



24 
 

is a well-known additive, which eliminates nearly all of the supercooling of calcium chloride 

hexahydrate. Semi-incongruent melting and freezing of hydrated salts is generally addressed 

through the use of thickening agents or the addition of other additives, which form a congruently 

melting/freezing eutectic with the base salt. Corrosion is another issue inherent to the use of 

hydrated salts as it impacts containment of the salts. Containment is all the more critical, when 

it is understood that hydrated salts must be perfectly encapsulated throughout their lifetime in 

order to prevent a change in hydration. This is due to the fact that hydrated salts either behave 

as a desiccant or humectant at ambient conditions [F11]. Calcium chloride and its hydrates up 

to 6 moles of water are well-known desiccants [N4]. Sodium sulfate decahydrate (Na2SO4·10H2O) 

is a humectant under typical ambient conditions, meaning it releases moisture to the atmosphere 

[K8]. Some common hydrated salt PCMs in the temperature range 15-35°C are summarized in 

Table 2.5. 

 

The hydrated salt mixtures and eutectics found in the literature are summarized in Table 2.6. A 

eutectic mixture corresponds to the mixture ratio of two salts which results in the lowest melting 

point. At the eutectic mixture, both salts undergo a phase change at the same temperature, 

making the phase transition process congruent. It is interesting to note that several of the 

mixtures show a variation in the phase change temperature as the mixture changes. This 

phenomenon appears to be an effective method for slight adjustments of the phase change 

temperature of these hydrated salt mixtures. The advantages and disadvantages of hydrated salt 

PCMs are summarized in Table 2.7. 
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Table 2.7: Advantages and Disadvantages of Hydrated Salts Used as PCMs 

Advantages Disadvantages 

Low Cost 

Widely Available 

Higher Thermal Conductivity 

High Volumetric Storage Density 

Tuning of Phase Change Temp. 

Safe 

Instabilities / Phase Separation 

Supercooling 

Large Volume Change 

Corrosive 

Require Sealed Container 

 

2.2 PCM Selection 

For the purposes of the work considered in this study, hydrated salts were the only PCM type 

selected for additional study. The primary reason for this was PCM cost and availability as thermal 

energy storage systems, such as those presented in Chapter 1, would require large quantities of 

the selected PCM. If paraffins were used instead of hydrated salts, the order of magnitude higher 

price would likely render a large-scale thermal energy storage system immediately 

uncompetitive from a cost perspective. Therefore, hydrated salt PCMs became the only viable 

option despite their significant drawbacks of phase instability, supercooling, and corrosiveness. 

 

A short list of hydrated salt PCMs from Table 2.5 and Table 2.6 were selected for 

characterization. This list of PCMs was primarily prepared by only considering those PCMs with 

the lowest possible cost, wide availability, and appropriateness of Tm and Hf to the desired 

application. This short list of PCMs is presented in Table 2.8. 
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Table 2.8: Hydrated Salt PCMs Selected for Characterization 

PCM Tm [°C] Hf [J/g] Sources 

Sodium Hydroxide 3.5 Water 
[NaOH·3.5H2O] 

15.0 - 15.5 219 [B11,C1,N1,S26,Z1] 

Potassium Fluoride Tetrahydrate 
[KF·4H2O] 

18.0 – 20.0 230 - 246 [H12,N2,S15,S28] 

Calcium Chloride Hexahydrate + 
Magnesium Chloride Hexahydrate 
[CaCl2·6H2O + MgCl2·6H2O (33 wt%)] 

23.0 - 25.0 127 [C11,H12,Z3] 

[CaCl2·6H2O + MgCl2·6H2O (50 wt%)] 25.0 95 [S18] 

Calcium Chloride Hexahydrate 
[CaCl2·6H2O] 

27.0 – 29.9 160 - 201 
[A1,C6,C11,E5,F5,G4,H3, 

H12,L4,L18,N2,T6] 

Sodium Sulfate Decahydrate  
[Na2SO4·10H2O] (Glauber’s Salt) 

31.1 – 32.5 222 - 254 
[A1,C3,C14,G5,G6,H3, 

K10,K14,N2,P12,S1,S18, 
T2,T5,T6] 
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There are several different test methods used to quantify the performance, supercooling, and 

long-term stability of PCM samples. Some of these test methods, such as differential scanning 

calorimetry (DSC) or thermogravimetric analysis (TGA) are well established and utilize widely-

available equipment. In addition to these methods, several additional methods and pieces of 

equipment were developed to address the specific analysis needs of the PCM development 

presented in this work. This equipment includes a drop calorimeter, an automated thermal 

cycling system, and a PCM dehydration cell. 

 

3.1 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) has been widely demonstrated as an effective method 

for evaluating both the phase change temperature and latent heat of PCMs [S20,R9,T19,A12]. 

DSC testing has several advantages. First, numerous tests can be conducted quite rapidly; on the 

order of 45 minutes per test. In addition, the process is standardized, repeatable, and utilizes 

widely-available equipment. However, there are some disadvantages inherent to DSC testing of 

PCMs. First, the sample size is very small (< 25 mg), which prevents it from accurately examining 

large, non-homogenous PCM samples. This is of particular importance with regard to phase 

separation and supercooling of the PCM. Phase separation is known to be more pronounced in 

deeper, and consequently larger, samples of PCM. This is due to irreversible separation largely 

being driven by density differences in the different phases after they have separated. If the 

separated phases remain in close proximity to one another after separation, the probability they 

will re-combine into a homogenous mixture is increased. The second significant limitation of DSC 

testing is accurate measurements of supercooling. While at first glance supercooling appears to 

be an atomic/micro-scale phenomenon, it is known that there are macroscopic methods, which 

3 Experimental Methods 
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work to prevent supercooling. For instance, as will be shown in Section 4.6.2, supercooling can 

be effectively suppressed by adding inert nucleation surfaces (FeO, wood chips) to the PCM. 

These materials have quite large dimensions; on the order of 0.01 to 1 mm. While these materials 

can be added to the DSC samples, their large size relative to the total sample size makes it 

difficult to ensure sample uniformity. As will be shown, the DSC is capable of detecting (and 

even measuring) supercooling. However, in nearly all samples tested, the DSC overpredicted 

supercooling by 50 to 100% relative to larger-scale supercooling tests. For these reasons, 

nucleating agents were not added to DSC samples and any measured supercooling values were 

not taken to be accurate. 

 

3.1.1 DSC Test Method 

A TA Instruments Q2000 DSC (Figure 3.1) equipped with an auto sampler was used for all DSC 

tests. 15 to 25 mg PCM samples were placed into hermetically sealed aluminum pans individually 

loaded into the DSC’s autosampler tray. Nitrogen was used as a purge gas at a flow rate of 50 

mL/min. During each test, the PCM sample pan is loaded into the test chamber alongside an 

identical, empty reference pan. The DSC continually measures the heat flow into and out of the 

test sample and reference pan throughout sample heating and/or cooling. By plotting this heat 

flux against the sample temperature, both the phase transition temperature and latent heat of 

melting can be calculated. Figure 3.2 presents a typical DSC heat flow curve during a test. The 

following test procedure was used for all DSC tests: 

 

1. Hold sample isothermal at -30°C for 2 minutes 

2. Heat sample to 50°C at 7°C/min 

3. Hold sample isothermal at 50°C for 1 minute 

4. Cool sample to -20°C at -7°C/min 
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Figure 3.1: TA Instruments Q2000 DSC 

 

 

Figure 3.2: DSC Test Heat Flux Curve Example 
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As seen in Figure 3.2, during melting of the PCM, a defined (negative) peak is found in the heat 

flux curve. A similar peak is not typically encountered during freezing of a hydrated salt PCM due 

to supercooling. Since the PCM does not freeze at the actual freezing temperature, there is a 

built-up “potential” which releases the latent heat of freezing very quickly when the PCM finally 

freezes at a temperature well below the freezing temperature. This rapid release of energy 

overwhelms the cooling mechanism of the DSC, allowing the sample temperature to rise slightly, 

resulting in a loop in the cooling curve. Because of this abnormality during freezing, only the 

melting peak is considered in examining the thermal properties of hydrated salt PCMs. 

 

The melting peak is examined by first drawing a line across the base of the peak such that it lies 

tangent to the heat flux curve before and after the peak (see Figure 3.3). The area enclosed by 

this line and the peak of the heat flux curve is equivalent to the latent heat of the PCM (Hf). Two 

critical temperature values are evaluated using the melting peak. First, the temperature at point 

of maximum heat flux is defined as the peak temperature (Tp). Second, a line can be drawn 

tangent to the heat flux curve at the point of maximum slope on the cold side of the peak 

temperature. The temperature at which this line intersects the line across the base of the peak 

is defined as the onset temperature (To). This onset temperature can be thought of as the 

temperature at which melting of the PCM begins. Since this temperature has been found to be 

closer to the actual PCM melting temperature than the peak temperature, it is defined as Tm for 

all of the DSC PCM tests.  
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Figure 3.3: Analysis of Melting Peak of DSC Result 

 

3.2 PCM Thermal Cycling System 

Repeated thermal cycling of PCM candidates is essential to ensure long-term performance of the 

materials. This is especially important with most hydrated salt PCMs as they are known to 

undergo phase separation during cycling. If even a small percentage of the PCM changes phase 

during each cycle, over the course of years (assuming a daily cycle), a large percentage of the 

PCM will transition into a phase which does not undergo a phase change at the desired 

temperature. This can severely lower the thermal storage capacity of the system. In order to 

test PCM stability over several thousand cycles, an automated system for thermal cycling of PCM 

samples was developed. 
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To allow for several thousand thermal cycles to be completed within a reasonable period of time 

(~1 year), it was decided that the thermal cycling system should be capable of freezing or melting 

~200 g samples of PCM once every hour. This requires that the heat transfer rate into or out of 

the PCM samples be sufficient to allow for complete melting or freezing within the desired time. 

Since conduction within the PCM is fixed by the PCM properties (~0.5 W/m·K in the case of 

hydrated salts), high convective heat transfer between the PCM samples and their surroundings 

is essential in meeting the one-hour freeze/melt time. After some experimentation, it was found 

that immersion of the ~200 g PCM samples in a water bath allowed for melting/freezing within 

the required time. In order to minimize cycling time, the time required to change the 

temperature of the water bath between hot and cold at the end of each half-cycle must be 

minimized. In order to accomplish this, the water in the bath was designed to be drained at the 

end of each hour and would be replaced by water already at the opposite temperature extreme. 

In this way, the time required to heat and cool the mass of water in the bath would not translate 

into additional melting or freezing time. 

 

A custom cycling system was designed around these criteria, with the principles of its operation 

being presented in Figure 3.4. This system is composed of three vertically-stacked tanks with the 

~200 g PCM samples placed in the top two tanks. Both of these two tanks are fitted with both a 

heating and cooling system, which can be turned on and off as required. The heating system is 

composed of water heating elements in the bottom of each tank, while the cooling system 

employs a separate chiller, which circulates chilled glycol through coils located around the inside 

walls of the tanks. As illustrated in Figure 3.4, there are four operational steps of this system. 

Step 4 is defined as the step when both of the PCM tanks are filled with water with one of the 

tanks being heated and the other being cooled. This step lasts for around an hour and is the step 

during which the PCM samples in the tanks undergo a phase change. After an hour, the valve 

beneath PCM Tank 2 opens, allowing the water in this tank to drain into the Drain Tank during  
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Step 1. During Step 2, the Tank 2 valve closes, while the valve beneath PCM Tank 1 simultaneously 

opens, draining the water from PCM Tank 1 into PCM Tank 2. Since this water is at the opposite 

temperature extreme with respect to the samples in PCM Tank 2, the PCM in this tank begins to 

be heated or cooled immediately. As the water flows into PCM Tank 2, the heater or chiller in 

this tank is activated to maintain the temperature of the new water. In Step 3, the water in the 

Drain Tank is pumped from this tank into PCM Tank 1, where it begins to heat or cool the PCM 

samples in that tank. As before, either the heater or chiller activates in PCM Tank 1 to maintain 

the temperature of the new water in the tank. With both tanks filled with water, a new Step 4 

begins, but with the water in both PCM tanks at the opposite temperature extreme. The benefit 

of this design is that the hot water is always being heated and the cold water is constantly being 

cooled. Therefore, once the one-hour phase transition step is complete (Step 4), water at the 

opposite temperature extreme is instantly available to begin the following phase transition in 

the opposite direction. 

 

The physical thermal cycling system was designed to accommodate up to thirty-two ~200 g PCM 

samples split evenly between the two heating/cooling tanks. The following equation was used to 

find the required heating and cooling loads (Q) of the system due to the latent and sensible heat 

of the PCM and the sensible heat of the stainless-steel encapsulations: 

 

Q = n
mPCM(Hf + Cp

PCM
∆T) + mENCCp

SS
∆T

t
 (3) 

 

Where n is the number of samples, mPCM is the mass of PCM per sample, CpPCM is the PCM specific 

heat, ∆T is the temperature change of the PCM during melting or freezing, mENC is the mass of a 

single stainless-steel encapsulation, CpSS is the specific heat of stainless steel, and t is the time 

during which the PCM either melts or freezes. Assuming an n of 32, mPCM of 200 g, Hf of 170 J/g, 

CpPCM of 2.5 J/g°C, ∆T of 45°C, mENC of 300 g, CpSS of 0.5 J/g°C, and t of 3,600 seconds, a Q of 
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562 W is found. Because of unknown thermal losses from the tanks and piping of the cycling 

system, the system was designed around a higher Q of 1,000 W, providing significant operational 

margin. 

 

Heat was supplied to the heating/cooling tanks through two 1,500 W water heater elements 

placed into the bottom of the two 11.4 liter tanks. Only one of these heaters was operated at a 

time with the second being used as a backup in the event of a heater failure. A Polyscience 6100 

series, 1 hp chiller was used to provide up to 1,200 W of cooling at temperatures approaching 

0°C. This coolant was circulated through 15-circuits of copper coils around the inside of the top 

two tanks. A 50:50 water/glycol mixture was used as the heat transfer fluid to prevent localized 

freezing at the chiller setpoint temperature of 1.5°C. A completed heating/cooling tank is 

presented in Figure 3.5. 

 

 

Figure 3.5: Heating/Cooling Tank of Thermal Cycling System 
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Threaded, ½ inch brass piping was used to connect the three tanks and pump. Brass solenoid 

valves were used to control the water flow out of both of the heating/cooling tanks and to direct 

coolant to the tank being cooled. A 30 W pump was used to raise water from the drain tank at 

the bottom of the system to the top heating/cooling tank. The entire system was controlled using 

Intel’s Edison computer-on-module system running Arduino software. Figure 3.6 presents the 

overall system design and finished construction of the automated thermal cycling system.  

 

  

Figure 3.6: Thermal Cycling System Design & Completed System 
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Measurement Computing’s USB-Temp data acquisition boxes were used for temperature 

collection during cycling. Tank water temperatures were recorded along with internal 

temperatures for each PCM sample. Four and three-wire 100 Ω resistance temperature detectors 

(RTDs) were used for all temperature measurements. Temperature data was written to a file 

using DASYLab data acquisition software. Typical operation of the cycling system was at water 

temperatures of 5 and 50°C for the cold and hot tank respectively. Although a cooling and heating 

period of 60 minutes was targeted, this time was later increased to 75 minutes to ensure 

complete freezing of all of the samples tested. This system has operated for more than 11,000 

complete heating/cooling periods (Over 1.5 years) without major equipment failure and with 

only short shutdowns for scheduled and unexpected laboratory power outages. 

 

3.3 Drop Calorimeter 

While DSC testing is capable of measuring the heat of fusion and phase change temperature of a 

PCM sample, as mentioned above, it is limited in its use due to the small size of the samples (< 

25 mg). In addition, while the DSC can thermal cycle a PCM sample, it is impractical for long-

term thermal cycling (> 100 cycles). To overcome these issues, a method for analyzing the 

thermal properties of large PCM samples was needed. These large samples would be the ~200 g 

samples cycled in the rapid cycling system, improving on the cycling limitation of the DSC. A 

drop calorimeter was designed and constructed, which was capable of measuring the heat of 

fusion, phase change temperature, and supercooling of up to 200 g samples of PCM. 

 

3.3.1 Calorimeter Design 

A drop calorimeter consists of a liquid bath into which a sample at a different temperature is 

immersed. Both the temperature of the bath and sample are measured throughout the test. 

During the test, heat is transferred between the sample and bath until a thermal equilibrium is 
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reached. If the specific heat of the liquid is known, the latent thermal energy storage capacity 

of the sample can be calculated. 

 

While this concept is simple, difficulties arise in the implementation of such a calorimeter. The 

most significant difficulty is that of heat losses between the liquid bath and its surroundings. In 

order to minimize these losses, it was decided to use a vacuum insulated, 1.18 L, stainless steel 

bottle for the bath container. This bottle was sized based on the size of the ~200 g samples to 

be tested. The design of this bottle-based calorimeter is presented in Figure 3.7.  

 

A high accuracy (±0.15°C at 0°C), 4-wire, 100 Ω RTD supplied by Omega was placed inside the 

bottle to measure the fluid temperature. A magnetic stir bar was also added inside the bottle to 

allow for mixing of the fluid. The insulated bottle lid is used to support the PCM sample immersed 

in the fluid. An RTD inside this sample records the temperature of the PCM during the test. 

Although the outer wall of the insulated bottle is considered the edge of the calorimeter control 

volume, the bottle was placed inside a larger insulated container to reduce convective heat 

transfer from the surface of the bottle to the air. This outer container can be thought of as 

blocking the calorimeter from breezes. RTDs located both inside and outside of this container 

measure the temperature of the air surrounding the calorimeter and that of the surrounding 

room. A magnetic stirrer placed into the bottom of the outer container is used to rotate the stir 

bar in the bottom of the calorimeter bottle. 
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Figure 3.7: Drop Calorimeter Design 

 

3.3.2 Calorimeter Energy Balance 

As in any energy balance analysis, the control volume of the drop calorimeter must be clearly 

defined. The left side of Figure 3.8 presents the control volume as defined for a PCM sample test 

in the drop calorimeter. The following equation, Equation (4), must hold true to satisfy the 

energy balance of the test case presented in Figure 3.8: 
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(mbottle + mlid + mRTD + mstir bar)Cp
cal

∆Tfluid + 

mfluidCp
fluid

∆Tfluid + 

mENCCp
ENC

∆TPCM + 

mPCM(Cp
PCM

∆TPCM + Hf PCM) = 0 

(4) 

 

Variables highlighted in bold (Cpcal and Hf PCM) are the unknowns to be solved for, with the 

subscripts defined as follows: 

 

 bottle:  stainless steel, vacuum insulated bottle without lid 

 lid:  insulated bottle lid with hook for hanging samples 

 RTD:  RTD and hanger in bottle used to measure fluid temperature 

 stir bar: magnetic stir bar for fluid mixing 

 cal:  calorimeter system minus PCM, sample encapsulation (ENC), and fluid 

 fluid:  fluid in the calorimeter bottle 

 ENC:  container for PCM including RTD for temperature measurements 

 PCM:  the PCM being tested 

 

∆T refers to a change in temperature of the parameter considered. Before Equation (4) can be 

used to calculate Hf of the PCM, the second unknown, Cpcal, must be solved for. Cpcal is a constant 

dependent on the material properties of the bottle, lid, fluid RTD, and stir bar. Calculation of 

Cpcal is conducted by first defining a calorimeter calibration control volume; presented on the 

right side of Figure 3.8. 
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Figure 3.8: Control Volumes for Testing and Calibration States of Drop Calorimeter 

 

For a calorimeter calibration test, the PCM sample is replaced with a 38 mm diameter x 152 mm 

long cylinder of pure copper or stainless steel 304. This cylinder is suspended from the 

calorimeter lid by a stainless steel eye threaded into the top of the cylinder. A stainless steel 

RTD placed into a hole in the cylinder monitors its internal temperature. The following equation 

governs the energy balance for a calibration test: 

 

(mbottle + mlid + mRTD + mstir bar)Cp
cal

∆Tfluid + 

mfluidCp
fluid

∆Tfluid + 

(mcylCp
cyl

 + (meye + mcyl RTD)Cp
SS

) ∆Tcyl = 0 

(5) 
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The cylinder is designated by the subscript “cyl”, the subscript “eye” is the stainless steel eye 

used to hang the cylinder, “SS” is stainless steel 304, and “cyl RTD” is the RTD used for 

temperature measurement of the cylinder. Since Cpcal is the only unknown in Equation (5), it can 

be solved for through calibration tests of the calorimeter. 

 

3.3.3 Calorimeter Calibration 

A drop calorimeter was constructed according to the design presented in Figure 3.7. Figure 3.9 

shows the calorimeter bottle along with the copper cylinder used for calibration and a ~200 g 

PCM sample encapsulation. Prior to each calibration test, the bottle was filled with between 885 

and 940 g of distilled water. It was found that this quantity of water was sufficient for covering 

a submerged sample, while not overflowing the bottle. Once the bottle was filled with water, it 

was covered with an uninsulated cap and placed into either a 5°C refrigerated box or a heated 

box at 50°C. Meanwhile, the calibration cylinder was placed in the opposite temperature box. 

After letting the water and cylinder equilibrate to the temperatures of their respective boxes, 

the bottle was removed from its box, re-weighed to determine the weight of water, covered with 

the test cap, and placed into the outer container of the calorimeter. The magnetic stirrer was 

turned on and this capped bottle was let set for an hour to allow the outer surface of the bottle 

to equilibrate with the surrounding air. After an hour, the calibration cylinder was removed from 

its temperature-controlled box, hooked onto the test cap, and dropped into the bottle. 

Temperatures of the cylinder, water, air surrounding the bottle, and ambient room air were 

recorded using Measurement Computing’s USB-Temp data acquisition box, with data written to 

a file using Measurement Computing’s DAQami software package. Temperature readings were 

taken at the rate of 2 Hz. 
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Figure 3.9: Calorimeter Bottle, Copper Calibration Cylinder, and PCM Sample Encapsulation 

 

 

Figure 3.10: Inside of Calorimeter Bottle 
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The temperature traces for a copper calibration test are presented in Figure 3.11. After each 

calibration test, changes in the temperature traces of the cylinder, water, and air surrounding 

the calorimeter bottle were discretized over a specified time period, ti. These discrete ∆T values 

are defined as (∆Tcyl)i, (∆Tf)i, and (∆Ta)i for the cylinder, water, and air respectively. Equation 

(5) can be applied to each of these discrete ∆T values; resulting in Equation (6). 

 

∑ (mbottle + mlid + mRTD + mstir bar)Cp
cal

(∆Tf)i
n
i=0  + 

∑ mf(Cp
f
)

i
(∆Tf)i

n
i=0  + 

∑ (mcyl (Cp
cyl

)
i
 + (meye + mcyl RTD)(Cp

SS
)

i
) (∆Tcyl)i

n
i=0  = 0 

(6) 

 

Equation (6) adequately closes the energy balance for the idealized calorimeter (presented in 

Equation (5)) across each discretized time period, ti. However, the actual calorimeter is not ideal 

as there are thermal energy transfers into and out of the control volume. In other words, there 

are either heat losses or gains across the bottle wall. Interestingly, it was found that the 

calibration tests themselves provided a method for accounting for these energy flows into and 

out of the calorimeter control volume. 

 

Heat transfer between the calorimeter fluid and the surrounding air (Qloss) can be thought of as 

a thermal resistance problem. This problem has three distinct resistances; that of the convective 

heat transfer between the fluid and inner bottle wall (Rf-b), conductive heat transfer through the 

wall of the bottle (Rb), and convective heat transfer between the outer wall of the bottle and 

the surrounding air (Rb-a). 

 

Rtot = Rf-b + Rb + Rb-a = 
1

hfA
 + 

L

kA
 + 

1

haA
  (7) 
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Where hf and ha are the convective heat transfer coefficients of the fluid and air respectively, L 

is the bottle wall thickness, k is the bottle wall conductivity, and A is the surface area of the 

inside or outside of the bottle (assumed to be equal for this simple analysis). Using Equation (7), 

the total heat flux (q) through the bottle wall can be solved for: 

 

q = 
Tf - Ta

Rtot

= 
A (Tf - Ta)

1
hf

 + 
L
k

 + 
1
ha

 
(8) 

 

 

Figure 3.11: Temperature Traces and Discretizations for Cu-based Calorimeter Calibration 

 

Assuming constant conductive and convective heat transfer coefficients, bottle wall thickness, 

and bottle surface area, Equation (8) shows that the heat flux through the bottle wall only 
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depends on the temperature difference between the fluid and surrounding air (Tf-Ta). For the 

purposes of this report, this temperature difference is designated by ∆Tf-a.  

 

Although Equation (8) provides an estimate of heat flux across the bottle wall, the heat transfer 

variables are unknown, meaning the relationship between ∆Tf-a and Q needed to be solved for 

empirically. In order to find this relationship, each calibration test was allowed to run for at 

least an hour after the cylinder and fluid temperatures reached equilibrium. During this hour, 

the temperature of the fluid rises or falls very slowly toward the temperature of the air 

surrounding the bottle. For instance, in Figure 3.11, the equilibrium temperature is seen to slowly 

rise towards the warmer air temperature. The slope of this gradual temperature rise (mT loss) was 

calculated by performing a linear regression of the temperature data (with respect to the 

discrete data steps, i) before being plotted against ∆Tf-a for numerous calibration tests (Figure 

3.12). 

 

 

Figure 3.12: mT loss vs ∆Tf-a for Various Calorimeter Calibration Tests 
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Figure 3.12 shows that a linear regression curve fit has a good match with the mT loss data points; 

the root mean squared (RMS) error is 99.59%. It should be noted that this curve fit lies slightly 

above mT loss = 0°C/step(i) at ∆Tf-a = 0°C. While this was not initially expected, it should be noted 

that a small amount of energy is added to the water by way of the magnetic stir bar spinning in 

the bottom of the calorimeter bottle. This method of measuring mT loss accounts for any energy 

added to the system by the stir bar, which shifts the mT loss line to greater than 0°C/step(i) at a 

∆Tf-a of 0°C. With the linear relationship between mT loss and ∆Tf-a quantitatively found, Equation 

(6) can be re-written to account for mT loss. In the discrete form, mT loss can be thought of as a 

correction to the calorimeter system temperatures during the time between two measurements. 

In other words, mT loss is subtracted from ∆Tf and ∆Tcyl at each discrete step i: 

 

∑ (mbottle + mlid + mRTD + mstir bar)Cp
cal

(∆Tf - mT loss)i
n
i=0  + 

∑ mf(Cp
f
)

i
(∆Tf - mT loss)i

n
i=0  + 

∑ (mcyl (Cp
cyl

)
i
 + (meye + mcyl RTD)(Cp

SS
)

i
) (∆Tcyl - mT loss)

i

n
i=0  = 0 

(9) 

 

Letting mT loss = -6.0575 x 10-6/step(i) ∆Tf-a + 1.8018 x 10-5°C/step(i), as seen in Figure 3.12, 

Equation (9) becomes: 

 

∑ (mbottle + mlid + mRTD + mstir bar)Cp
cal

(∆Tf + 6.06 x 10
-6

∆Tf-a - 1.80 x 10
-5)

i

n
i=0  + 

∑ mf(Cp
f
)

i
(∆Tf + 6.06 x 10

-6
∆Tf-a - 1.80 x 10

-5)
i

n
i=0  + 

∑ (mcyl (Cp
cyl

)
i
+ (meye + mcyl RTD)(Cp

SS
)

i
) (∆Tcyl + 6.06 x 10

-6
∆Tf-a - 1.80 x 10

-5)
i

n
i=0 = 0 

(10) 

 

In order to calculate Cpcal, numerous tests with both copper and stainless steel calibration 

cylinders were conducted. Tests were conducted with the cylinder beginning the tests at close 

to 5 or 50°C. The water temperature always began the test at the opposite temperature extreme. 

For each test, the temperature of both the cylinder and water were recorded at a 2 Hz sampling 
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rate, resulting in temperature traces similar to that seen in Figure 3.11. A Microsoft Visual Basic 

for Applications (VBA) code was implemented in Microsoft Excel to first smooth these 

temperature traces to remove any small perturbations in the temperature between adjacent 

data points. Smoothing was accomplished using a weighted average method about each discrete 

temperature data value. Weighted average smoothing assigns a weight to each data point within 

a given range (γ) of the current data point (j). The weight of the current data point is set to the 

highest value with the weight decreasing as a function of 1/α|j-l|; where α controls the rate of 

change in the weight, and l is the integer location above or below the current data point. A visual 

illustration of this weighted average method for α=1.5 and γ=4 is presented in Figure 3.13. 

 

 

Figure 3.13: Weighted Average Smoothing of Temperature Data 

 

Before multiplying the weights and data points, the sum of the weights should be normalized to 

1. With the sum of the weights normalized to 1, the weighted average simply becomes the sum 

of the product of the normalized weights and corresponding data points. The following equation 

is used to find the weight normalization factor N: 
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N = 
1

(∑
2

αi

γ

i=0
) -1

 
(11) 

 

With N found, each temperature data point can be individually smoothed through the following: 

 

Vsm[j] = ∑ Vo[j]
N

α|j-l|

j+γ

l=j-γ

  (12) 

 

Where Vo[j] is the unsmoothed array-based data point and Vsm[j] is the weighted average-

smoothed data point. After smoothing the data, Equation (10) was iteratively solved for with the 

goal of finding Cpcal, when the energy balance of Equation (10) is satisfied.  

 

It should be noted that Cpf, CpCu, and CpSS depend on temperature, which means they have 

discrete forms at the points i in Equation (10). The following curve fits were used to define these 

specific heat values: 

 

Cp
f
 = 3.46 x 10

-13
 Tf

6
 - 1.37 x 10

-10
 Tf

5
 + 2.28 x 10

-8
 Tf

4
 - 2.05 x 10

-6
 Tf

3
 +  

1.12 x 10
-4

 Tf
2
 - 3.35 x 10

-3
 Tf + 4.22 

(13) 

Cp
Cu

 = -1.00 x 10
-11 TCu

4
 + 5.43 x 10

-9 TCu
3

 - 1.09 x 10
-6

 TCu
2

 + 2.10 x 10
-4

 TCu + 0.38  (14) 

Cp
SS

 = -(6.31 x 10
3
 + 20.84 TSS) / (6.63 x 10

3
 + 17.86 TSS) - 0.49  (15) 

 

Results for the calculated Cpcal values are presented in Figure 3.14. The location of these Cpcal 

values with respect to their normal distribution curve are illustrated in Figure 3.14.  
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Figure 3.14: Calorimeter Calibration Cpcal Normal Distribution Curve 

 

The vacuum-insulated calorimeter bottle is constructed of stainless steel, which has a specific 

heat of approximately 0.5 J/g°C, twice that of the 0.248 J/g°C found for the calorimeter. 

However, the vacuum gap in the bottle effectively causes around half of the bottle mass to be 

outside of the calorimeter system control volume. This condition should cut the effective specific 

heat of the bottle in one half (~0.25 J/g°C). This result is virtually identical to the calculated 

average Cpcal value of 0.248 J/g°C, lending credibility to this result. 

 

To test the uncertainty of the calorimeter calibration constant, each calibration test was re-

calculated by first calculating the left-hand-side of Equation (10) with Cpcal = 0.248 J/g°C. The 

result of this calculation (Q) was divided by the energy change in the fluid (Qf), resulting in the 

calorimeter measurement uncertainty: 
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Calorimeter Measurement Uncertainty = (
Q

Qf

) 100% (16) 

 

The calorimeter measurement uncertainty results are presented in Figure 3.15. It was found that 

2 standard deviations (2σ) (95% confidence) fall at ±1.152%. 

 

 

Figure 3.15: Calorimeter Measurement Uncertainty Normal Distribution Curve 

 

3.3.4 Calorimetry of PCM Samples 

With the drop calorimeter calibrated (Cpcal = 0.248 J/g°C), the VBA code was modified to allow 

for drop calorimetry of the ~200 g PCM test samples. As was the case for the calibration tests, 

the thermal loss term (mT loss = -6.0575 x 10-6 ∆Tf-a + 1.8018 x 10-5) was subtracted from the terms 

of Equation (4), resulting in the following discretized equation for the calorimeter/sample 

control volume: 
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∑ (mbottle + mlid + mRTD + mstir bar)Cp
cal
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n
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i
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i
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i
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∑ mPCM ((Cp
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)
i
(∆TPCM + 6.06 x 10

-6
∆Tf-a - 1.80 x 10

-5)
i
 + Hf PCM)n

i=0  = 0 

(17) 

 

There are three unknowns in Equation (17); CpENC, CpPCM, Hf PCM. Fortunately, CpENC and CpPCM can 

be easily solved for using the calorimeter itself. CpENC is the specific heat of the stainless steel 

cylinder used to house the PCM. This is calculated using the control volume presented in Figure 

3.16, and Equation (18). Note that the cylinder is filled with water (subscript w) in order to 

improve the heat transfer to the sample RTD. 

 

∑ (mbottle + mlid + mRTD + mstir bar)Cp
cal

(∆Tf + 6.06 x 10
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∆Tf-a - 1.80 x 10
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i

n
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∑ mf(Cp
f
)

i
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i

n
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f
)

i
(∆Tw + 6.06 x 10
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-5)
i
)n
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(18) 

 

CpPCM for the PCM samples is found by setting Hf PCM in Equation (17) to 0 and conducting drop 

calorimetry such that the PCM remains completely solid or liquid throughout the test. For 

instance, to measure CpL of CaCl2·6H2O (Tm = 29°C), the initial fluid temperature was set to 29°C 

with the initial sample temperature held at 50°C. This system equilibrates to a temperature 

several degrees above Tm of the PCM, ensuring the PCM remains liquid throughout the test. 

Similar tests can be conducted to find Cps for the PCM samples, where the initial water and 

sample temperatures are below Tm of the PCM. With CpL and Cps found for the PCM samples, 

(CpPCM)i in Equation (17) was set for each discrete i, based on whether (∆TPCM)i is above or below 

the phase transition temperature.  



56 
 

 

Figure 3.16: Control Volume for Calculation of CpENC 

 

Interestingly, if drop calorimetry is only being used to quantify changes in Hf with cycling, a 

precise value for the specific heats is not required as the specific heat component is not known 

to change appreciably with cycling. As long as comparable test temperatures are used, the 

specific heat contribution to the change in Hf between two tests will be identical. This approach 

is limited as the calculated magnitude of Hf is dependent on the Cp values used. Ideally, both 

liquid and solid Cp’s should be calculated for each PCM tested. 

 

With (CpENC)i and (CpPCM)i found, Equation (17) can finally be used to solve for Hf. The method 

used is similar to that used for calibration, where a VBA code smooths the temperature traces of 

the PCM sample and calorimeter fluid (water) before using these temperatures are used to 

calculate Hf. The temperature traces of a typical PCM melting latent heat test are presented in 
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Figure 3.17. It can be seen that the PCM undergoes a melting phase change at around 29°C, 

which corresponds to the point where the PCM temperature curve flattens. 

 

In order to find the uncertainty inherent with this calorimetry technique during testing of PCM 

samples, Hf was repeatedly calculated during both melting and freezing of a single sample. This 

process was repeated for four samples with a population standard deviation (σ) being computed 

individually for each sample. These values of σ are presented in Figure 3.18 alongside the average 

standard deviation value, which was found to be ±2.64%. This value of σ was defined as the 

calorimeter uncertainty during testing of PCM samples. 

 

 

Figure 3.17: Temperature Traces for Typical PCM Calorimeter Test 
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Figure 3.18: Standard Deviation in Hf as Calculated by Drop Calorimeter Across 4 Samples 

 

3.4 Water Bath Testing 

While the PCM cycling system presented in Section 3.2 was used for rapid, long-term PCM cycling, 

a programable water bath was used for short-term cycling at slower cycling rates. This water 

bath is illustrated in Figure 3.19. The water bath used for this testing was a Polyscience 7-liter 

low profile, refrigerated water bath with programmable controller and a temperature set range 

between -20 and 200°C. The programmable controller is capable of an unlimited number of 

programs with unlimited numbers of steps. For the purposes of this research, simple linear 

temperature ramps and holds were programed using the controller. 

 

Due to the height limitations of the bath, the stainless steel cylinders used for the ~200 g samples 

were cut shorter, and smaller (~80 g) PCM samples were prepared. Up to 12 of these samples can 

be simultaneously placed into the bath. Samples containing an RTD were connected to a 

computer using Measurement Computing’s USB-TEMP data acquisition device. Measurement 
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Computing’s DAQami software package was used to collect the temperature information, which 

was written to a comma-separated value (CSV) file. 

 

 

Figure 3.19: Polyscience Programmable Water Bath with ~80 g PCM Samples 

 

3.4.1 Motivation for Water Bath Testing of CaCl2·6H2O-Based PCMs 

Because of the ability for precise temperature ramps, the water bath was able to simulate 

repeated, gradual cooling and heating of the PCM. A typical water bath cycle consists of 

maintaining the PCM at 35°C for 2 hours, followed by linear cooling to 25°C over the course of 

10 hours. After cooling, the PCM was maintained at 25°C for 2 hours. The cycle is completed by 

heating to 35°C during another 10 hour period. This 24 hour cycle allows for study of the PCM 

under a slower cycling rate with a very small temperature difference between the environment 

(water) and the PCM. Feilchenfeld et al. has noted that PCM separation (instability) increases as 
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the cooling rate is slowed [F6]. Carlsson described a similar phenomenon by saying that, “phase 

change cycling does not result in (separation) if the driving temperature difference at repeated 

melting and crystallization relative to the melting point is comparably high” [C5]. Because of 

this, it was critical to test the PCM under a slower cycling rate to ensure the rapid cycling results 

were not positively biasing the PCM stability results. In addition, while supercooling can be 

estimated during rapid cycling, the PCM’s low thermal conductivity results in considerable 

temperature non-uniformities throughout the PCM, which introduces significant error in the 

measured supercooling. By cooling slowly with a small driving temperature difference, PCM 

temperature non-uniformities are virtually eliminated, allowing for accurate measurements of 

supercooling. 

 

3.4.2 Alternate Water Bath Test Setup for PCM Visualization 

An alternate configuration of the water bath was developed to allow for photographic or video 

visualization of the phase change process. In order to capture the phase change, a GoPro camera 

was fitted into a small glass enclose, which was lowered into the water bath. While the GoPro is 

water resistant, the glass enclosure was used so that the camera could be connected to a power 

cord instead of relying on the internal battery. An opaque cover was fitted to the top of the glass 

enclosure to prevent reflections on the internal surface of the glass. To reduce the focal length 

of the camera, a small macro lens was fitted to the front of the camera, which allowed for the 

test sample to be placed within 2-5 cm of the lens. A light was placed above the water bath to 

adequately illuminate the sample. This water bath configuration is presented in Figure 3.20. 
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Figure 3.20: Water Bath Fitted with GoPro for Sample Visualization 

 

This visualization technique is useful for examining the freezing and melting process of the PCM. 

For instance, the moment of initial crystallization is important for an understanding of 

supercooling and the processes (and additives) which reduce it. Figure 3.21 presents images from 

two different freeze tests at the moment of initial crystallization. Visualization is also important 

for providing a positive determination of the point at which the PCM fully melts and/or solidifies. 

If the camera is set to take a picture at a regular interval (every 1 or 2 seconds for instance), 

the phase transition time can be measured by multiplying the capture interval by the number of 

frames until the phase transition is complete.  
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Figure 3.21: Initial Freeze for Two Samples as Captured Using GoPro in Water Bath 

 

3.5 Thermogravimetric Analysis of Hydrated Salt PCMs 

Thermogravimetric analysis (TGA) was used to determine the hydration of the hydrated salt 

PCMs. A TA Instruments Q500 TGA was used for all analyses (Figure 3.22). The TGA operates by 

dehydration of a small PCM sample (~50 mg) in a controlled furnace with nitrogen gas purge. A 

basic chiller allows the sample to begin the test at temperatures slightly below ambient 

conditions. For the work presented herein, TGA tests began at room temperature and concluded 

at 400°C with a linear temperature ramp rate of 10°C/min. The nitrogen purge rate was 

maintained at 40 ml/min. During dehydration, the sample mass is continuously recorded, 

allowing sample dehydration to be observed throughout the entire test. Once the sample mass 

no longer changes with increasing temperature, the sample can be assumed to be fully 

dehydrated. A typical TGA mass loss plot is presented in Figure 3.23. 
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Figure 3.22: TA Instruments Q500 TGA 

 

 

Figure 3.23: TGA Weight Loss Curve Example 
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TGA weight loss curves contain critical information about the disassociation of the salt-water 

bonds within the PCM. This can be seen in the derivative weight curve, where the peaks 

correspond to the relative locations where specific hydrates are dehydrated. For instance, 6H2O 

dehydrates to 4H2O, followed by dehydration to 2H2O at even higher temperatures. 

 

Although the TGA was found to be capable of measuring the weight percentage of water in the 

PCM through dehydration, a significant challenge was encountered during most of these tests. 

During TGA testing, step changes in the measured weight change were detected, with the final 

measured H2O weight percentage being well below that predicted. Two of these discontinuities 

are presented in Figure 3.24, which show wt% jumps of between 7 and 13%.  

 

 

Figure 3.24: Jump in Weight Percentage During PCM Dehydration 

 

The reason for the jumps became apparent upon removal of the TGA sample pans. After drying, 

the dehydrated PCM was found to have dramatically expanded and fragmented. As a hydrated 
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salt PCM is heated, its uppermost surface is dried first, resulting in a dried crust across the top 

surface of the PCM. Initially this crust is thin and quite porous, but as additional water is 

evaporated, it thickens and can form a continuous vapor barrier over the still moist salt beneath. 

If this continuous layer forms, the evaporating water beneath the layer builds pressure until the 

layer ruptures – spewing PCM from the sample pan. Since the TGA is a very delicate instrument, 

measuring mass changes on the order of fractions of a mg, if even a very small quantity of PCM 

falls from the sample pan, it will register as a discontinuity in the measured weight %. The 

platinum samples pans used in the Q500 TGA aggravated this phenomenon as they were open 

with only a low circumferential lip (~1 mm) to contain the sample. While the TGA was effectively 

used to measure the water content of several hydrated salt samples, its success rate was 

sufficient low and the potential for damage of the TGA sufficiently high to prevent additional 

TGA testing of the hydrated salt PCMs. It is suggested that closed (with vent), deep sample pans 

be used when testing hydrated salt PCMs via TGA. 

 

3.6 Large Dehydration Cell 

In order to get around the TGA limitations outlined in the proceeding section, a new method for 

measuring the hydration of PCM samples was developed. This method is referred to as the Large 

Dehydration Cell (LDC) method. The LDC method is a very simple method, which consists of a 

38.1 mm diameter stainless steel cylinder, which is capped at the bottom end. Over the top 

(open) end of the cylinder is fitted a loose-fitting stainless steel cap, with two small vent holes. 

This cylinder and cap are pictured in Figure 3.25. During dehydration of the PCM sample, the cap 

ensures that no PCM is ejected from the LDC.  
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Figure 3.25: LDC Cylinder & Cap 

 

Like its name suggests, the LDC is simply a container for dehydration of relatively large (5-10 g) 

samples of hydrated salts. Prior to each test, the empty cylinder and cap are weighed using a 

sensitive balance (accurate to ±1 mg). After PCM is placed into the cylinder, the combined 

PCM/cylinder system is re-weighed to determine the mass of PCM. PCM can be added to the 

cylinder in either the solid or liquid form. Next, the capped LDC with PCM is placed onto a hot 

plate, which is maintained at 310°C. At 5-10 minute intervals during heating, the LDC is removed 

from the hot plate and immediately re-weighed, with its weight being recorded. After being 

weighed, the LDC is returned to the hot plate for continued heating. Once the weight change 

between subsequent mass measurements is within ±1 mg, the LDC is removed from the hot plate 

and allowed to cool. By subtracting these final mass measurements from the mass of the LDC and 

PCM being heating, the mass of water evaporated (mH2O) can be found: 

 

mH2O = m1 - m2 (19) 

 

Where m1 and m2 are the mass of the LDC plus PCM before and after dehydration respectively. 

The mass of salt (mSalt) in the PCM is given by the following: 
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mSalt = mPCM1 - mH2O = m1 - mLDC - mH2O (20) 

 

Where mPCM1 is the mass of PCM before dehydration and mLDC is the mass of the cylinder and cap. 

With the mass of salt and water known, the mass fraction of either salt (wSalt) or water (wH2O) 

can be easily found: 

 

wSalt = 
mSalt

mPCM1

 = 
mSalt

m1 - mLDC

 = 
m1 - mLDC - mH2O

m1 - mLDC

 (21) 

wH2O = 
mH2O

mPCM1

 = 
mH2O

m1 - mLDC

 = 
m1 - m2

m1 - mLDC

 (22) 

 

Conversion of the masses of salt and H2O to the hydration level (xH2O) in moles of water per mole 

of salt is conducted through use of Equation (23).    

 

xH2O = 
mH2O

mSalt

MSalt

MH2O

 (23) 

 

Where MSalt and MH2O are the molar mass of salt and water respectively. In order to test the 

repeatability of the LDC, similar PCM samples were consecutively dehydrated with samples sizes 

of between 7 and 10.5 g. Results of these tests are presented in Table 3.1. Although only four 

tests were run due to time limitations, they show good agreement with one another. A population 

standard deviation for xH2O was found to be only 0.08 moles. While this is not accurate enough 

for very precise determination of the hydration level (on the order of 0.01 moles), it is sufficient 

to determine if there are significant differences in water content between samples. For instance, 

the LDC can be used to determine if a sample has a slight excess or deficit of water relative to 

its purported hydration level. This can be beneficial in explaining phenomenon specific to that 

sample. Additional repeatability tests with identical samples have found results to be even more 

repeatable than those presented in Table 3.1. 
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Table 3.1: LDC Repeatability Tests 

Sample mH2O [wt%]  xH2O 

10s (1) 48.34 5.76 

10s (2) 49.14 5.95 

10s (3) 48.26 5.75 

10s (4) 48.65 5.84 

σ 0.35 0.08 
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Thermal characterization of the selected hydrated salt PCMs presented in Table 2.8 was 

conducted using the methods outlined in Section 3. The following sections present the 

characterization results for these PCMs.  

 

4.1 Sodium Hydroxide 3.5 Hydrate (NaOH·3.5H2O) 

Sodium hydroxide 3.5 hydrate (NaOH·3.5H2O) has been presented in the literature as a 

congruently-melting PCM with the thermal characteristics as presented in Table 4.1. This PCM is 

not only desirable due to congruent-melting/freezing, but also its high heat of fusion (218 J/g). 

Its melt temperature is at the bottom of the examined range (15 – 35°C).  

 

Table 4.1: Thermodynamic Properties of NaOH·3.5H2O as Presented in the Literature 

Tm [°C] Hf [J/g] Source 

15.0  [B11,C1,Z1] 

15.4 218 [C1,N2,S26] 

 

A major concern with the use of this PCM is that of aggressive corrosion. In addition, this salt is 

known to vigorously react with certain metals; with aluminum being one of these metals. NaOH 

hydrates are known to react with aluminum, producing sodium aluminate (NaAlO2) and hydrogen 

gas in a highly exothermic reaction. During DSC testing, it is believed that this reaction proceeded 

between the NaOH·3.5H2O and the aluminum sample pan. The heat released during the reaction 

made reliable DSC testing of this material impossible. Because of this and the known high 

corrosiveness of this salt, NaOH·3.5H2O was eliminated from additional testing. 

 

4 Characterization of Select Hydrated-Salt PCMs  
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4.2 Potassium Fluoride Tetrahydrate (KF·4H2O) 

Potassium fluoride tetrahydrate (KF·4H2O) is a congruently-melting PCM with its thermal 

characteristics presented in Table 4.2. This PCM is desirable due to congruent-melting/freezing 

as well as a high latent heat (> 230 J/g). Potassium fluoride (KF) does have some safety concerns 

as it ranks as a Category 3 in oral, inhalation, and dermal toxicity according to the 2012 OSHA 

Hazard Communication Standard (29 CFR 1910.1200) [T10]. The OSHA standard rates chemical 

hazards between 1 and 4 with 1 being the most hazardous. 

 

Table 4.2 (a): Thermodynamic Properties of KF·4H2O as Presented in the Literature 

Tm [°C] Hf [J/g] CpL [J/g·K] Cps [J/g·K] ρL [kg/m3] ρs [kg/m3] Source 

18.0      [N2] 

18.5 230 1.72 1480 [H12] 

18.5 246 2.47 1.62 1456 1437 [S15] 

18.5 231   1447 1455 [S28] 

 

Table 4.2 (b): Transport Properties of KF·4H2O as Presented in the Literature 

kL [W/m·K] ks [W/m·K] η [cP] ν [m2/s] Source 

0.479 0.608 4.32 2.97 x 10-6 [S15] 

 

 

4.2.1 DSC Testing of KF·4H2O 

Despite the safety concerns, a small quantity of KF·4H2O was prepared by adding the appropriate 

quantity of distilled water to laboratory-grade KF. This KF·4H2O was tested by DSC using the 

procedure outlined in Section 3.1.1. A heat flux curve for this testing is presented in Figure 4.1 

and Figure 4.2 with the results summarized in Table 4.3. Supercooling of this PCM was estimated 
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my looking at the cooling curve of the DSC test as presented in Figure 4.2. As the PCM was cooled, 

its heat flux curve remained flat until around -4.5°C, at which point it rapidly rose as the PCM 

froze. By subtracting this supercooled “freezing temperature” from the melting temperature, it 

was found that KF·4H2O tends to supercool by approximately 22.5°C. It should be noted that due 

to a relatively high cooling rate (7°C/min), DSC results are known to overpredict supercooling. 

This is because the degree of supercooling depends strongly on the cooling rate, with a high 

cooling rate increasing supercooling [L7]. For this reason, DSC supercooling estimates should only 

be used as rough estimates of supercooling and not as actual supercooling measurements. For a 

more in-depth understanding of supercooling see Section 4.3.4 below. 

 

Table 4.3: DSC Test Results of KF·4H2O 

Tm [°C] Tp [°C] Hf [J/g] Supercooling [°C] 

17.8 – 18.1 21.0 – 22.7 203 – 217 ~ 22.5 

 

Although KF·4H2O performed well throughout DSC testing, it was decided to terminate testing of 

this material due to safety concerns. Most notable was the concern that fluorine ions would react 

with the hydrogen ions introduced through the addition of water – forming hydrofluoric acid 

(HFaq). HFaq is extremely hazardous with Class 1 and 2 toxicity according to the 2012 OSHA Hazard 

Communication Standard (29 CFR 1910.1200) [T9].  
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Figure 4.1: KF·4H2O DSC Melting Results 

 

 

Figure 4.2: KF·4H2O DSC Supercooling Results 
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4.3 CaCl2·6H2O + MgCl2·6H2O 

A mixture of Calcium Chloride Hexahydrate and Magnesium Chloride Hexahydrate (CaCl2 · 6H2O 

+ MgCl2 · 6H2O or CC6+MC6) is widely discussed in the literature as a viable low-temperature PCM 

[H12,Z1,L13]. Typically, a ratio of 66% CaCl2 · 6H2O to 33% MgCl2 · 6H2O (66:33) by weight is 

stated to be the eutectic ratio of these two salts. The eutectic mixture of two salts is the mixture 

composition where both salts melt/freeze at the same temperature, meaning that both phases 

simultaneously undergo the phase transition. This point corresponds to the lowest melting 

temperature across the range of possible mixture percentages. Literature thermodynamic 

properties of the 66:33 ratio is presented in Table 4.4. 

 

Table 4.4: Thermodynamic Properties of 66:33 CC6+MC6 from the Literature 

Tm [°C] Hf [J/g] Cp [J/g·K] ρ [kg/m3] Source 

23    [Z3] 

25 127 2.74 1590 [C11,H12,Z1] 

 

Li et al. examined mixtures of CC6+MC6 with weight ratios of 90:10, 85:15, 80:20 and 75:25 

[L13]. Their testing found that increasing the percentage of MgCl2·6H2O decreased the phase 

change temperature, with a minimum phase change temperature of 21.4°C found at the 75:25 

ratio. A latent heat of fusion of 101.5 J/g was measured for this PCM using DSC. It should be 

noted that these results are for the aforementioned PCM with 3 wt% SrCl2·6H2O added as a 

nucleating agent, which reduced supercooling to 2.1°C [L13]. He et al. conducted similar testing 

at the 80:20 wt. ratio with 1% SC6 added to minimize supercooling [H14]. A summary of these 

published results is presented in Table 4.5 below.  
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Table 4.5: Thermodynamic Properties of CC6+MC6+SC6  

CC6+MC6 [wt ratio] SC6 [wt%] Tm [°C] Hf [J/g] Source 

75:25 3 21.4 102 [L13] 

80:20 
3 23.5  [L13] 

1 27.3 123 [H14] 

85:15 3 25.0  [L13] 

90:10 3 26.0  [L13] 

 

Initial characterization of the CC6+MC6 mixtures was conducted using DSC. Results for the 66:33 

mixture are presented in Table 4.6 and Figure 4.3. These results agree well with those presented 

in the literature for this mixture (Table 4.4). Examining the DSC cooling curve in Figure 4.4, DSC-

predicted supercooling was found to be considerable at approximately 43°C; although actual 

supercooling is known to be less than this. 

 

Table 4.6: DSC Test Results of 66:33 CC6+MC6  

CC6+MC6  
[wt ratio] 

Tm  
[°C] 

Tp  
[°C] 

Hf 
[J/g] 

Supercooling 
[°C] 

66:33 19.7 – 21.1 23.7 – 26.9 95.1 – 127 ~ 43 
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Figure 4.3: 66:33 CC6+MC6 DSC Melting Results 

 

 

Figure 4.4: 66:33 CC6+MC6 DSC Supercooling Results 
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4.3.1 Finding the CC6+MC6 Eutectic Composition 

While the Tm and Hf results found during DSC tests of 66:33 CC6+MC6 showed good agreement 

with those presented in the literature, it was noted that this PCM did not melt and freeze 

congruently. When frozen to a temperature slightly below the predicted phase transition 

temperature, a small percentage of the PCM was found to remain liquid. Likewise, after melting 

at a temperature just above the melting temperature, a portion of the PCM was found to remain 

solid. Because of these incongruent phase transitions, it was determined that the 66:33 CC6+MC6 

mixture does not result in a congruently melting/freezing eutectic. 

 

With the mixture of CC6+MC6 corresponding to the eutectic point unknown, various mixture 

percentages of the two salts were prepared and visually observed for congruent 

melting/freezing. Photos of these mixtures are presented in Figure 4.5, where the four bottles 

on the left are for CC6+MC6 mixtures between 75:25 and 85:15 in the liquid state and on the 

righthand side of Figure 4.5 are mixtures between 80:20 and 95:5 in the solid state. Two 

phenomena were noticed during this testing. First, for the liquid samples with CC6 concentrations 

below approximately 82 wt%, a crystal of PCM would remain when the sample was melted to a 

temperature slightly above the melt temperature. Secondly, if the CC6 concentration was 

greater than approximately 82 wt%, a liquid layer would be formed on the top of the frozen solid 

at temperatures slightly below the freezing point. If these PCM mixtures were frozen to a 

temperature below 0°C, this liquid layer would solidify, forming a lighter colored solid layer on 

top of the PCM. Both of these phenomena are illustrated in Figure 4.5. Although not explicitly 

seen in Figure 4.5, a CC6+MC6 mixture of 82:18 was found to result in congruent freezing and 

melting and was therefore proposed as the true eutectic mixture of CC6+MC6. This eutectic 

mixture of CC6+MC6 should hold regardless of sample size as it is based on the steady-state 
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equilibria conditions between the two salts. The exact eutectic composition may shift slightly if 

the salts contain sufficient impurities. 

 

Figure 4.5: Separation of Varying Concentrations of CC6+MC6 During Melting and Freezing  

 

4.3.2 A CC6+MC6 Phase Diagram 

A binary phase diagram for the CC6+MC6 system was found using an Extended UNIQUAC 

thermodynamic model-based software package developed by Thomsen [T12]. The Extended 

UNIQUAC model is based on excess Gibbs energy, with an added Debye-Hückel law term and a 

term corresponding to the UNIQUAC equation. More information about this model can be found 

in work by Thomsen et al. [T11] and Iliuta et al. [I1]. Thomsen’s software package allows for 

modeling of binary, ternary, and quaternary phase diagrams of aqueous salt solutions. The 

program includes ions for Na+, H+, Cl-, Ca2+, Mg2+, and OH- along with many others and is primarily 

designed for use in oil field and geothermal applications. As a demonstration of the program’s 

ability to accurately model phase diagrams, Thomsen plotted the software’s prediction of the 

CaCl2/H2O binary phase diagram alongside experimental data (Figure 4.6). These results show 

good agreement between the modeled results and experimental data. 
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Figure 4.6: Modeled and Experimental Results for CaCl2/H2O Phase Diagram [T12] 

 

Thomsen’s model was used to find a binary phase diagram for the CC6/MC6 system (Figure 4.7). 

Figure 4.7 shows that there are four primary phases as the MC6 wt% varies between 0 and 100%: 

CaCl2·6H2O, MgCl2·6H2O, MgCl2·4H2O (MC4), and 2MgCl2·CaCl2·12H2O (MCCC12). The lines in 

Figure 4.7 correspond to the solid/liquid equilibrium lines (liquidous curves) for each phase. 

Eutectic concentrations between two phases are found at the intersection points between the 

phases’ liquidous curves. In order to find the eutectic point of all of the phases, the uppermost 

liquidous curve should be considered across the MC6 wt% range. Figure 4.7 shows that at low MC6 

concentrations, the CC6 phase forms the uppermost liquidous curve. At around 15 wt% MC6, the 

MCCC12 phase forms the uppermost liquidous curve. In excess of 90 wt% MC6, the MC4 phase 

melts at the highest temperature. The intersection point of the CC6 and MCCC12 phase denotes 

a eutectic concentration between CC6 and MC6 of approximately 15 wt% MC6. This is very close 
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to the eutectic composition suggested by the visual observations discussed above (18 wt% MC6). 

This finding lends credibility to the suggestion that 82:18 is the true eutectic composition for the 

CC6+MC6 mixture. 

 

 

Figure 4.7: Binary CC6/MC6 Phase Diagram as Calculated by Thomson's Software Package 

 

Figure 4.7 also reveals the probable reason for why the 66:33 composition is often suggested as 

the eutectic composition. As seen, the CC6 and MC6 liquidous curves intersect at approximately 

31 wt% MC6, which forms a eutectic point between these two curves. Given the proximity of this 

point to the oft suggested eutectic composition of 33 wt% MC6, the intersection of the CC6 and 

MC6 curves explains the current confusion over the true eutectic point of CC6+MC6. However, if 

66:33 CC6+MC6 is taken to be the eutectic concentration, Figure 4.7 shows that upon melting of 

the CC6 and MC6, a portion of the PCM will remain in the MCCC12 phase, which remains a solid 

until the temperature exceeds 90°C. This explains the solid crystal, which was observed after 

the bulk of the PCM was melted (as seen in Figure 4.5). Figure 4.7 suggests that as the percentage 
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of MC6 decreases from 31 wt%, the melting temperature of the solid MCCC12 decreases until it 

reaches that of the CC6 at 15 wt% MC6. 

 

A ternary CaCl2-MgCl2-H2O phase diagram was also calculated using Thomson’s Extended UNIQUAC 

model (Figure 4.8). The primary liquidous curves for four equilibrium temperatures were plotted 

(20, 25, 27, and 30°C). Eutectic concentrations at each temperature can be seen as the inflection 

points (corners) in these curves. When the concentration of the commonly-assumed eutectic wt% 

concentration of 66:33 CC6+MC6 is plotted on Figure 4.8, it can be seen that this concentration 

does not correspond to a eutectic point. Rather, for all modeled temperatures, this 

concentration lies beneath (in the solid region) the MCCC12 curve, which explains the occurrence 

of the solid precipitate in the otherwise liquid PCM samples (Figure 4.5). The story is different 

when the proposed eutectic concentration of 82:18 CC6+MC6 is plotted on Figure 4.8. This 

concentration lies very close to the suggested eutectic point between the MC6 and MCCC12 

liquidous curves at 27°C.  

 

 

Figure 4.8: Ternary CaCl2-MgCl2-H2O Phase Diagram Calculated by Thomson's Program 
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The visualization of CC6+MC6 samples and the modeled binary and ternary phase diagrams 

suggest that the 82:18 mixture of CC6+MC6 is the true eutectic concentration of this mixture. At 

this concentration, CC6+MC6 melts and freezes congruently at a temperature of between 25 and 

27°C. It is suggested that this work be confirmed and expanded through experimental testing of 

the modeled CaCl2-MgCl2-H2O phase diagrams. 

 

4.3.3 DSC Testing of CC6+MC6 Mixtures 

DSC melting curves for several mixture percentages of CC6+MC6 are presented in Figure 4.9, with 

their thermal results summarized in Table 4.7. As the concentration of MC6 increased, the 

melting temperature and latent heat were found to decrease until reaching a temperature of 

19.9°C and latent heat of melting of 64.4 J/g at a mixture weight ratio of 50:50. Throughout the 

mixture range considered, the DSC melt tests always resulted in a single heat flow peak; although 

the width, height, and shape of this peak varied. At high concentrations of CC6, a wide peak was 

found, which may indicate incongruencies about the melt point. As the 50:50 ratio was 

approached, the peaks were found to skew towards the higher temperatures, indicating potential 

incongruencies on the cold side of the peak. At the intermediate mixture ratios (66:33 to 83:17), 

the melting heat flow peaks were found to be symmetric and relatively narrow with minimal 

“tailing” on either side of the peak. This is consistent with the visual observation of 

melting/freezing in Figure 4.5, although the visual observations were found to provide a more 

reliable method of ascertaining if the phase change was congruent. Given the results of the 

visualization tests and phase diagram modeling, the 82:18 CC6+MC6 mixture was selected as the 

true CC6+MC6 eutectic concentration and was tested more closely by DSC. These 82:18 CC6+MC6 

DSC results are presented in Figure 4.10. 
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Figure 4.9: DSC Melting Curves for CC6+MC6 System at Varying Concentrations 

 

 

Figure 4.10: CaCl2·6H2O + 18% MgCl2·6H2O DSC Melting Results 
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Table 4.7: DSC Results for CC6+MC6 Mixtures 

CC6+MC6   
[wt ratio] 

Tm 
[°C] 

Tp 

[°C] 
Hf  

[J/g] 
Supercooling 

[°C] 

50:50 19.9 23.3 64.4 ~ 26 

66:33 19.7 - 21.1 23.7 - 26.9 95.1 – 126.8 ~ 43 

80:20 19.9 25.8 118.7  

82:18 21.9 26.9 149.2  

83:17 21.0 27.4 146.7 ~ 28 

95:5 26.5 32.5 151.6 ~ 26 

 

4.3.4 Supercooling Suppression of 82:18 CC6+MC6 

Supercooling (also called subcooling or undercooling) is a phenomenon experienced by a freezing 

PCM, where the temperature must be lowered well below the freezing temperature before 

crystallization begins. As the temperature is decreased down to the supercooling temperature, 

the hydrated salt will remain in the liquid state. Eventually, the PCM supercools to a temperature 

far enough below the phase change temperature that freezing begins. The difference between 

the actual freezing temperature and the temperature at which freezing begins is defined as the 

supercooling of the PCM. Kimura et al. reported that supercooling is due to an increase in the 

chemical potential when moving from the melted to crystalized state. This increase in potential 

can be thought of as a barrier preventing the formation of the initial nucleation sites required 

for crystallization [K13]. Supercooling can also be thought of as an energy barrier resulting from 

the surface energy effects inherent in the formation of the initial nucleation sites [M10]. A third 

way of thinking about this is presented by Yamaguchi et al., who suggests that structural 

differences between the liquid and crystallized salt are responsible for supercooling [Y1]. 

Supercooling results when the energy barrier preventing this conversion must be overcome in 

order for freezing to begin. 
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As seen in Table 4.7, DSC testing of CC6+MC6 mixtures suggested considerable supercooling (26 

to 43°C); although the DSC is known to over-predict supercooling. Since this degree of 

supercooling raises considerable issues for the practical use of this PCM, several additives for the 

prevention of supercooling were tested. While it is generally believed that these additives should 

have a similar crystalline structure to that of the crystallized PCM, it is also known that 

impurities, dust, or container surface imperfections can also lead to the formation of the initial 

nucleation sites required for crystal growth. Because of this, selection of a suitable nucleation 

additive is often an empirical pursuit with significant trial and error involved. Fortunately, 

although the supercooling suppression of CC6+MC6 mixtures has not been directly addressed in 

the literature, there has been extensive research considering the primary compound of these 

mixtures; CaCl2·6H2O. As early as 1983, Lane [L7] presented strontium chloride hexahydrate 

(SrCl2·6H2O, or SC6) as a promising nucleating agent for CaCl2·6H2O. This was later confirmed 

through work by Feilchenfeld et al. [F6].   

 

To test the supercooling suppression performance of potential additives, the following procedure 

was adopted. First a small sample of PCM (20 to 25 g) would be equilibrated at 35°C in the 

programable water bath. Next, the water temperature was linearly decreased to 5°C at the rate 

of 0.267°C/min. RTDs recorded temperatures of the water and PCM throughout the tests. 

 

The first test was a baseline test with 82:18 CC6+MC6 prepared without any supercooling 

additives. This PCM was cooled the entire way to 5°C with no freezing observed, indicating 

supercooling of greater than 20°C. Next, the following four additives were tested at 

approximately 3 wt% of the total PCM weight including the additive: 

 

• Ca(OH)2 

• Iron (III) Oxide (aka. rust. May be oxides or oxide-hydroxides) 
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• Graphite Powder 

• SrCl2·6H2O 

 

The results of these supercooling tests are presented in Figure 4.11. Supercooling for each 

additive was measured as the temperature difference between the dip prior to freezing and the 

subsequent peak resulting during freezing. This peak corresponds to the phase transition 

temperature of the PCM. SrCl2·6H2O was found to result in the best supercooling performance 

with only 2.0°C of measured supercooling, followed by rust at 3.8°C of supercooling. The 

graphite and Ca(OH)2 performed poorly with 15.5 and 16.0°C of supercooling respectively.  

 

 

Figure 4.11: Additives Tested for CaCl2·6H2O + MgCl2·6H2O Supercooling Suppression 

 

It is not required that all of the supercooling be eliminated for practical use of a PCM. For 

instance, if the PCM is frozen using a low-temperature source of only 5°C below the phase 

transition temperature, this source should still be capable of overcoming 2-3°C of supercooling 
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if the heat transfer system is properly designed. Since the 2°C of supercooling found for 

CC6+MC6+SC6 is within the acceptable range for most PCM applications, additional testing with 

supercooling additives was not conducted. Because of this good supercooling performance, 3 wt% 

SC6 was added to all CC6+MC6 samples prepared for long-term cycling and drop calorimetry 

testing. 

 

4.3.5 82:18 CC6+MC6 Thermal Cycling 

Six, ~200 g PCM samples of 82:18 CC6+MC6 were prepared for long-term cycling in the thermal 

cycling system presented in Section 3.2 (Table 4.8). These samples were prepared using the 

encapsulations presented in Section 3.3.3, which allows for drop calorimetry of the samples. To 

minimize supercooling, 3 wt% SC6 was added to each sample after the 82:18 mixture was mixed, 

resulting in 79.5, 17.5, and 3 wt% CC6, MC6, and SC6 respectively.   

 

Table 4.8: 82:18 CC6+MC6 Samples for Thermal Cycle Testing 

Sample # 
mENC  
[g] 

mPCM  
[g] 

CaCl2·6H2O 
[wt%] 

MgCl2·6H2O 
[wt%] 

SrCl2·6H2O 
[wt%] 

15 326.1 200.3 79.6% 17.5% 3.0% 

16 334.1 197.7 79.5% 17.5% 3.0% 

17 316.9 194.7 79.5% 17.5% 3.0% 

18 329.6 188.7 79.5% 17.5% 3.0% 

19 326.1 188.8 79.6% 17.4% 3.0% 

22 331.0 190.6 79.5% 17.5% 3.0% 

 

Before beginning cycling, each of the six samples in Table 4.8 were tested by drop calorimetry 

to determine their initial latent heat of fusion. On average, the samples were found to have an 

initial Hf of approximately 150.2 J/g. After this initial characterization, the six samples were 

cycled between 5 and 50°C for up to 2,700 complete cycles. A complete cycle is comprised of 
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one melt and freeze. During cycling, the samples were removed from the cycling system at 

intervals of approximately 500 cycles in order to conduct drop calorimetry. After completing at 

least 2,700 cycles, all of the samples were removed from the cycling system and tested by drop 

calorimetry one final time. Calorimetry Hf results throughout thermal cycling of the CC6+MC6 

PCM are presented in Figure 4.12. While there are slight variations in Hf with cycling, nearly all 

of the variations fall within ±4% of 150 J/g. These variations are not significant as the average 

standard deviation for calorimeter measurements of Hf for a single sample at a given cycle 

number is ±2.6%. Tabular values of Hf before and after cycling to 2,700 cycles is presented in 

Table 4.9. The average change in Hf after 2,700 cycles is only a decrease of 0.8 J/g. 

 

 

Figure 4.12: Hf During Long Term Cycling of 82:18 CC6+MC6 

 

The flat response of Hf with thermal cycling to 2,700 cycles suggests that this PCM is stable during 

long-term cycling. In addition to a stable Hf within a given sample, very little variation in 
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measured Hf was found between samples. This is significant as it suggests that the 82:18 CC6+MC6 

mixture forms a self-equilibrating PCM mixture, which maintains a well-defined structure despite 

small composition or hydration changes within the bulk PCM.    

 

Table 4.9: Hf Measured by Calorimetry Before and After 2,700 Cycles of CC6+MC6 

Sample # 
Hf [J/g]       

(0 Cycles) 
Hf [J/g]      

(2,700 Cycles) 

15 149.5 147.3 

16 147.8 149.5 

17 149.2 148.4 

18 155.5 150.8 

19 146.8 151.9 

22 152.6 148.9 

AVG 150.2 149.5 

 

4.4 Na2SO4·10H2O 

Sodium sulfate decahydrate (Na2SO4·10H2O or NS10), also known as Glauber’s Salt, is one of the 

most widely-studied low-temperature PCMs. The history of this PCM goes back to the 19th century 

with notable early researchers being Cohen [C12] and Leenhardt et al. [L9]. In 1935 Kobe et al. 

published their own thermal research into this material, presenting it alongside previously-

published results [K14]. By 1948, Telkes et al. had constructed a solar heated house in Dover, 

Massachusetts utilizing NS10 as a thermal storage medium [T4]. Initial results from this project 

were promising. However, as later related by Butti et al., by the third winter the salt had 

deteriorated and separated into two distinct layers, one remaining liquid while the other was 

solid [B20]. Telkes continued to experiment with NS10 finding that this PCM contains 44% 

anhydrous Na2SO4 with the remainder being H2O by weight. At the phase transition temperature 

of 32.4°C, approximately 85 wt% of the PCM forms a saturated solution with the water as 
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Na2SO4·10H2O, while the remaining 15% remains in the solid, anhydrous form, settling to the 

bottom of the container due to the higher density of the anhydrous solid. To prevent this phase 

separation, Telkes introduced thickening agents, which prevented the anhydrous solid from 

settling out of the NS10 solution. Thickened NS10 was cycled 1,000 times without a significant 

change in thermal performance [T6]. Other researchers have considered this PCM, resulting in a 

plethora of thermal information for this hydrated salt. A summary of this information (dating 

back to the 1800’s) is presented in Table 4.10 and Table 4.11. 

 

Table 4.10: Thermodynamic Properties of NS10 as Presented in the Literature 

Tm [°C] Hf [J/g] CpL [J/g·K] Cps [J/g·K] ρL [kg/m3] ρs [kg/m3] Source 

31.4 238     [L9] 

31.7 253   1330 1458 [T6] 

32.0 245     [C3] 

32.0 251 3.26 1.92 1330 1460 [G6,S1] 

32.2 251     [T3] 

32.4  3.34 2.52   [P12] 

32.4 241     [S18] 

32.4 243 3.32    [K14,T2] 

32.4 251 3.31 1.76 1410 1460 [G5] 

32.4 253    1460 [H3] 

32.4 254  1.93  1485 [A1] 

32.5 251     [K10] 

32.8 214     [C12] 

 

Table 4.11: Transport Properties of NS10 as Presented in the Literature 

kL [W/m·K] ks [W/m·K] Source 

0.544 [A1] 

0.589 0.514 [G6,S1] 
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4.4.1 DSC of Na2SO4·10H2O 

NS10 was tested by DSC to find its melt temperature and latent heat of melting (Figure 4.13). 

The measured Tm of 33.2°C is slightly above that presented in the literature, while the measured 

Hf of 190.6 J/g is considerably lower than the published data. Upon examination of the melting 

curve, it is apparent that a second melting peak occurs at -0.7°C. Since this salt is known to 

disassociate into a solution and anhydrous Na2SO4, this behavior is not unexpected. As the frozen 

solution and PCM is heated, the solution reaches its melting point first, at a temperature close 

to 0°C. Upon further heating, the still frozen PCM eventually melts at the PCM’s phase transition 

temperature. Since a portion of the bulk PCM has disassociated (indicated by the second peak 

near 0°C), the lower Hf value is not unexpected. These results are consistent with findings by 

Furbo, who stated that at temperatures below the phase transition temperature an incongruently 

melting PCM will consist of three district layers [F15]. From top to bottom, these layers are a 

saturated salt solution, a layer of crystalized PCM, and a sedimentary layer of anhydrous PCM. 

Supercooling for NS10 was also estimated using the DSC cooling curve, with the results presented 

in Table 4.12. Since incongruencies were encountered so early in the testing phase of NS10, and 

since this material’s melting temperature was slightly above that desired for the cold storage 

system being developed, further testing with this PCM was not conducted. 

 

Table 4.12: DSC Results for NS10 

Tm  
[°C] 

Tp  
[°C] 

Hf  
[J/g] 

Supercooling 
[°C] 

33.2 36.5 190.6 ~ 45 
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Figure 4.13: NS10 DSC Melting Results 

 

4.5 CaCl2·6H2O + KNO3 

During DSC testing of various PCMs within the required phase transition temperature range, a 

new PCM mixture was uncovered. It was found that the addition of a small quantity of potassium 

nitrate (KNO3 or KN) to CC6 lowered the phase change temperature of CC6, while still resulting 

in a congruently melting PCM. While this PCM has not been characterized or tested in the 

literature, a similar composition is mentioned in a Chinese patent [W3]. The motivation for 

examining this PCM was to find a PCM with a phase transition closer to 25°C than plain CC6. 

 

4.5.1 DSC of CC6+KN 

Samples of CaCl2·6H2O + KNO3 (CC6+KN) were prepared with between 3.6 and 10.8 wt% KNO3. 

These samples were tested by DSC to note any differences in Tm and Hf. Several of these DSC 
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curves are plotted alongside the curve for CC6 (0% KN) in Figure 4.14. It is evident that as the 

concentration of KNO3 increases, both the melting temperature and the latent heat of melting 

decrease. This is beneficial if a PCM with a slightly lower melt point is desired. However, this 

decrease in temperature comes at the cost of PCM thermal storage potential. The Tm and Hf 

decrease are plotted with respect to KNO3 percentage in Figure 4.15. As seen, the change in both 

temperature and latent heat was found to obey a linear relationship with respect to KNO3 

percentage. Since these results indicate a relatively low Hf (<100 J/g) for KNO3 concentrations 

greater than 10 wt%, it is recommended that this concentration be set as an upper-limit for this 

mixture.  

 

 

Figure 4.14: Change in CC6+KN DSC Curves with Varying Concentrations of KN 

 

The absence of sharp peaks, double peaks, and the smoothness of the DSC curves in Figure 4.14 

indicate congruent melting of all CC6+KN mixtures. However, as the percentage of KNO3 

increases, significant asymmetry of the heat flux peak is seen, with the cold-side of the peak 
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being stretched. While this results in a lower onset temperature, it also indicates a widening of 

the phase transition temperature range. This is problematic if the PCM driving temperature 

difference for freezing fails to fall below the lower bound of the phase transition temperature. 

DSC test results for the CC6+KN mixtures are summarized in Table 4.13. Supercooling information 

was estimated for several of the mixtures using DSC; showing a consistent 24 to 25°C of 

supercooling. Given the temperature requirements of the thermal energy storage system being 

developed, a CC6+KN mixture ratio of 93:7 was selected for all further testing. At this ratio, the 

phase transition temperature was depressed to 19.6°C, while maintaining a latent heat of fusion 

of 120 J/g. 

 

 

Figure 4.15: Impact of KNO3 Percentage on To, Tp, and Hf for the CC6+KN Mixture 
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Table 4.13: DSC Results for CC6+KN Mixtures 

CC6+KN 
[wt ratio] 

Tm  
[°C] 

Tp  
[°C] 

Hf  
[J/g] 

Supercooling 
[°C] 

89.2:10.8 15.3 25.3 104.1 ~24.4 

90:10 17.3 23.5 97.9  

93:7 19.6 24.5 120.0  

93.6:6.4 19.4 27.1 131.4 ~25.2 

95:5 19.3 26.1 134.5  

96.4:3.6 20.4 29.5 149.4 ~24.8 

100:0 28.3 32.3 163.1 ~28.3 

 

4.5.2 Supercooling Suppression of CC6+KN 

As shown in Table 4.13, supercooling of the CC6+KN mixtures is significant. It was hypothesized 

that additives, which suppress supercooling in the base PCM (CC6) would help eliminate it in the 

mixture. Since SC6 is known to largely eliminate supercooling in CC6 [L7,K13], it was tested in 

the 93:7 CC6+KN mixture. When tested by cooling in a water bath, this PCM showed good 

supercooling mitigation performance with approximately 2.1°C of supercooling (Figure 4.16).  
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Figure 4.16: Supercooling of 93:7 CC6+KN with 3 wt% SC6 Added 

 

4.5.3 93:7 CC6+KN Thermal Cycling 

As with the CC6+MC6 mixture, six, identical, ~200 g samples of 93:7 CC6+KN were prepared for 

long-term cycling (Table 4.16). 3 wt% SC6 was added to each sample to minimize supercooling. 

Note that the 3% SC6 is added after the CC6+KN is mixed at the 93:7 ratio, meaning the actual 

mixture is 90.2, 6.8, and 3 wt% for CC6, KN, and SC6 respectively. 
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Table 4.14: 93:7 CC6+KN Samples for Thermal Cycle Testing 

Sample # 
mENC  
[g] 

mPCM  
[g] 

CaCl2·6H2O 
[wt%] 

KNO3         
[wt%] 

SrCl2·6H2O 
[wt%] 

10 329.1 205.0 90.2% 6.8% 3.0% 

11 319.4 204.3 90.2% 6.8% 3.0% 

12 319.6 203.5 90.2% 6.8% 3.0% 

13 320.1 214.0 90.2% 6.8% 3.0% 

14 319.3 196.7 90.2% 6.8% 3.0% 

21 330.1 192.9 90.4% 6.7% 3.0% 

 

Initial drop calorimeter of these six samples found an average heat of fusion of 128.6 J/g, which 

is comparable to that found using DSC. These six samples were cycled between 5 and 50°C for 

at least 2,700 complete cycles (150 min. per cycle) with the samples being removed for 

calorimetry at regular intervals of approximately 500 cycles. Calorimetry Hf results before, during 

and after thermal cycling of the CC6+KN PCM are presented in Figure 4.17. With the exception 

of Sample 14, Hf is seen to remain relatively constant during cycling with nearly all of the data 

falling within ±10% of the average initial Hf value. Furthermore, given the typical standard 

deviation for calorimeter PCM measurements, most of the data lies within the calorimeter’s ±2σ 

sample uncertainty range of ±5.2%. Sample 14 was found to increase in Hf through approximately 

1,200 cycles, at which point its Hf value began to drop slightly. While this deviation appears 

large, it should be noted that it is still within + 12% from the average initial Hf value of 128.6 

J/g. The reason for this increase is not known but is thought to be due to a small compositional 

difference in Sample 14. Tabular values of Hf before and after cycling to 2,700 cycles are 

presented in Table 4.15. The average decrease in Hf after 2,700 cycles is only 2.1 J/g. 
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Figure 4.17: Hf During Long Term Cycling of 93:7 CC6+KN  

 

Table 4.15: Hf Measured by Calorimetry Before and After 2,700 Cycles of CC6+KN  

Sample # 
Hf [J/g]       

(0 Cycles) 
Hf [J/g]      

(2,700 Cycles) 

15 127.5 124.6 

16 128.5 121.3 

17 128.9 124.5 

18 127.2 124.5 

19 124.4 135.4 

22 135.2 129.0 

AVG 128.6 126.5 

 

Given the minimal decrease in Hf after cycling, it is proposed that the 93:7 CC6+KN PCM is 

thermally stable during long-term cycling. If the PCM were not thermally stable with cycling, Hf 
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would decline considerably as the cycle number was increased. Good agreement between all six 

samples lends confidence to these findings.    

 

4.6 CaCl2·6H2O 

Calcium chloride hexahydrate (CaCl2·6H2O or CC6) is perhaps the most widely studied hydrated 

salt PCM with a phase transition temperature in the 30°C range. Initial work into this PCM dates 

back to the 19th century with Roozeboom considering the hydrates of calcium in 1889 [R10]. In 

Hale et al’s. work for NASA in the 1970’s, CC6’s melt temperature and latent heat of fusion were 

recorded [H3]. In 1975, Telkes [T6] and Lorsch et al. [L18] touched on CC6 as a promising 

hydrated salt PCM, although there was little discussion on any of the challenges associated with 

its use. Carlsson et al’s work in 1979 represents the first information considering the stability 

and/or modification of CC6 to ensure long-term thermal performance. During the 1980’s, the 

first detailed work looking at CC6 was conducted. Abhat conducted DSC testing of CC6 [A1]. 

Feilchenfeld et al. experimented with CC6 thickening and the extra-water principle in order to 

promote phase stability [F6]. Also considered by Feilchenfeld et al. was the impact of additives, 

such as KCl, on reducing CC6’s melt temperature [F5,F7]. Brandstetter outlined the reasons for 

phase instability in CC6 alongside a potential solution in the extra water principle [B19]. Perhaps 

the most seminal work of the period was conducted by George Lane, while working as a 

researcher at Dow Chemical Co. Lane considered the addition of SrCl2·6H2O and other additives 

to CC6 as nucleating and stabilization agents [L2,L8]. In addition, Lane et al. found that the 

addition of small quantities of KCl and NaCl could have a positive impact on CC6 phase stability 

[L6,L8]. This work on CC6 phase stability will be discussed in more detail in Chapter 5. Since 

1990, work by Heckenkamp et al. [H12], Esen et al. [E5], Shahbaz et al. [S12] and Carlsson [C5] 

have expanded the knowledge-based for this PCM. More recently, researchers such as Yuan et al. 

[Y3], and Li et al. [L17] have considered the addition of expanded graphite and nanoparticles to 
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CC6 in order to improve both supercooling, stability, and thermal conductivity. Thermodynamic 

and transport properties for CC6 from the literature are presented in Table 4.16 and Table 4.17. 

 

Table 4.16: Thermodynamic Properties of CC6 From the Literature 

Tm [°C] Hf [J/g] CpL [J/g·K] Cps [J/g·K] ρL [kg/m3] ρs [kg/m3] Source 

27 - 29 191 1.56 1.80   [L4] 

28.9 174     [T3,T6] 

29.0 160  1.45 1496 1710 [A1] 

29.0 170     [L18] 

29.0 201     [F5] 

29.4 170     [H3] 

29.6 189 1.45 1620 [H12] 

29.6 191 2.10 1.42 1562 1802 [L8] 

29.7 170 2.13 1.46   [G4] 

29.7 - 29.9 188 2.13 1.46  1710 [E5] 

29.8 173     [C6] 

 

Table 4.17: Transport Properties of CC6 From the Literature 

kL [W/m·K] kT [W/m·K] ks [W/m·K] η [cP] Source 

0.539 0.700 1.088  [E5] 

0.540    [G4] 

0.540 – 0.561  1.088 11.8 [L4,L8] 

 

4.6.1 DSC of CaCl2·6H2O 

As with the preceding PCMs, CC6 was tested by DSC to find its melt temperature and heat of 

fusion of melting. A typical DSC melting test of CC6 is presented in Figure 4.18. CC6 was found 

to melt at 28.1°C with a latent heat of fusion of 187.1 J/g. These values compare well with the 
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literature, although the measured Tm value is a bit below the average literature value, while Hf 

is slightly above. By considering the DSC freezing curve (Figure 4.19), a rough estimate of 

supercooling at between 28 and 38°C was made. A summary of CaCl2·6H2O DSC thermal and 

supercooling results is presented in Table 4.18. 

 

 

Figure 4.18: CC6 DSC Melting Results 

 

Table 4.18: DSC Test Results of CC6 

Tm [°C] Tp [°C] Hf [J/g] Supercooling [°C] 

28.1 – 28.8 32.3 – 33.7 163.1 – 199.5 ~28 - 38 
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Figure 4.19: CC6 DSC Melting and Freezing Curve with Estimated Supercooling 

 

4.6.2 Supercooling of CaCl2·6H2O 

As seen in Table 4.18, supercooling of CC6 is a significant issue, which must be solved if this PCM 

is to be practically used. Given the overprediction of supercooling during the DSC testing, CC6 

was slowly cooled in the programable water bath from 35°C to 5°C at a cooling rate of 

0.375°C/min. Results from this testing are presented in Figure 4.20. Supercooling of 17.5°C was 

measured for CC6 without any nucleation additives. It should be noted that this is an 

underestimation of supercooling as the water temperature could not be lowered below 5°C in 

order to prevent freezing. This is why once the PCM reached 5°C, it maintained this temperature 

until an unknown factor initiated freezing. Since the CC6 was maintained at 5°C for some time 

before freezing, it is likely that cooling (supercooling) was not the only factor which precipitated 

crystallization. For instance, crystallization is known to be initiated by motion of the supercooled 
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PCM. Four nucleation additives were examined for their supercooling performance in CC6, 

SrCl2·6H2O, wood chips, rust (FeO), and graphite powder.  

 

As seen in Figure 4.20, SC6 and rust are the best performing additives, with supercooling 

measured at 2.7°C for both. While it is thought that SC6 suppressed supercooling through having 

a crystal structure similar to CC6, the FeO does not have this property. The best explanation for 

the good nucleation performance of the rust is that of epitaxy, where the FeO particles provide 

a surface on which the crystals of CC6 can begin to grow. This may also be the catalyst driving 

nucleation with SC6, as SC6 remains in the solid form within the liquid CC6 and both the solid 

SC6 and FeO have similar particle sizes.  

 

 

Figure 4.20: Supercooling of CC6 With and Without Nucleation Additives 
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Lane states that when nucleation additives are added to a material, if both the additive and bulk 

material have a similar crystal structures or if the lattice planes have very similar structures or 

periodicities, then additive-promoted nucleation will work very well [L7]. The crystal structures 

of CC6 and potential nucleating additives were studied extensively by Lane. Since CC6 forms a 

hexagonal lattice structure, several nucleation additives with similar hexagonal structures were 

considered (Table 4.19). When these additives were tested, Lane found that both SrCl2·6H2O and 

BaI2·6H2O virtually eliminated supercooling of CC6. All other additives had considerably worse 

performance. This work illustrates that despite similarities in crystal structure, nucleation 

additives may or may not work in suppressing supercooling; leaving the selection of a suitable 

additive largely an empirical exercise. It should be noted, and was expressed by Lane, that 

although one or two of the additives in Table 4.19 were shown to minimize supercooling, their 

long-term performance during repeated cycling was not demonstrated [L5,L7]. 

 

Table 4.19: Crystal Structures of CC6 and Tested Nucleating Additives [L5,L7] 

Compound 
Additive 

[wt%] 

Angstrom Units [AU]* Supercooling 
[°C] a c 

CaCl2·6H2O  7.860 3.87 22.5 

CaBr2·6H2O 0.5 8.138 4.015 17.4 

CaI2·6H2O 0.5 8.4 4.25 24.2 

SrCl2·6H2O 1.0 7.940 4.108 0.0 

SrBr2·6H2O 1.0 8.2051 4.146 2.1 

SrI2·6H2O 1.0 8.51 4.29 11.9 

BaI2·6H2O 0.5 8.9 4.6 0.0 

* 1 AU = 1 x 10-10 m 

 

Feilchenfeld et al. used 2 wt% SC6 to suppress supercooling in CC6 [F6]; as did Shahbaz et al. 

with supercooling of less than 2°C, measured after 100 thermal cycles [S12]. Because of the 
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positive nucleation performance of SC6, it was added to CC6 at 1, 3, and 5 wt%. It was expected 

that a higher percentage of SC6 would reduce supercooling to a greater degree, although a higher 

percentage of SC6 was also hypothesized to reduce Hf. Therefore, a minimum wt% of SC6 which 

results in adequate suppression of supercooling was sought. Six, ~200 g samples of CC6 at the 

three SC6 wt% concentrations (two samples at each SC6 concentration) were prepared and tested 

by drop calorimetry to note any differences in Tm and Hf. The change in Hf with increasing 

percentage of SC6 is presented in Figure 4.21. On average, the samples with 1 wt% SC6 were 

found to have a latent heat of fusion of 181.3 J/g. Increasing SC6 to 3 wt% resulting in a 5.4% 

decrease in Hf to 171.5 J/g. At 5 wt% SC6, Hf was found to decrease further to 165 J/g, which is 

3.8% below Hf at 3 wt% SC6. These results confirm the hypothesis that the minimal quantity of 

SC6 required for effective long-term nucleation should be used. 

 

 

Figure 4.21: Difference in Hf with Respect to Percentage of SrCl2·6H2O 

 

The impact of SC6 on both the melt temperature, Tm and freeze temperature, Tf of CC6 was also 

considered. Phase transition temperatures for all six samples are presented in Figure 4.22. As 
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seen, at 1% SC6, an average Tm of 30.5°C was found. At this percentage, Tf was measured to be 

quite low; 25.7°C on average; a difference of 5.2°C. As SC6 is increased to 3 wt%, Tm falls to 

29.2°C, with Tf rising to 28.1°C; a difference of only 1.1°C between the two. 

 

 

Figure 4.22: Difference in Tm and Tf with Respect to Percentage of SrCl2·6H2O 

 

Assarsson et al. reports that CC6 and SC6 are isomorphous and trigonal, with a unit cell of nearly 

identical dimensions [A10]. For concentrations greater than or equal to 3 wt% SC6, Assarsson et 

al. reports that at 29.5°C (the phase change temperature), SrCl2·2H2O (Strontium Chloride 

Dihydrate or SC2) is the stable solid phase within the CC6/SC6 mixture [A10]. This implies that 

2/3 of the water in the added SC6 has been released into the CC6, slightly increasing its hydration 

level. For added SC6 concentrations less than 3 wt%, Assarsson et al. found that the solid phase 

at the phase change temperature was made of CC6/SC6 mixed crystals. As the concentration of 

SC6 increased, the crystals become progressively rich in SrCl2 until a point was reached where 

SC6 no longer combined with CC6, but rather released water, making SC2 the dominant solid 

phase [A10]. Banjnóczy believed that SC2 is ineffective in the nucleation of CC6, which would 
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suggest that the SC6 concentration should be maintained below 3 wt% [B3]. Lane found that 0.1 

wt% SC6 initially suppressed supercooling but lost its effectiveness after several cycles. 0.5 wt% 

SC6 eliminated supercooling for 10 cycles, while 1 wt% SC6 maintained supercooling suppression 

performance for more than 10 cycles [L5]. Given these results, Lane believed that SC6 must be 

near its saturation limit of 1.3 wt% in order for effective long-term nucleation [L7].  

 

During the current research, the supercooling suppression of 1, 3, and 5 wt% SC6 in CC6 were 

tested over 1,500 rapid (~2 hr. cycle time) thermal cycles (Figure 4.23). Initially, supercooling 

results were identical between the three concentrations; with no measured supercooling. 

However, after repeated thermal cycling, substantial nucleation performance differences 

between the concentrations were encountered. However, after approximately 100 cycles, the 1 

wt% SC6 samples began to experience significant supercooling. Additional cycling increased this 

supercooling, until by 1,000 cycles supercooling was virtually the same as for CC6 without SC6 

(>20°C). At 3 and 5 wt% SC6, supercooling was found to remain negligible throughout all 1,500 

cycles. These results agree with those by Lane suggesting that there is a minimum required 

concentration of SC6 to ensure long-term nucleation performance. This minimum concentration 

falls somewhere between 1 and 3 wt% SC6, agreeing well with Lane’s suggestion that SC6 

concentration should be close to 1.3 wt% to ensure good long-term nucleation performance [L7]. 

 

The excellent supercooling suppression of CC6 at greater than 3 wt% SC6, runs counter to the 

suggestion by Banjnóczy that SC2 (the dominant solid phase at these SC6 concentrations) is 

ineffective in the nucleation of CC6 [B3]. This suggests that even if SC6 releases water to form a 

solid phase of SC2, this solid SC2 will continue to reduce the supercooling of the CC6 – through 

epitaxy effects. The current work more closely agrees with Lane that a higher concentration of 

added SC6 promotes nucleation during repeated thermal cycles. That being said, since 

calorimetry results do show clear thermal advantages to limiting the concentration of SC6 (Figure 
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4.21) to 3 wt%, 3 wt% SC6 is suggested as the optimal concentration for effective long-term 

nucleation of CC6. 

 

 

Figure 4.23: Supercooling of CC6 with Different SC6 Conc. During Long-Term Cycling 

 

There are two potential methods by which SC6 nucleates CC6. As mentioned above, the first 

method is through a similar (isomorphous) crystal structure between CC6 and SC6. The second is 

through epitaxy, which is a fancy way of saying that a solid surface within the CC6 provides a 

surface on which crystalline CC6 begins to grow. In the epitaxy case, the solid surface would be 

solid crystals of either SC6 or SC2. Epitaxy-based nucleation of CC6 by SC6 is suggested through 

the good nucleation results for SC6 at concentrations greater than 3%, where SC2 is the dominant 

solid form. At low SC6 concentrations or low cycle numbers, added SC6 has not released water 

to form SC2, suggesting that isomorphous nucleation dominates in this region. This dual nature 

of SC6 nucleation of CC6 is further supported through imaging of the initial crystal formation of 

several similar samples (Figure 4.24). The images in Figure 4.24 were taken using the GoPro 
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water bath setup described in Section 3.4.2. For four of the samples (A, B, D, and F), it appears 

that initial nucleation begins on the solid SrCl2 hydrate at the bottom of the bottle. This was 

expected and hints at epitaxy-based nucleation of the CC6. However, for samples C and E, initial 

crystal formation appears to begin at a point approximately ¾ of the way up the wall of the 

bottle. Given that the density of both SC6 and SC2 (1.930 g/cm3 and 2.672 g/cm3 respectively) 

are much greater than the density of liquid CC6 (1.5 g/cm3), it is not believed that a solid crystal 

of SC hydrate is located ¾ of the way up the height of the bottle. However, given the structural 

similarities between CC6 and SC6, the potential for isomorphic nucleation exists. These results 

strengthen the finding that SC6 suppresses supercooling in CC6 through both isomorphic 

nucleation and epitaxy. 

 

 

Figure 4.24: Initial Crystallization of CC6+SC6 at Different Cooling Rates 

 

As can be seen in Figure 4.24, the CC6+SC6 samples frozen at varying cooling rates were 

instrumented with RTDs for PCM temperature measurement. Figure 4.25 presents temperature 

traces for each of these cooling rates. The key finding of this comparison is that measured 

supercooling is directly proportional to the cooling rate. This result is not unexpected as it is 
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known, for instance, that the high cooling rate of the DSC results in a large overprediction of 

supercooling. 

 

 

Figure 4.25: Supercooling of CC6 + 3 wt% SC6 at Different Cooling Rates 

 

4.6.3 CaCl2·6H2O Thermal Cycling 

Six identical, ~200 g samples of CC6 + 3 wt% SC6 were prepared for long-term cycling (Table 

4.20). As was the case for the CC6+MC6 and CC6+KN PCMs, these samples were cycled for up to 

2,700 complete cycles, being removed at intervals of approximately 500 cycles for drop 

calorimetry. Each cycle consisted of a 75-minute cooling period from 45 to 5°C immediately 

followed by a similar length heating period back to 45°C. Total cycle time is 150 minutes. Drop 

calorimetry Hf results for the six samples during 2,700 complete cycles are presented in Figure 

4.26 with tabular values of Hf before and after cycling presented in Table 4.21. 
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Drop calorimetry measured an average Hf at 0 cycles of 172.6 J/g. As the cycle number increased, 

average Hf was found to slowly decrease. While there is considerable scatter in the data in Figure 

4.26, most of the data falls within approximately ±13 J/g of the average (represented by the 

dashed lines). By the conclusion of cycling at 2,700 cycles, an average Hf of 166.0 J/g was 

measured; a decrease of 3.8%. This decrease in thermal performance indicates the presence of 

phase separation of the CC6. A complete discussion of the phase separation of CC6 will be 

presented in Chapter 5. 

 

Table 4.20: CC6 Samples for Thermal Cycle Testing 

Sample # mENC [g] mPCM [g] 
CaCl2·6H2O 

[wt%] 
SrCl2·6H2O 

[wt%] 

1 330.5 188.5 96.8 3.2 

4 333.6 185.5 96.7 3.3 

7 316.8 194.7 97.0 3.0 

8 328.5 197.8 97.0 3.0 

9 320.7 204.0 97.0 3.0 

20 331.5 188.4 97.0 3.0 

 

Table 4.21: Hf Measured by Calorimetry Before and After 2,700 Cycles of CC6 

Sample # 
Hf [J/g]       

(0 Cycles) 
Hf [J/g]      

(2,700 Cycles) 

1 173.1 158.0 

4 171.8 170.9 

7 173.6 163.9 

8 174.0 162.3 

9 168.4 166.2 

20 174.7 174.8 

AVG 172.6 166.0 
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Figure 4.26: Hf During Long Term Cycling of CC6 

 

4.7 Summary of Hydrated-Salt Characterization 

The hydrated-salt PCMs presented in Table 2.8 were characterized in Chapter 4. One of the 

tested salts, NaOH·3.5H2O was quickly eliminated from further testing due to its high reaction 

potential with the aluminum DSC test pans. Although KF·4H2O performed well during initial DSC 

testing, it was eliminated from further testing due to health and safety concerns. When 

Na2SO4·10H2O was characterized by DSC, it quickly became apparent that this salt experienced 

very high degrees of separation, which would prove challenging to its long-term use. In addition, 

its melting temperature was slightly above that desired for the ACC cooling application presented 

in Section 1.1. 

 

Three CaCl2·6H2O-based hydrated salts performed well during the initial DSC characterization 

and were selected for further testing: CaCl2·6H2O, CaCl2·6H2O + 18% MgCl2·6H2O and CaCl2·6H2O 



112 
 

+ 7% KNO3. SrCl2·6H2O was found to reduce supercooling in all three of these PCMs to around 2°C 

or less. While lesser quantities of SC6 (~1 wt%) were found to initially reduce supercooling of 

CC6, after 100 thermal cycles the nucleation effectiveness of this additive was virtually non-

existent. In order to ensure good supercooling performance after thousands of cycles, at least 3 

wt% SC6 should be used. After rapid thermal cycling to 2,700 cycles, CC6 experienced on average 

a 3.8% decrease in Hf, while the remaining two PCMs (CC6+18% MC6 and CC6+7% KN) had a flat 

Hf response over a similar cycling period. These cycling results indicate that CC6 experiences 

phase segregation (or separation) during repeated cycling, while the CC6+MC6 and CC6+KN 

mixtures do not. This phase separation of CC6 during cycling will be addressed in Chapter 5. 
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The foremost concern with prolonged use of CaCl2·6H2O is the issue of irreversible phase 

separation during repeated freeze-thaw cycles. As CC6 freezes it tends to form calcium chloride 

tetrahydrate (CaCl2·4H2O or CC4) in a process known as semi incongruent freezing, or 

“separation” for short. To help illustrate the mechanism behind separation, the binary phase 

diagram for the CaCl2(CC)/H2O system is presented in Figure 5.1. As liquid CC6 cools, it does not 

cross the liquidous curve at the point where the CC4 and CC6 curves intersect (the peritectic 

point). Rather, the liquidous curve is initially crossed at a point above the peritectic point—a 

point on the CC4 liquidous curve. Because of this, a portion of the liquid CC6 crystallizes as CC4, 

with the remaining, now water-rich CC6 (CC6+) remaining in the liquid state. There are three 

potential crystalline forms of CC4, which can form in this region, the α, β, and γ forms. Upon 

crossing the CC4 liquidous curve, the α CC4 phase is the most stable of the three in the relevant 

temperature range between 32.8 and 29.5°C [L8]. As the PCM is cooled further to the peritectic 

temperature, the CC6+ solution crosses the liquidous curve and solidifies. Ideally, as the CC6+ 

freezes, it will form a homogenous CC6 solid with the excess water in solution recombining with 

the crystallized CC4 to form CC6. If a homogenous, solid CC6 forms, incongruent freezing did not 

occur. Unfortunately, there are two factors that prevent this reversibility. First, there is a 

considerable density difference between solid CC4 and liquid CC6; 2.10 g/cm3 [L8] and 1.83 

g/cm3 [N1], respectively. When CC4 freezes before CC6, the solid CC4 sinks to the bottom of the 

liquid CC6+, physically separating it from its liberated water. Because of this, when CC6 finally 

freezes at the peritectic temperature, the CC4 is physically separated from the previously 

liberated water, preventing it from being reconstituted into a homogeneous, crystalline CC6. 

The second factor preventing reversibility after the formation of CC4 is the high energy barrier 

which must be overcome in order for the liquid water to penetrate into and combine with the 

5 Phase Stability of CaCl2·6H2O 
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crystalline CC4. If the CC4 were molten, this energy barrier would be reduced due to the lower 

bond energies at the atomic and molecular levels. 

 

 

Figure 5.1: Phase Diagram of Binary CaCl2/H2O System Near the Peritectic Point [L8] 

 

At temperatures slightly below the freezing temperature of CC6, separation results in a stratified 

PCM with solid CC4 at the bottom, solid CC6 in the middle and a liquid CaCl2/H2O solution on the 

top. If heating or cooling of the PCM happens quickly, the temperature range during which CC4 

formation is favored is passed through more quickly, resulting in less separation. Lane has 

suggested that supercooling of the CC4 can also prevent separation. If the CC4 supercools, while 

the CC6 does not, freezing of the CC4 is delayed, reducing the time spent in the critical 



115 
 

temperature region where CC4 formation is favored [L8]. Alternatively, if the CC6 supercools, 

while CC4 does not, separation tends to increase. This section examines the methods for 

characterizing CC6 separation as well as solutions for preventing it. 

 

The literature differs slightly on the true peritectic point of CaCl2·6H2O. Brandstetter cites Mellor 

and Lane, who give peritectic compositions of 50.25 and 49.62 wt% CaCl2 (xH2O = 6.10 and 6.25), 

respectively; with corresponding temperatures of 29.8°C and 29.6°C [B19]. Despite the 

differences in peritectic condition, the literature consistently reports that the CC/H2O peritectic 

point occurs when xH2O is in slight excess of 6, which can be seen in Figure 5.1. 

 

A saturated CC solution (supernatant fluid) forms on the top of frozen CC6 when CC4 forms during 

freezing. Saturation concentrations of CC in this supernatant fluid were presented by 

Brandstetter and are seen in Table 5.1. At the freezing temperature of the hexahydrate 

(∼29.5°C), Table 5.1 suggests that the degree of hydration (xH2O) in the supernatant liquid is 

close to that of the hexahydrate (6). As the temperature falls, the percentage of water in solution 

increases, implying that the water percentage in the solid decreased below the hexahydrate 

concentration [B19]. As previously discussed, this decrease in H2O in the crystallized PCM is due 

to the formation of a percentage of solid CC4. The values in Table 5.1 assume that the solid 

hexahydrate and supernatant liquid are in equilibrium at each temperature. 

 

Several CC6 samples were prepared and frozen with their supernatant fluid being removed and 

tested by TGA and DSC to find xH2O. The frozen PCM temperature was in the range of 20-25°C. 

The TGA was directly used to find xH2O of the samples by measuring the PCM mass loss as the 

samples were heated to 400°C. As discussed in Section 3.5, expulsion of PCM from the TGA pan 

makes its moisture loss results unreliable. To get around this issue, DSC test results were used 

to infer the moisture of the samples through the following procedure. First, the peak 
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temperature of the melting curve was obtained via DSC. This peak temperature was used as the 

input to a curve fit of the liquid/solid phase transition curve of the CC/H2O phase diagram (Figure 

5.1). Since water content in excess of the hexahydrate was expected, the curve fit was 

constructed using only the liquidous line to the left of the peritectic point (the CC6 curve) in 

Figure 5.1. The TGA and DSC-based results for xH2O in the supernatant liquid at a temperature 

between 20 and 25°C are presented in Table 5.2.     

 

Table 5.1: Saturation Values of CaCl2 in Supernatant Liquid [B19] 

Temperature 
[°C] 

CaCl2  
[wt%]  

xH2O 
[mol/molCaCl2] 

0 37.3 10.35 

5 38.3 9.94 

10 39.4 9.48 

15 40.8 8.93 

20 42.7 8.27 

25 45.4 7.42 

28 48.2 6.62 

30 50.5 6.04 

 

Table 5.2: xH2O of Supernatant Liquid at 20-25°C Found Using TGA and DSC 

Sample # 
xH2O  
(TGA)  

[mol/molCaCl2] 

xH2O 
(Calculated 
Using DSC) 

[mol/molCaCl2] 

14 7.54 7.82 

15  8.34 

17 8.12 7.74 

Average 7.91 
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The results in Table 5.2 not only show good agreement between the TGA and DSC-calculated 

results, but also agree well with the saturated liquid results presented by Brandstetter in Table 

5.1.  

 

5.1 Speciation of CC6 Due to Phase Separation 

The separation of CC6 with CC4 formation is illustrated in Figure 5.2. Three phases at a 

temperature slightly below the CC6 freezing temperature are illustrated; a supernatant liquid 

layer on top of an intermediate layer of solid CC6, with a layer of solid CC4 on the bottom. For 

the following analysis, it is assumed that only CC6 can separate to form CC4 and supernatant 

liquid. In other words, any CC4 or supernatant liquid initially available in the PCM will act as an 

inert compound during these analyses. It was also assumed that added SC6 does not impact the 

CC and H2O balance. This may not always be a valid assumption as SC6 added to CC6 is known to 

release H2O, forming SrCl2·2H2O. Additional experimental information is required to determine 

to what extent the addition of SC6 to CC6 impacts the overall water balance of the system. In 

order to conduct a mass balance of this system, the total available mass of CaCl2 (mCC) and H2O 

(mw) in the CC6 are each divided into three variables for the three layers. These six mass 

variables are illustrated on the righthand side of Figure 5.2.    
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Figure 5.2: Speciation of CC6 After Separation During Freezing 

 

Equations (24) and (25) are the governing mass balance equations for the three layer, CC/H2O 

system presented in Figure 5.2.  

 

mCC = mCCl* + mCC6* + mCC4* (24) 

mw = mwl* + mw6* + mw4* (25) 

 

In order to solve Equations (24) and (25), the mass fraction of CaCl2 (wCC) in of any of the three 

layers (denoted by subscript j*) is first defined using Equation (26). 

 

wCCj* = 
mCCj*

mCCj* + mwj*

  (26) 
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Where mCCj* is the mass of CC and mwj* is the mass of water. Equation (26) can be re-written in 

terms of the moles of CC (nCCj*) and moles of water (nwj*) in the layer j*. 

 

wCCj* = 
nCCj*MCC

nCCj*MCC + nwj*Mw

 (27) 

 

Where MCC is the molar mass of CC (110.978 g/mol) and Mw is the molar mass of water (18.015 

g/mol). Letting nCCj* = 1, Equation (27) can be normalized to the moles of CC: 

 

wCCj* = 
110.978 g

mol

110.978 g
mol

 + nwj*·18.015 g
mol

 = 
6.1603

6.1603 + nwj*

 (28) 

 

Combining Equations (26) and (28), the mass fraction of CC can be eliminated, leaving Equation 

(29). 

 

mCCj*

mCCj* + mwj*

 = 
6.1603

6.1603 + nwj*

 (29) 

 

After further simplification, the general equation relating mw, mCC and nw for any layer, j*, of 

the PCM is found: 

 

mwj*

6.1603

nwj*

 = mCCj* (30) 

 

Equation (30) applies to the supernatant liquid region (subscript l*), the hexahydrate region 

(subscript 6*), and the tetrahydrate region (subscript 4*). Knowing this, Equation (30) for the 

hexahydrate and tetrahydrate regions can be substituted into Equation (24). Note that nw6* and 

nw4* are equal to 6 and 4, respectively. 
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mCC - mCCl* = mw6*

6.1603

nw6*

 + mw4*

6.1603

nw4*

 = mw6*

6.1603

6
 + mw4*

6.1603

4
 (31) 

 

If Equation (25) is multiplied by -6.1603/6 and added to Equation (31), the mass of water in the 

hexahydrate (mw6*) is eliminated, allowing the mass of water in the tetrahydrate (mw4*) to be 

easily solved for. This summation is presented in matrix form in Equation (32) and it can be 

reduced to Equation (33): 

 

[

6.1603

6

6.1603

4

-
6.1603

6
-
6.1603

6

] [
mw6*

mw4*
]  = [

mCC - mCCl*

-
6.1603

6
(mw - mwl*)

] (32) 

mCC - mCCl* - 
6.1603

6
(mw - mwl*) = 

6.1603

12
mw4* (33) 

 

Rearranging Equation (33), the mass of water in the tetrahydrate can be solved for if the mass 

of water (mwl) and CC (mCCl) in the supernatant liquid are known. Note that it is assumed that 

the original mass of water (mw) and CC (mCC) in the PCM are known. 

 

mw4* = 
12

6.1603
(mCC - mCCl*) - 2(mw - mwl*) (34) 

 

Plugging Equation (30) for the tetrahydrate into Equation (34), mCC4* can be solved for: 

 

mCC4* = 3(mCC - mCCl*) - 
6.1603

2
(mw - mwl*) (35) 

 

By substituting Equations (34) and (35) into Equations (24) and (25), similar equations for the 

mass of CC and water in the hexahydrate can be found: 
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mCC6* = -2(mCC - mCCl*) + 
6.1603

2
(mw - mwl*) (36) 

mw6* = -
12

6.1603
(mCC - mCCl*) + 3(mw - mwl*) (37) 

 

For all of these equations, mCC and mw are calculated by multiplying the original CC6 mass (m) 

by the mass fraction of CC and H2O originally in the CC6; wCC and ww respectively: 

 

mCC = wCCm = 
6.1603

6.1603 + nw

m = (for nw = 6) = 0.5066 m (38) 

mw = wwm = (1 -
6.1603

6.1603 + nw

) m = (for nw = 6) = 0.4934 m (39) 

 

5.2 Measuring Speciation of CC6 During Slow Cycling 

Equations (34) through (39) were used to characterize the separation of CC6 during slow (1°C/hr) 

cycling in the programable water bath. Four identical, CC6 samples were prepared with 3 wt% 

SC6 added for supercooling suppression. These samples were labeled as 5S, 6S, 7S and 9S, with 

their compositions presented in Figure 5.3. Cycling was conducted between 35 and 25°C with a 

temperature ramp rate of 1°C/hr. and 2 hr. temperature holds at both the hot and cold 

temperatures. After 10, 25, and 40 cycles, any supernatant liquid formed on top of the frozen 

PCM was removed and weighed before the sample was returned to the bath for additional cycling. 

During this process, each time the sample was returned to the bath, the total mass of PCM was 

reduced by the mass of supernatant liquid, which had been removed and weighed. 
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Table 5.3: CC6 Samples for Slow Cycle Testing 

Sample 
mENC  
[g] 

mPCM  
[g] 

CaCl2·6H2O 
[wt%] 

SrCl2·6H2O 
[wt%] 

5S 152.6 81.1 97.0 3.0 

6S 148.3 83.5 97.0 3.0 

7S 149.2 82.3 97.1 2.9 

9S 153.8 76.8 97.0 3.0 

 

After the first 10 cycles, all four samples were removed from the bath at 25°C and any 

supernatant liquid was dumped off and weighed. Table 5.1 was used to find the moles of water 

in this supernatant liquid at 25°C. To solve for mwl* and mCCl* using the total mass of liquid (ml), 

the following relation was utilized: 

 

ml = mCCl* + mwl* (40) 

 

After dividing by mwl*, Equation (40) can be rearranged with the masses of CC and water being 

substituted with their molar values times their molar masses: 

 

ml 

mwl*

 = 
mCCl*

mwl*

 + 1=
mCCl* + mwl*

mwl*

 = 
nCCl*MCC + nwl*Mw

nwl*Mw

 (41) 

 

Letting nCCl* = 1 with MCC = 110.978 g/mol and Mw = 18.015 g/mol, Equation (41) reduces to the 

following for mwl*: 

 

mwl* = 
nwl*

6.1603 + nwl*

ml (42) 

 

With mwl* known, mCCl* can be easily found through plugging Equation (42) into Equation (40) and 

solving for mCCl*: 
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mCCl* = (1 - 
nwl*

6.1603 + nwl*

) ml = 
6.1603

6.1603 + nwl*

ml (43) 

 

Equations (42) and (43) were initially used to find mwl* and mCCl* for all four cycled samples. With 

the CC and water concentrations for the supernatant liquid found, Equations (34) through (37) 

could be used to find the concentrations of the remaining two separated PCM layers. After 

removing the supernatant liquid at 10 cycles, the four samples were returned to the water bath 

and cycled to 25 complete cycles. At 25 cycles, any supernatant liquid was removed and weighed 

with the speciation calculations being repeated. For these calculations, the initial mass of CC6 

used (m) was that of the CC6 remaining after the initial speciation at 10 cycles. The liquid 

removed at 25 cycles was used to calculate the quantity of CC4, which was generated between 

cycles 10 and 25. This new CC4 was added to the CC4, which existed after 10 cycles to arrive at 

the total quantity of CC4 after 25 cycles. Similar calculations were conducted after the samples 

were removed from cycling at 40 cycles. Speciation results for all four samples at all cycle times 

are presented in Table 5.4. These results are plotted in Figure 5.3, allowing for easy visualization 

of CC6 speciation during cycling. 

 

Figure 5.3 and Table 5.4 show that after 10 cycles, only a small percentage of CC6 has separated 

into CC4 and supernatant liquid (~1 to 2.4 wt% CC4). After 25 cycles, around 17.5% CC4 has 

formed in the 6S and 7S samples, while it has not significantly increased for the remaining two 

samples. After 40 cycles, all four samples are calculated to have CC4 levels in excess 16.6 wt%. 

This corresponds to around a 48-59 wt% decrease in CC6. Such a large decrease in CC6 will have 

a significant negative impact on the latent heat storage potential of the PCM. 
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Table 5.4: Speciation Results for Slow Cycling of CC6 

Cycles Sample Liq. [g] CC6 [g] CC4 [g] 

0 

5S 0 81.10 0 

6S 0 83.50 0 

7S 0 82.30 0 

9S 0 76.80 0 

10 

5S 1.98 78.06 1.06 

6S 3.06 78.80 1.63 

7S 3.69 76.64 1.97 

9S 1.66 74.26 0.89 

25 

5S 0.67 77.11 1.42 

6S 24.08 41.69 14.43 

7S 23.63 40.44 14.53 

9S 0.50 73.45 1.16 

40 

5S 24.23 39.86 14.30 

6S 4.90 34.26 17.04 

7S 4.34 33.82 16.84 

9S 21.85 39.98 12.77 

 

 

Figure 5.3: Speciation of CC6 During Slow Cycling 
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5.3 Thermal Cycling and Calorimetry of CaCl2·6H2O 

As outlined in Section 4.6.3, six ~200 g CC6 samples were cycled 2,700 times between 5 and 

45°C. A complete cycle consisted of 75 minutes of cooling, followed immediately by 75 minutes 

of heating. Since the automated cycling system was designed for rapid cycling, the temperature 

of the water surrounding the samples was changed to the opposite extreme within several 

minutes at the end of each half-cycle. As shown in Figure 4.26, after 2,700 cycles, Hf was found 

to have decreased by only 3.8% on average. However, there are two factors, which are believed 

to be positively biasing these results in favor of less separation, the fast cycling rate and a melting 

temperature above the melting temperature of the tetrahydrate (~45°C). 

 

5.3.1 Impact of Cycling Rate on Separation 

The CC/H2O phase diagram (Figure 5.1) suggests that any cooling CC6, which crosses the liquidous 

line at a CaCl2 concentration to the right of the peritectic point, will experience separation. 

However, the phase diagram is based on equilibrium conditions between the given phases, while 

the separation of CC6 is in practice a reaction kinetics-limited process. Because of this, the time 

spent in the critical temperature region between 32.8 and 29.5°C limits the separation of CC6. 

In other words, if the CC6 moves through the critical temperature region more slowly (a slower 

cooling rate), there is more time during which CC4 can precipitate from the liquid CC6. Likewise, 

faster cooling rates reduce separation by minimizing the time during which CC4 can precipitate 

before CC6 does. Several authors, such as Lorsch et al. [L18], and Brandstetter [B19] have 

qualitatively commented on this phenomenon, but the impact of cooling rate on separation has 

not been quantitatively documented. 

 

As shown in Section 5.2, the quantity of supernatant liquid formed above solidified CC6 directly 

correlates to the quantity of precipitated CC4. Therefore, by weighing the mass of supernatant 
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liquid after freezing, the separation of CC6 can be quantitatively measured. In order to test the 

impact of cycling rate on separation, freezing tests of CC6 + 3 w% SC6 were conducted at varying 

cooling rates using the programable water bath. SC6 was added to all samples to minimize 

supercooling of the CC6. For all tests, freezing began at 35°C and concluded at 25°C after a 

linear temperature ramp over the specified time period. The degree of separation was measured 

by weighing the mass of supernatant liquid on top of the frozen (at 25°C) CC6 after a single 

cycle. Results from this testing are presented in Figure 5.4. 

 

 

Figure 5.4: Supernatant Liquid Per Freeze vs. CC6 Freeze Rate 

 

As expected, Figure 5.4 shows a decreasing trend in measured supernatant liquid with increasing 

cooling rate. The considerable scatter in the data is likely due to small differences in hydration 

between the samples. Despite this variability, these results can be used as a guide to predict the 

approximate separation of CC6 under varying cooling rates. 
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In order to correlate the supernatant liquid fraction in Figure 5.4 to the weight fraction of CC6 

remaining in the PCM, the total weight fraction of CC6 (wCC6) was defined as: 

 

wCC6 = 
mCC6

m
 = 

mCC6* + mw6*

m
 (44) 

 

Combining Equations (36) and (37) with Equation (44), Equation (45) results: 

 

mCC6

m
=

-2(mCC - mCCl*) + 
6.1603

2
(mw - mwl*) - 

12
6.1603

(mCC - mCCl*) + 3(mw - mwl*)

m
 

(45) 

 

Like terms can be combined, and mwl* and mCCl* are replaced with Equations (42) and (43) 

respectively: 

 

mCC6

m
=

-3.9480 (mCC - 
6.1603

6.1603 + nwl*
ml)  + 6.0802 (mw -

nwl*

6.1603 + nwl*
ml)

m
 

(46) 

 

Equations (38) and (39) can be substituted into Equation (46) in order to get mCC and mw in terms 

of m: 

 

mCC6

m
=

-3.9480 (wCCm - 
6.1603

6.1603 + nwl*
ml)  + 6.0802 (wwm -

nwl*

6.1603 + nwl*
ml)

m
 

(47) 

 

Equation (47) can be further reduced: 

 

mCC6

m
= - 3.9480 wCC + 6.0802 ww + 6.0802 ( 

4 - nwl*

6.1603 + nwl*

) wl (48) 
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Where wl is the mass fraction of supernatant liquid; or ml = wlm. Combining Equation (48) with 

the logarithmic curve fit in Figure 5.4, the following equation is found for the weight percentage 

of CC6 after cycling: 

 

mCC6

m
= - 3.9480 wCC + 6.0802 ww + 6.0802 ( 

4 - nwl*

6.1603 + nwl*

) (-0.3658 ln(RC) + 1.0969) (49) 

 

For CC6, Equations (38) and (39), show that wCC and ww are equal to 0.5066 and 0.4934 

respectively. Substituting these values into Equation (49), the weight fraction of CC6 after cycling 

can be further simplified: 

 

mCC6

m
= 1 + 6.0802 ( 

4 - nwl*

6.1603 + nwl*

) (-0.3658 ln(RC) + 1.0969) (50) 

 

Using Equation (50), the weight fraction of CC6 after a single cycle was estimated across the 

range of cooling rates between 0 and 20°C/hr (Figure 5.5). The secondary axis of Figure 5.5 

presents the change in Hf expected if a linear inverse relationship between the CC6 mass fraction 

and ∆Hf is assumed. This is a reasonable assumption as only the CC6 in the PCM undergoes a 

phase transition at the CC6 melting temperature. 
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Figure 5.5: CC6 and Calculated Hf After Single Freezing vs. Cooling Rate 

 

Figure 5.5 clearly shows that for CC6 cooling rates of less than 4°C/hr, greater than a 1% 

reduction in Hf can be expected per cycle. As the cooling rate approaches 0°C/hr, ∆Hf approaches 

-5%/cycle. It’s important to note that even a small change in ∆Hf with cycling is problematic if a 

PCM is to be used for thousands of cycles. Figure 5.5 appears to show much better PCM stability 

at cooling rates approaching 20°C/hr. This Figure is not intended to be used as an exact predictor 

of long-term PCM stability. Rather, it is hoped that Figure 5.5 can be used as a guide in developing 

appropriate long-term PCM test regimes. For instance, these results clearly show that 

accelerated PCM cycling will under-predict actual PCM separation. Additional research should be 

conducted to determine how rapid cycling can be adjusted to compensate for these differences 

in separation with cycling speed.   
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5.3.2 Slow Cycling 

Given the impact of cooling rate on separation, the thermal performance of CC6 during slow 

cycling was tested for comparison to the rapid cycling (2,700 cycle) thermal results. Four 

identical, ~80 g samples of CC6 + 3 wt% SC6 were prepared in stainless steel containers, which 

were shortened versions of the ~200 g sample cylinders presented in Figure 3.9. The compositions 

of these four samples are presented in Table 5.5. All samples were fitted with three-wire RTDs 

for temperature measurement during cycling and drop calorimeter. 

 

Table 5.5: CC6 Samples for Slow Cycle Testing 

Sample 
mENC  
[g] 

mPCM  
[g] 

CaCl2·6H2O 
[wt%] 

SrCl2·6H2O 
[wt%] 

8S 243.8 75.5 97.1 2.9 

13S 239.0 76.2 97.0 3.0 

14S 240.3 91.4 96.9 3.1 

16S 240.6 88.1 96.9 3.1 

 

Conditions for slow cycling were 24 hour cycles between 25 and 35°C with 1°C/hr. linear 

temperature ramps and 2 hr. holds at both the cold and hot temperatures. Samples were removed 

after 10 and 25 cycles for drop calorimetry, with calorimeter Hf results presented in Figure 5.6.  

 

Figure 5.6 shows that after 10 cycles all four samples experienced a negligible change in Hf. At 

25 cycles, two of the samples (13S and 16S) showed around a 35% decrease in Hf, indicating that 

a critical cycle number was reached somewhere between 10 and 25 cycles. Interestingly, two of 

the samples (8S and 14S) continued to show a negligible change in Hf at 25 cycles. 
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Figure 5.6: Hf of CC6 During Slow Cycling to 25 Cycles 

 

Considering the four slow cycling samples together, it was found that after 25 cycles, ∆Hf 

decreased on average by 15.7%. Drawing a line between an ∆Hf of 0% at 0 cycles and this average 

value, a potential linear relationship between ∆Hf and the number of cycles (Ncyc) was found: 

 

∆Hf[%] = -0.628 Ncyc (51) 

 

While enlightening, this average-based relationship is somewhat misleading as the results of 

Figure 5.6 show that individual CC6 samples either experience no change in ∆Hf or an average 

change of -33.9% at 25 cycles. In other words, there are no “average” samples. Because of this 

lack of data points about the mean ∆Hf at 25 cycles (-15.7%), it is recommended that only the 

worst-performing samples be included in the equation for ∆Hf vs. Ncyc. Using this methodology, 

the following relationship is recommended when representing the worst-case performance of 

CC6 during cycles with a 1°C/hr cooling rate: 
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∆Hf[%] = -1.356 Ncyc (52) 

 

While Equation (52) is valid for the first few cycles, it is unknown for how many cycles this linear 

relationship will hold true. It is expected that as cycle number is increased, ∆Hf will reach an 

asymptotic value at a point somewhere above a 100% decrease in ∆Hf. In other words, it is not 

expected that all of the CC6 will separate into CC4 and water, but that an equilibrium 

concentration between CC6, CC4 and water will eventually result in a stable mixture; albeit with 

a much reduced Hf value. 

 

It should be noted that after a single cycle, Equation (52) suggests an ∆Hf value, which is of the 

same order as that predicted by Figure 5.5. Figure 5.5 suggests a change in Hf of -1.85%/cyc, vs. 

the value of -1.356 %/cyc predicted by Equation (52).  

 

To further illustrate the difference in ∆Hf with respect to cycling speed, the rapid, long-term 

cycle testing of CC6 presented in Figure 4.26 is re-plotted in Figure 5.7 for ∆Hf between ±20%. 

Although there is considerable scatter in the data, when a linear trendline was applied to the 

data, a slight decrease in ∆Hf vs. the number of cycles was found: 

 

∆Hf[%] = -1.5 x 10
-3

 Ncyc (53) 

 

These results for rapid cycling are in line with those suggested by Figure 5.4, where at the 

maximum cooling rate of 20°C/hr., separation was found to approach 0. 
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Figure 5.7: Change in Hf vs. Cycling for 45°C/hr Cooling Rate 

 

5.3.3 Impact of High-Side Temperature on Separation 

Once solid CC4 forms, an irreversible situation occurs due to CC4’s melting temperature (39-

45.3°C [N4]) being considerably above that of the CC6 (29.6°C [L8]). If the PCM is only heated 

to 35°C, solid CC6 will liquify, while CC4 remains in the solid form. As long as CC4 remains in the 

crystalline form, the stronger crystalline bonds largely prevent CC4 from being hydrated to CC6 

by free water. It was hypothesized that if the high-side PCM temperature would rise above 39-

45.3°C, both the CC6 and CC4 would liquify, allowing for a homogenous CC6 liquid to be 

reconstituted so long as there was sufficient free water available to increase the hydration level 
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of the CC4. If this hypothesis were true, increasing the temperature of a previously-separated 

PCM to more than 45°C, would result in a renewed, homogeneous PCM.  

 

Testing of this hypothesis was conducted using the slow cycling test samples presented in Table 

5.3. As previously shown in Figure 5.6, after 25 cycles, two of the samples (13S and 16S) 

experienced on average a 33.8% decrease in Hf. Up to this point in the test regime, care was 

taken to ensure that these samples never exceeded 40°C during cycling, storage, or calorimetry. 

However, after conducting the 25 cycle calorimetry tests, all four samples were heated to 50°C 

for a minimum of 24 hours before being re-tested by drop calorimetry. After several drop 

calorimetry tests, Hf was found to increase to close to its original value for Samples 13S and 16S. 

This result indicates that increasing the PCM temperature to greater than the melt point of the 

tetrahydrate is an effective method for reversing the majority of CC6 separation. Since heating 

to 50°C was conducted during the storage period between calorimetry tests, it is believed that 

the reversing of separation through heating is only dependent on temperature and not the cycling 

rate. 

 

Once thermal performance was improved by heating to 50°C, all four samples were subjected to 

an additional 15 cycles; once again taking care to maintain the PCM at temperatures less than 

40°C during cycling, storage, and calorimetry. After an additional 15 cycles, Samples 13S and 

16S were again found to experience around a 30% reduction in Hf (Figure 5.8). When these 

samples were subsequently heated to 50°C and re-tested by drop calorimetry, virtually all of the 

lost latent heat capacity was recovered within a handful of calorimeter cycles. 

 

These results demonstrate that long-term performance of CC6 can be ensured, and even 

recovered, through heating of the PCM to temperatures greater than the melting point of the 

tetrahydrate. Hot-side temperatures of greater than 40°C are not uncommon in many PCM 
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applications. For instance, in the supplemental condenser cooling system presented in Section 

1.1, the PCM is melted via steam leaving the final low-pressure turbine in a power generation 

cycle. Depending on the plant, this steam can exceed 45-50°C. Accounting for modest 

temperature losses during heat transfer, PCM hot-side temperatures in excess of 45°C can be 

expected. 

 

 

Figure 5.8: Hf During 24 Hour Cycling of CC6 with Thermal Recovery at 50°C 

 

In order to examine the stability of CC6 in another way, temperature traces for the four 

instrumented CC6 samples (Figure 5.5) are presented for cycles 10, 25 and 40 in Figure 5.9. It is 

clear that at 10 cycles all four samples follow a similar cooling trend with around 1°C of 

supercooling before being frozen at a temperature of approximately 28°C. Upon heating, the 

deviation in sample temperature from the water temperature is an indication of melting; 

occurring around a temperature of 30°C. By cycle 25, Samples 13S and 16S closely follow the 

water temperature throughout the cooling and heating processes. This indicates a reduced heat 
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of fusion for both freezing and melting, which is seen in the corresponding calorimetry results at 

these cycle numbers (Figure 5.8).  

 

 

Figure 5.9: Temperature Traces of CC6 Samples During Slow Cycling 

 

5.4 Methods for Preventing Separation of CC6 

Given the poor stability results of CC6 under 24 hr. cycling, methods for preventing separation 

were investigated. There are three primary methods for preventing separation in hydrated salt 

PCMs. The most widely discussed method is through thickening of the bulk PCM, which prevents 

settling of solid phase (CC4 in the case of CC6) during freezing. This method was demonstrated 

to work for Na2SO4·10H2O by Telkes, who added attapulgite clay to the salt and found that it 

prevented density-based separation [T7]. The second method for prevention of separation is 

chemical modification of the PCM through the use of an additive. For example, the addition of 

NaCl to CC6 has been studied by several researchers. As is often the case in hydrated salt 

research, little agreement is found between the literature with regard to this additive. Carlsson 

et al. found that NaCl shifted the CaCl2/H2O phase diagram such that the 6-hydrate composition 



137 
 

was pushed away from the peritectic point. This condition would adversely affect separation 

[C6]. Contrary to this are findings by Kimura et al., who states that a small percentage of NaCl 

is essential for long-term stability [K13]. In 1986, Lane et al. [L6] patented a method of 

preventing separation in CaCl2·6H2O through the addition of potassium chloride (KCl), although 

this finding has not been independently verified. Carlsson et al. found that 2 wt% SC6 appeared 

to eliminate separation in CC6 [C6], although this conclusion was later contested by Lane. Lane 

suspected that Carlsson et al.’s improvement in separation was actually due to water being 

released from the SC6 [L2]. This leads to the third method suggested to prevent separation in 

CC6; the addition of excess water above the 6-hydrate concentration. The reason why excess 

water reduces separation is evident by considering the phase diagram of the CaCl2/H2O system; 

as seen in Figure 5.1. If the CC:H2O ratio is shifted slightly to the left of the 6-hydrate level (H2O 

composition greater than xH2O = 6), it can be made to correspond with the peritectic point, at 

which point tetrahydrate should not form during freezing. Brandstetter indicated that no 

separation was observed at xH2O = 6.14, although he cautioned that in practice the tetrahydrate 

may still form due to kinetic factors [B19]. Kimura et al. found good stability at xH2O = 6.11 for 

over 1000 cycles; although NaCl was also added to this system [K13]. Brandstetter thermal cycled 

CC6 with a slight excess of water. After 600 daily cycles, no tetrahydrate was found to have 

formed for xH2O = 6.14. For excess water of less than xH2O = 6.10, tetrahydrate was found to 

quickly form in the cycled salt, suggesting a peritectic concentration in slight excess of xH2O = 

6.10 [B19]. There is some disagreement on the exact peritectic concentration. Roozeboom gives 

the peritectic temperature and hydration level as 29.8°C and 6.10 respectively [R10]. Lane gives 

the peritectic point at 29.45°C at xH2O = 6.25 [L8]. Kimura et al. presents the peritectic point 

at xH2O = 6.14 [K13] and Feilchenfeld et al. gives a value of xH2O = 6.12 [F6]. 
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5.4.1 The Extra Water Approach 

While the extra-water method is the simplest of the methods to implement, there was concern 

about the very tight moisture tolerance that the CC6 would have to be maintained at (between 

6.10 and 6.14). CC6 is a desiccant at typical ambient conditions, while at higher temperatures 

and lower humidity, CC6 can release water. This not only necessitates careful encapsulation of 

the PCM, but also creates considerable challenges in ensuring the proper hydration level during 

material preparation. Truly anhydrous CaCl2 is difficult to obtain as it readily absorbs moisture 

from the atmosphere. Therefore, when adding H2O to CaCl2 in order to hydrate it, the exact 

quantity of moisture in the “anhydrous” CaCl2 must be accurately known in order to arrive at the 

desired hydration level. Most of the difficulties in preparation lie in the atmosphere in which the 

PCM is prepared. When measuring the moisture in the “anhydrous” CaCl2, a nitrogen atmosphere 

should be maintained to ensure complete dehydration. Equipment used for this purpose, such as 

thermogravimetric analyzers (TGA) are typically operated with a nitrogen atmosphere over the 

sample pan. The real difficulty is during mixing of the water and CaCl2, where an atmosphere 

with vapor fraction corresponding to the vapor pressure of the desired CaCl2 hydrate should be 

maintained. This requires custom equipment with very precise humidity controls (on the order 

of ±0.1% relative humidity). Even if CC6 of the correct hydrate is manufactured, it must be very 

well encapsulated throughout its usable lifetime to prevent water from entering or exiting the 

PCM. Because of these challenges, the extra water method was not pursued as a practical method 

of CC6 stabilization. 

 

5.4.2 The Thickening Approach 

Initial work considering thickening of CC6 was conducted using hydroxyethyl cellulose (HXC). This 

thickening agent has a viscosity between 4,500 and 6,500 mPa·s with a solubility of 2 wt% in 

water at 25°C. It was added to the CC6+MC6 and CC6+KN PCMs at a mass percentage of 1-1.1% 
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of the water in the hydrated salts. Initially, the HXC was well-mixed in the PCMs, but within 1 

hour separation between the PCM and HXC was evident; with the HXC floating on top of the PCM 

(Figure 5.10). This poor mixing is thought to be due to incomplete dissolution of the HXC into the 

hydrated salt PCMs. While there may be thickening agents, which do not exhibit this behavior, 

additional work with thickening agents was not conducted.  

 

 

Figure 5.10: Hydrated Salt Mixture with Hydroxyethyl Cellulose 

 

5.5 Improving the Stability of CC6 With KCl Approach 

Stabilization of CC6 through the use of an additive to modify its chemical structure is believed 

to be the most desirable stabilization method. The reason being that this method results in a 

new, stable PCM with physical characteristics very similar to the original PCM. For instance, the 

use of thickening agents would result in a PCM, which is more gel-like in substance. While this 

change would likely be acceptable for many applications, it could raise new issues associated 

with filling of large containers, such as those proposed for the ACC cooling system. Chemical 
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modification of a hydrated salt also has the potential of forming a new, moisture stable eutectic 

between the salt and added compound. In other words, the hydration level of the new compound 

may be somewhat self-regulating – eliminating the need for precise atmospheric control during 

material preparation. 

 

The addition of KCl to CC6 was selected for trial as a chemical stabilization technique. KCl was 

added to CC6 at 1, 2, and 5 wt%. Several samples of CC6 without KCl were simultaneously 

considered to provide baseline data. Note that all samples contained 3 wt% SC6 for supercooling 

suppression. Samples were tested by repeated cycling in the programable water bath according 

to the following procedure: 

  

• Temperature maintained at 35°C for 4 hours 

• Linear cooling from 35 to 25°C over 10 hours 

• Temperature maintained at 25°C for 4 hours  

• Rapid heating to 35°C to complete the cycle 

 

After five complete cycles, samples were removed at 25°C with the supernatant liquid on top of 

the frozen solid being dumped off and weighed. Results of this testing are presented Figure 5.11. 

Data points are presented along the x-axis, with normal distribution curves for each KCl 

concentration plotted above the corresponding data points. The heights of the distribution curves 

correspond to the number of cycles completed by each sample. 

 

Figure 5.11 clearly shows that samples without added KCl contained on average 11-12 wt% 

supernatant liquid after 5 cycles. Samples with KCl had much lower levels of supernatant liquid 

after cycling; on average around 3 wt%. What is less clear are differences between the 

concentrations of KCl. From these results, it can be concluded that the addition of any quantity 
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of KCl at or above 1 wt% will reduce the supernatant liquid after 5 cycles by approximately 75% 

relative to a CC6 sample without KCl.  

 

Figure 5.11: Measured Liquid After Initial Cycling of CC6 + KCl 

 

Cycling of the samples in Figure 5.11 was continued after the initial supernatant liquid dump. 

This testing was conducted for two primary reasons. First, for the samples without KCl, it was 

assumed that the formation of supernatant liquid was due to the formation of tetrahydrate during 

repeated cycling. If CC4 was consistently produced during each cycle, it was expected that 

further cycling would result in additional supernatant liquid. The second reason for continued 

cycling was to test a hypothesis that the supernatant liquid for cases with KCl arose during the 

creation on a new, stable eutectic made up of CC6 and KCl. If this were the case, after the initial 

liquid dump, a significant quantity of supernatant liquid would not reappear with additional 

cycling. Results for the measured supernatant liquid of the samples after additional cycling are 

presented in Figure 5.12. 
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Figure 5.12: Measured Liquid After Initial Liquid Dump and Further Cycling of CC6 + KCl 

 

Figure 5.12 shows that for the CC6 samples without KCl, around the same weight percentage 

(~12.5 wt%) of supernatant liquid reappeared after an additional 5 cycles. This indicates that for 

CC6 without KCl, supernatant liquid will continue to be produced even after it is initially 

removed. In other words, CC6 does not stabilize when the supernatant liquid is removed, which 

was expected.  

 

For the samples with KCl, all of the samples were found to have a lower percentage of 

supernatant liquid formation after the initial liquid dump. Most impressively, for the 1 and 2 wt% 

KCl cases, no supernatant liquid was observed after 15 additional cycles. Interestingly, the 5% 

KCl samples experienced the formation of additional supernatant liquid, but even for these 

samples only one data point was greater than 2 wt% for cycle numbers of up to 20. These results 

strongly suggest that CC6 and KCl can form a stable, eutectic mixture at relatively low KCl weight 

percentages. During the formation of this compound, excess water is released and forms a 
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supernatant liquid on the top of the frozen PCM. If this liquid is removed, it does not re-appear 

even after numerous freeze-thaw cycles. 

 

Given these positive separation results for CC6 plus 1 or 2 wt% KCl, cycling of ~80 g samples of 

CC6 + 2 wt% KCl was conducted. Eight samples of this composition were prepared, with four of 

the samples fitted with RTDs for calorimetry testing. The compositions of these eight samples 

are presented in Table 5.5. All eight samples were subject to 24 hr. cycling with 1°C/hr 

temperature ramp rates and 2 hour holds at temperatures of 25 and 35°C.  

   

Table 5.6: CC6+KCl Samples for Slow Cycle Testing 

Sample # 
mENC  
[g] 

mPCM  
[g] 

CaCl2·6H2O 
[wt%] 

KCl 
[wt%] 

SrCl2·6H2O 
[wt%] 

1S 149.1 81.0 95.1 2.0 3.0 

2S 151.7 80.7 95.0 2.1 2.9 

3S 148.0 85.0 95.1 2.0 2.9 

4S 153.1 83.2 95.1 2.0 2.9 

10S 238.3* 88.2 95.2 1.9 2.8 

11S 238.9* 88.5 95.1 1.9 2.9 

12S 241.3* 88.6 95.1 1.9 2.9 

15S 246.8* 88.0 95.1 1.9 3.0 

           * Includes RTD for Calorimeter Measurement 

 

Drop calorimetry test of the later four samples were conducted before cycling with an average 

Hf of 162.1 J/g found. Calorimetry was repeated after 10 cycles, followed by calorimetry at 25 

cycles. These results are illustrated in Figure 5.13. At 10 cycles, all four samples were found to 

have a negligible change in Hf. However, by 25 cycles, three of the four samples experienced on 

average a 32.3% drop in Hf, comparable to two of the CC6 samples without KCl (Figure 5.8). As 

with the samples without KCl, for up to 25 cycles the samples were maintained at less than 40°C 

to ensure there was no melting of any formed tetrahydrate. In order to test the thermal recovery 
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of the three samples with decreased ∆Hf at 25 cycles, these samples were heated to 50°C and 

retested in the calorimeter. Within 3 calorimeter cycles, all of the samples had recovered nearly 

all of their lost thermal performance. 

 

 

Figure 5.13: Change in Hf of CC6 + KCl During Slow Cycling 

 

All four samples were cycled for an additional 15 cycles (a total of 40 cycles) before being tested 

by drop calorimetry once again. At 40 cycles, the three samples that had previously lost thermal 

performance (11S, 12S, and 15S) were again found to have experienced around a 30% reduction 

in Hf. Upon subsequent heating to 50°C, these samples once again recovered nearly all of their 

lost thermal performance. Comparing Figure 5.13 to Figure 5.8, it would appear that the addition 

of KCl has no impact on the stability of CC6. However, this was only part of the story. 
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While the four samples with RTDs were being cycled, the four identical samples without RTDs 

were cycled alongside them in order to allow for measurement of any supernatant liquid which 

would form. After 10 cycles, all four of these samples contained between 1 and 1.8 wt% 

supernatant liquid, as seen in Figure 5.14. This liquid was dumped off of the samples and weighed 

before the samples were returned to the water bath and cycled to 25 complete cycles. At 25 

cycles, all of the samples were found to contain virtually the same quantity of liquid (~0.18 wt%). 

This small quantity of liquid indicated a much lower rate of separation between 10 and 25 cycles 

than that found for the majority of samples with RTDs (the samples where supernatant liquid 

was not removed). After removing this liquid and cycling to 40 cycles, an even lower percentage 

of liquid was found for all four samples (<0.05 wt%). Given that these four samples never 

exceeded 37°C, the results presented in Figure 5.14 do not agree with the calorimetry results of 

Figure 5.13, which raised some interesting questions. Namely, if KCl suppressed separation in all 

of the samples which were dumped, why was this not evident in the identical samples tested via 

calorimetry? It was hypothesized that the removal of supernatant liquid from the samples without 

RTDs was responsible for their stability. Stated another way, by not removing the supernatant 

liquid from the RTD-instrumented samples, any stabilizing effect due to the addition of KCl was 

negated. 

 

In order to test this hypothesis, the four samples without RTDs (which had their supernatant 

liquid periodically dumped), which had already completed 40 cycles (1S through 4S) were 

instrumented with RTDs and tested by drop calorimetry. This test was performed to ensure that 

the low levels of supernatant liquid appearing in these samples at 40 cycles (Figure 5.14) 

corresponded to small decreases in their latent heat storage capacity. While these samples were 

not tested via calorimetry at 0 cycles, their four sibling samples with RTDs were used to provide 

baseline Hf values at 0 cycles. Figure 5.15 presents measured Hf for both the samples in which 

the supernatant liquid was periodically removed and those where it was not removed.  
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Figure 5.14: Measured Supernatant Liquid During Slow Cycling of CC6+KCl 

 

As previously discussed, after 25 complete cycles, 3 of the 4 samples where supernatant liquid 

was not removed experienced a decrease in Hf of greater than 30%. This is in contrast to the four 

samples were supernatant liquid was periodically removed. As seen in Figure 5.15, these four 

samples maintained their latent energy thermal performance for up to 100 cycles. This is a 

significant finding as it is clearly evident that simply the addition of KCl to CC6 does not eliminate 

separation during repeated cycling. However, if the supernatant liquid, which appears after 

freezing of the CC6+KCl PCM, is removed, the PCM will remain stable. Because of this, it is critical 

that a procedure for supernatant liquid removal be included during PCM preparation. Additional 

long-term cycling should be conducted to determine if stability of the CC6+KCl PCM persists for 

several hundred or thousands of cycles. 
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Figure 5.15: CC6+KCl Samples with and Without Supernatant Liquid Removal 

 

5.5.1 Understanding the CC6+KCl System 

In order to understand the reason for why KCl is improving the stability of CaCl2·6H2O, changes 

to the CaCl2/H2O phase diagram were modeled using software based on the extended UNIQUAC-

based thermodynamic model developed by Thomsen [T12]. These modeled phase diagram results 

are plotted in Figure 5.16 alongside CC/H2O phase diagrams from the literature. The modeled 

results are presented as the solid dark lines, while the literature values are the hashed blue lines. 

 

Four percentages of KCl were considered for this phase diagram modeling; 0, 1, 2, and 3 wt%. 

Note that for the 0 wt% case, the phase diagram is equivalent to that of CC/H2O. While the 

calculated 0 wt% KCl case is seen to deviate slightly (on the order of 1-3%) from the literature 

phase diagrams, the shape of the liquidous curves are similar and can be used to imply why KCl 

improves the stability of CaCl2·6H2O. The model predicts that as the KCl concentration increases, 
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the peritectic point between the CC6 and CC4 liquidous curves shifts to the right and downward. 

As suggested by the binary CC/H2O phase diagram (Figure 5.1), shifting the peritectic point to 

the right moves it closer to the xH2O = 6 composition. The smaller the difference between the 

peritectic and hydrate composition, the less time freezing CC6 will spend in the critical 

temperature region where CC4 is produced. If the hydration level of the PCM corresponds with 

the peritectic composition, it is believed that a stable PCM will result. 

 

 

Figure 5.16: Modification of CaCl2/H2O Phase Diagram Through the Addition of KCl 

 

A ternary phase diagram of the CaCl2-H2O-KCl system was also modeled using Thomson’s software 

(Figure 5.17). Four temperatures in the critical region about the PCMs phase transition 

temperature were considered (15, 27, 30, and 35°C). The 15 and 35°C cases were selected as 
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the modeled results could be compared with ternary phase diagram results presented by Deng 

et al. [D4]. Deng et al.’s results are presented as the filled and open circles in Figure 5.17, while 

the modeled results from Thomson’s software package are presented as the dark gray lines. Good 

agreement between Deng et al.’s results and the modeled liquidous lines at 15 and 35°C were 

found.  

 

 

Figure 5.17: Ternary CaCl2-H2O-KCl Phase Diagram Calculated by Thomson’s Program  

 

Figure 5.17 shows two primary phases, which occur in the CaCl2-H2O-KCl system at temperatures 

between 15 and 35°C. At KCl concentrations greater than approximately 4 wt%, there exists a 

KCl phase. For KCl concentrations less than this threshold, the dominant phase is CC6, although 

CC4 occurs in this region at 35°C. The critical finding of Figure 5.17 is that the hydrated CaCl2 

phases and KCl appear to form a eutectic mixture (inflection points on liquidous curves) at KCl 

concentrations of approximately 4 wt%. Furthermore, Figure 5.17 shows that the position of the 

eutectic peak in the phase diagram varies as the quantity of water in the PCM increases above 

the hexahydrate composition. To help illustrate this, the PCM compositions at 4 wt% KCl and 0, 
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1, and 2 wt% excess water (Ex. H2O) are denoted by open blue circles in Figure 5.17. At the 

hexahydrate composition (0% Ex. H2O), the eutectic peak for the 30°C liquidous curve 

corresponds with the PCM composition. In other words, this indicates that CC6 + 4 wt% KCl will 

form a eutectic compound, which melts and freezes congruently at 30°C. If 1 wt% extra water is 

added to the CC6 + 4 wt% KCl PCM mixture, a eutectic composition with a phase transition 

temperature of 27°C results. Figure 5.17 suggests that excess moisture will continue to reduce 

the phase transition temperature for up to 2 wt% Ex. H2O, where the eutectic phase transition 

temperature approaches 20°C. A line showing a reduced KCl concentration of 2 wt% was also 

plotted in Figure 5.17. It is clear that at 2 wt% KCl, the PCM composition will not correspond to 

a eutectic point, casting doubt on whether a stable, congruently melting/freezing PCM will result 

at this composition.  

 

It should be noted that the ternary phase diagram in Figure 5.17 does not include the SrCl2·6H2O 

added to the experimental PCM mixtures tested. Sr is not an available ion in the equilibrium 

model by Thomson. The addition of SrCl2 would likely shift the liquidous curves and corresponding 

eutectic points and may be the reason why stable eutectics appear to form during laboratory 

tests where only 2 wt% KCl has been added. Despite not containing SrCl2, Figure 5.17 is put 

forward as an important tool in understanding the eutectic nature of CaCl2-H2O-KCl mixtures. 

Not only does it show that eutectics mixtures of these salts can form at low concentrations of 

KCl, but also that the quantity of available H2O can directly influence the formation of these 

eutectics and their resulting phase transition temperatures. 

 

5.6 Summary of CC6 Phase Stability Findings 

CaCl2·6H2O was expected to experience phase separation after the long-term cycling in Chapter 

4 uncovered a 3.8% decrease in Hf after 2,700 rapid (~2 hr.) cycles. When this separation was 
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examined after slower (~24 hr.) cycling, it was found that after 40 cycles around 50 wt% of the 

CC6 had separated into a supernatant liquid and CC4. The supernatant liquid was formed as CC6 

separated into CC4 during freezing, releasing the water forming the supernatant liquid solution. 

If this liquid were removed from the frozen PCM, it was found to re-appear during additional 

slow cycling. Calorimetry testing of comparable samples at 25 cycles showed up to a ~34% 

decrease in Hf. Because of these results, it was determined that the separation of CC6 was much 

more severe than that predicted during rapid cycling and a method for minimizing this separation 

was sought. 

 

The cycling rate and maximum PCM temperature were found to directly impact separation. 

Higher cycling rates, such as experienced by the PCM during the rapid, 2,700 cycle testing, were 

found to minimize separation, while maximum levels of separation per cycle occurred at slower 

cycling rates. Interestingly, if CC6 did experience separation, the PCM was found to be virtually 

restored to its original thermal performance through heating to 50°C. Heating to 50°C allowed 

any separated CC4 to melt, which greatly increased mixing between the CC6, CC4, and 

supernatant liquid. Given sufficient time at this elevated temperature, the three liquid layers 

mixed together reconstituting a homogenous, CC6 PCM. 

 

By adding a small weight percentage of KCl (2 wt%) to CC6, a stable eutectic was found to result. 

A supernatant liquid would still form on top of this PCM when frozen, but when it was removed 

it would not reappear with continued cycling. When slow cycled (1°C/hr temperature ramps) 

and tested by drop calorimetry, this CC6+KCl PCM was found to maintain its latent heat of fusion 

for up to 100 cycles. It is recommended that longer-term cycling of this PCM be conducted to 

ensure good long-term thermal performance. 
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When a ternary phase diagram of the CaCl2-H2O-KCl system was modeled, it showed that eutectic 

mixtures form more or less along a line constant KCl concentration (~4 wt% KCl) at water 

concentrations close to the hexahydrate. This phase diagram suggests that different eutectic 

mixtures can form at water concentrations in slight excess of the hexahydrate. As the water 

concentration increases, the melt temperature decreases. The formation of eutectic mixtures of 

CC6 and KCl at low KCl concentrations helps to explain the stabilizing impact of KCl as eutectics 

of hydrated salts tend to be thermally stable during cycling. Finally, it was found that all of the 

supernatant liquid needs to be removed in order to achieve stability of the CC6+KCl PCM. If this 

supernatant liquid is not removed, stability is similar to that of CC6 without KCl. 
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One of the chief concerns surrounding the use of hydrated salt PCMs is that of corrosion of any 

containers used to contain them. If expensive, corrosion resistant materials are required to 

contain the PCM, any proposed energy storage system could easily be cost limited. While some 

researchers have recommended the use of plastic containment for CaCl2·6H2O salts, in this 

research, metal containment options were explored due to their good structural strength and 

higher thermal conductivity.  

 

The impact of corrosion on metal will eventually result in failure of the PCM containment vessel. 

In the most dramatic situation, sudden, catastrophic failure of the vessel could occur. Cabeza et 

al. [C2] have presented guidelines to predict the long-term integrity of a metal subjected to a 

corrosive environment. These guidelines are presented in Table 6.1, where it can be seen that 

only corrosion rates less than 20 μm/yr are suggested for long-term service. This 20 μm/yr 

corrosion rate (K) is taken as the maximum acceptable rate for all corrosion tests presented in 

this report. 

 

Table 6.1: Industry Guide for Material Integrity Subject to Different Corrosion Rates [C2] 

Corrosion Rate 
Recommendation 

[mg/cm2yr] [μm/yr] 

> 1000 > 2000 Completely destroyed within days. 

100-999 200-1999 Not recommended for service greater than a month. 

50-99 100-199 Not recommended for service greater than a year. 

10-49 20-99 Caution recommended, based on the specific application. 

0.3-9.9 - Recommended for long term service. 

< 0.2 - 
Recommended for long term service; no corrosion, other than as 
a result of surface cleaning, was evident. 

 

6 Corrosion Testing 
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6.1 Corrosion Test Methods 

The ASTM G1 [A11] method was selected as the standardized method used to conduct the 

corrosion tests. According to this method, corrosion test samples are prepared and weighed 

before being placed into the corrosive environment (immersed in PCM in this case). After the 

corrosion test period, the metal samples are removed from the PCM and cleaned using standard 

procedures. The G1 method allows for both mechanical and chemical cleaning of test samples. 

Cleaning is necessary as any corrosion products need to be removed from the samples before 

they are weighted after being corroded. With the corrosion products removed, the mass loss due 

to corrosion is found by subtracting the sample weight after corrosion from the initial sample 

weight. In order to maximize the precision of the ASTM G1 method, the chemical cleaning method 

was used instead of the mechanical cleaning method as the mechanical method is more prone to 

errors associated with operator bias. For instance, if sandpaper was used to clean away corrosion, 

an over-zealous researcher could inadvertently remove metal along with the corrosion. 

 

Table 6.2: Chemicals Used to Clean Metals After Corrosion Using the ASTM G1 Method [R7] 

Metal Solution 
Immersion 

Time 
Immersion 

Temp. 

Carbon Steel 

(1)  500 ml hydrochloric acid (HCl, sp. gr. 1.19) 

10 min 20-25°C (2)  3.5 g hexamethylene tetramine 

(3)  Reagent water to make 1000 mL 

Copper 
(1)  500 ml hydrochloric acid (HCl, sp. gr. 1.19) 

1-3 min 20-25°C 
(2)  Reagent water to make 1000 mL 

Al 6061 / 5086  (1)  Nitric acid (HNO3, sp. gr. 1.42) 1-5 min 20-25°C 

 

The test samples used for all corrosion tests were 1.6 mm thick coupons cut to 12.7 mm by 50.8 

mm. After being cut to size, the coupons were polished with a rotating wire wheel, washed, and 

dried before being weighed to an accuracy of ±1 mg. After being weighed, each sample was 
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individually immersed into a glass bottle filled with liquid PCM. Sufficient PCM was added to each 

bottle to ensure that the metal coupon was fully submerged. 

 

Two corrosion test scenarios were considered for these PCM/metal samples. The first was an 

isothermal melted condition, where the samples were maintained at a temperature greater than 

the phase transition temperature (in a liquid state). Three different isothermal temperature 

conditions were considered; a temperature just above the phase transition temperature of each 

PCM (Tm(l)), 50°C and 80°C. Glass sample bottles were used for all isothermal tests. Figure 7 

shows a carbon steel coupon before being immersed in the PCM-filled test bottles alongside three 

coupons during isothermal testing at the three temperature conditions. The isothermal test 

coupons were tested for periods of 2, 4, 8, 16, 24, and 48 weeks.  

 

 

Figure 6.1: Isothermal Corrosion Test Coupon Before and During Testing 

 

The second corrosion test condition considered was that of PCM cycling. A second PCM cycling 

system identical to that presented in Figure 3.6 was constructed and fitted with aluminum trays 

with the capacity to hold up to 168 test samples between the two cycling system tanks. The glass 

bottles used for the isothermal tests were replaced with plastic bottles to prevent breakage as 
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the freezing and melting PCM introduces considerable stresses on the containment vessel. Two 

cycling temperature conditions were considered. First was cycling between 5 and 50°C with 1 

hr. of heating and 1 hr. of cooling (a 2 hr. cycle). The second cycling condition was cycling 

between 5 and 45°C with 2.5 hrs. for heating and cooling (a 5 hr. cycle). In order to increase the 

cycle time to 5 hrs., the PCM tanks were only filled half way with water. The PCM bottles were 

placed directly above the water with the bottoms of the bottles only just touching the water. 

This addition of an air gap effectively increased the heat transfer coefficient between the water 

and the PCM, decreasing the cycle time. The hot-side temperature was limited using this method, 

with the PCM only reaching 45°C even though the water was set at 50°C. 

 

In order to measure the effective cycle times at the two cycling temperature conditions, RTDs 

were placed into samples bottles, which were frozen at both cycling rates (Figure 6.2). When 

the PCM and water temperatures coincide after freezing, it can be safely assumed that the PCM 

has been fully frozen. Using this criterion, Figure 6.2 shows that fast cycling corresponds to 

approximately a 0.5 hr. freeze, while the slow cycling case takes five times as long at 2.5 hrs. 

This freezing time is designated as “t” throughout this chapter. 
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Figure 6.2: Cycling Freezing Rates for Fast and Slow Cycling 

 

6.2 Metals Selected for Corrosion Testing 

The following five metals were selected for both isothermal and cyclic corrosion testing: 

 

• Copper   (Cu) 

• Stainless Steel 304  (SS 304) 

• A36 Carbon Steel  (CS) 

• Aluminum 6061  (Al 6061) 

• Aluminum 5086  (Al 5086) 

 

Thermal and physical properties of these five metals are presented in Table 6.3, with their 

compositions presented in Table 6.4. With the exception of copper, which was selected for 
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comparison with previously published corrosion test results, these metals were selected based 

on the following criteria: 

 

• Cost and Availability 

• Known Corrosion Resistance 

• Thermal Conductivity 

• Ease of Manufacturing 

 

Table 6.3: Thermal and Physical Properties of Metals Used in PCM Corrosion Tests [M2,M7,M8] 

Metal Cu CS Al 6061 Al 5086 SS 304 

Thermal Cond. [W/m-K] 391 50.2 167 125 14.4 

Melting Temp. [°F] 1065 1421 582 585 1316 

Density [kg/m3] 8913 7861 2768 2768 8027 

Yield Strength [MPa] 228 248 241 117 207 

Specification ASTM B187 ASTM A36 ASTM B221 ASTM B209 ASTM A240 

Formability Excellent  Good Good Good 

Machinability  Good Good  Good 

Weldability  Excellent Good Good Good 

 

Of the selected materials, CS and the two aluminums are the most desirable from both a cost, 

availability, and manufacturing standpoint. Al 6061 was selected due to its popularity as a 

general-purpose aluminum alloy. The marine-grade Al 5086 was selected as an alternative to 

6061, which is known to perform better in highly corrosive environments. While CS is less 

desirable than aluminum from a thermal conductivity standpoint (see Table 6.3), its low cost and 

easy of manufacturing caused it to be selected for testing. SS 304 was selected as a highly 

corrosion resistant fallback material in the case where both the aluminum and CS samples had 
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poor corrosion resistance. Isothermal corrosion testing began with the 50°C case for all five 

metals immersed in the following three PCMs: 

 

• CaCl2·6H2O (CC6) 

• CaCl2·6H2O + 7 wt% KNO3 (CC6+KN) 

• CaCl2·6H2O + 18 wt% MgCl2·6H2O (CC6+MC6) 

 

Table 6.4: Composition (wt%) of Metals Used in PCM Corrosion Tests [M7,M8] 

Metal Cu CS Al 6061 Al 5086 SS 304 

Aluminum   95.1-98.2% 93-95.7%  

Bismuth 0-0.005%     

Carbon  0.29%   0-0.08% 

Chromium   0.4-0.8% 0.05-0.25% 17.5-24% 

Cobalt     0-0.29% 

Copper 99.9% >= 0.2% 0.05-0.4% 0-0.1% 0-1% 

Iron  98% 0-0.7% 0-0.5% 53.48-74.5% 

Lead 0-0.005%     

Magnesium   0.8-1.2% 3.5-4.5%  

Manganese  0.8 – 1.2% 0-0.15% 0.2-0.7% 0-2% 

Molybdenum     0-2.5% 

Nickel   0=0.05%  8-15% 

Nitrogen     0-0.1% 

Oxygen 0-0.04%     

Phosphorus  0.04%   0-0.2% 

Silicon  0.15-0.4% 0.4-0.8% 0-0.4% 0-1% 

Sulfur  0.05%   0-0.35% 

Titanium   0-0.15% 0.15%  

Zinc   0-0.25% 0.25%  

Zirconium   0-0.25%   

Other   0.15% 0.15%  
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For each test period, two identical test coupons were simultaneously tested to help ensure that 

the results were reproducible. After measuring the mass loss of each coupon, the corrosion rate 

was calculated using the following equation: 

 

Corrosion Rate (K) = β
∆m

ρStc

 (54) 

 

Where, ∆m is the change in mass of the coupon due to corrosion,  is the density of the metal 

coupon, S is the surface area of the coupon, tc is the corrosion test duration, and β is a conversion 

factor to convert to the desired units. Throughout this report, the corrosion rate is expressed in 

μm/yr. 

 

6.3 Isothermal Corrosion Testing 

Initially, isothermal corrosion testing of the PCM/metal pairs of the five metals and three 

candidate PCMs was conducted. This testing was conducted at the three constant temperature 

conditions outlined above. By testing at three temperatures, an Arrhenius relationship between 

corrosion rate and temperature could be found. 

 

6.3.1 CaCl2·6H2O Corrosion Testing 

All five metals were corrosion tested isothermally in CC6. During testing, the PCM temperature 

was maintained at 30, 50 and 80°C, with the corrosion results for these conditions presented in 

Figure 6.3 through Figure 6.5. Note that corrosion test time is presented in hrs1/2 as this more 

evenly distributes the data along the x-axis, allowing for clearer visualization in the figures. For 

all three temperature conditions, it can be seen that although the corrosion rate of several of 

the metals is quite high at short test times, as test time increases, the corrosion rate of these 

metals decreases considerably. The best explanation for this phenomenon is the formation of a 
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protective oxide layer on the surface of the coupons. During the initial corrosion test time, the 

corrosion rate increases up to the point where the formed oxide layer becomes thick enough to 

physically protect the base metal from additional oxidation. In other words, the oxide layer limits 

diffusion of oxygen to the base metal, greatly reducing the corrosion rate in the process. 

 

Figure 6.3 through Figure 6.5 clearly show that SS 304 has the best corrosion resistance to CC6 

at all temperatures, followed closely by Cu. At 50 and 80°C, carbon steel and Al 6061 were found 

to have comparable corrosion rates, with the corrosion rate of Al 6061 being approximately 

double that of CS at 30°C. At all temperatures, Al 5086 had the worst corrosion resistance. While 

the corrosion rates for most metals were initially quite high at all three temperatures, long-term 

corrosion resistance is considered more important when considering the long-term performance 

of a material in contact with the PCM. At the longest test times (48 weeks), all of the metals 

were found to have a low corrosion rate (<3 μm/yr) at 30°C. At 50°C, Al 5086 was the only metal 

with a long-term corrosion rate greater than 10 μm/yr (~15 μm/yr). When the temperature was 

further increased to 80°C, both of the aluminums had a corrosion rate between 10 and 15 μm/yr. 

Note that these corrosion rates still fall below the maximum acceptable corrosion rate of 20 

μm/yr presented by Cabeza et al.in Table 6.1 [C2]. 

 

Figure 6.3 through Figure 6.5 show that for most of the tested metals the corrosion rate decreases 

with test time. This is due to the formation of a protective oxide layer on the surface of the 

metal. Only copper and SS 304 do not clearly exhibit this behavior. In the case of stainless steel, 

it is known that a thin, strong protective oxide layer develops very quickly and is responsible for 

this metal’s very low corrosion rate. The rapid formation of this layer will result in a low corrosion 

rate even at short test periods. Interestingly, the test results in Figure 6.5 suggest that copper 

does not form a protective oxide layer as its corrosion rate continues to increase with increasing 

test time. 
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Figure 6.3: Isothermal Corrosion Test Results in CC6 at 30°C 

 

 

Figure 6.4: Isothermal Corrosion Test Results in CC6 at 50°C 
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Figure 6.5: Isothermal Corrosion Test Results in CC6 at 80°C 

 

By conducting isothermal corrosion tests at three different temperatures, the relationship 

between temperature and corrosion rate can be quantified for all PCM/metal pairs. As presented 

by Ren et al. [R7] the following pseudo Arrhenius equation can be used to correlate the corrosion 

rate and isothermal test temperature: 

 

ln K = -
Ea

RT
+ ln CA (55) 

 

Where K is the corrosion rate, Ea is the apparent activation energy, CA is the Arrhenius constant, 

R is the gas constant and T is the absolute standard temperature. By plotting ln|K| vs 1/T, linear 

curve fits can be made, from which Ea can be found. The Arrhenius plot for CC6 and all five 

metals at a 16 week test time is presented in Figure 6.6. For most of the metals, close to a linear 

relationship between ln|K| and 1/T was found. The equations of these linear curve fits were 
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used in conjunction with Equation (55) to estimate the activation energy for all five metals. 

Activation energy results are presented in Table 6.5 alongside the linear regression R2 values for 

the linear curve fits, most of which are close to 0.9, demonstrating that the PCM/metal pairs 

obey an Arrhenius relationship. 

 

Table 6.5: Activation Energy for Metals Immersed in CaCl2·6H2O 

Metal Ea [kJ/mol] R2   

Al 5086 6,662.691 0.896 

Al 6061 6,184.996 0.955 

CS 4,902.632 0.889 

Copper 14,704.42 0.856 

SS 304 0 N/A 

 

 

Figure 6.6: Arrhenius Curve Fits for Metals in CaCl2·6H2O 
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6.3.2 CaCl2·6H2O + KNO3 Corrosion Testing 

Similar Isothermal corrosion test results at 30, 50, and 80°C was conducted for the CC6+KN PCM. 

The five metals presented in Table 6.4 were tested for test periods of up to one year. These 

isothermal test results are presented graphically in Figure 6.7 through Figure 6.9. 

 

Figure 6.7 through Figure 6.9 show that for nearly all of the temperatures and metals the 

corrosion rate decreases with time as expected. There is one exception to this rule. At 30°C, 

(Figure 6.7), both of the aluminum alloys do not show a clear decreasing trend in corrosion rate 

with increasing test time. More importantly, at the longest test time (corresponding to 1 year), 

the corrosion rate of Al 5086 and Al 6061 are still above the 20 μm/yr threshold. 

 

 

Figure 6.7: Isothermal Corrosion Test Results in CC6+KN at 30°C 
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Figure 6.8: Isothermal Corrosion Test Results in CC6+KN at 50°C 

 

 

Figure 6.9: Isothermal Corrosion Test Results in CC6+KN at 80°C 
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At the higher temperatures, the long-term corrosion rate of aluminum was found to be even 

worse, with a corrosion rate upwards of 500 μm/yr experienced by Al 5086 after 1 year of testing 

at 80°C (Figure 6.9). This high of a corrosion rate corresponds to dramatic corrosion of the test 

coupons, with large portions of the coupons being corroded away within a few weeks of the 

beginning of testing. The corrosion of Al 5086 and Al 6061 in CC6+KN at 30, 50, and 80°C for a 

two-week test period are shown in Figure 6.10. It can be clearly seen that as temperature 

increases, a white “froth” forms around the aluminum coupons in the bottles. This “froth” is 

formed from the corrosion products produced as the aluminum is oxidized. At 80°C, the “froth” 

is so dense that the aluminum coupon is no longer visible. Upon removal, coupon corrosion is 

very apparent with the lower portions of the coupons showing considerable pitting and metal 

loss at the higher temperatures (Figure 6.11). 

 

These results clearly indicate that the two aluminums tested are not appropriate for use with 

the CC6+KN PCM. In summary, the addition of 7 wt% KNO3 to CaCl2·6H2O was found to 

dramatically increase the corrosion rate of Al 5086 and Al 6061 – especially at temperatures 

greater than 25°C. Despite this poor performance on the part of the aluminum alloys, carbon 

steel and copper had better corrosion resistance in CC6+KN (Figure 6.12). Despite this better 

performance, at 80°C, even carbon steel was found to have a corrosion rate in excess of 30 

μm/yr, which is well above the limit of 20 μm/yr. On average, at a given temperature, CS had 

an order of magnitude greater corrosion rate than copper, meaning copper easily met the 20 

μm/yr criteria even at 80°C. 
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Al 5086 

 

Al 6061 

 

Figure 6.10: Corrosion of Al 5086 and Al 6061 in CC6+KN After 2 Weeks 

 

Al 5086 

 

Al 6061 

 

Figure 6.11: Al 5086 and Al 6061 Coupons After 2 Weeks of Corrosion in CC6+KN 

 

Limited isothermal corrosion data for SS 304 in CC6+KN was also obtained for test periods of 2 

and 4 weeks (Figure 6.13). It is clear that SS 304 is the best-performing metal in CC6+KN, with a 

corrosion rate of less than 1 μm/yr found for all three temperature conditions.   

 

The temperature dependence of corrosion in CC6+KN was considered through the use of an 

Arrhenius plot for CC6+KN. This Arrhenius plot is presented in Figure 6.14 for a 24 week test 

period, with activation energies tabulated in Table 6.6. The linear regressions were found to fit 

the data very well with R2 values for all four metals being greater than 0.9.  
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Figure 6.12: Isothermal Corrosion Rate of CS and Cu in CC6+KN 

 

 

Figure 6.13: Isothermal Corrosion Rate of SS 304 in CC6+KN 
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Figure 6.14: Arrhenius Curve Fits for Metals in CC6+KN 

 

Table 6.6: Activation Energy for Metals Immersed in CC6+KN 

Metal Ea [kJ/mol] R2   

Copper 14,448.60 0.985 

CS 16,193.29 1.000 

Al 5086 14,471.65 0.908 

Al 6061 10,387.57 0.903 

 

6.3.3 CaCl2·6H2O + MgCl2·6H2O Corrosion Testing 

Isothermal corrosion testing of the five metals in the CC6+MC6 PCM was also conducted at 25, 50 

and 80°C, with the results presented in Figure 6.15 through Figure 6.17. As was the case for the 

other two PCMs, the corrosion rate was found to decrease with increasing test time for most of 

the metal/temperature combinations. Copper was found to not follow this trend at 50 and 80°C 

and SS 304 was found to increase in corrosion rate with increasing time for the 80°C condition. 

Overall, CS was found to have the highest corrosion rate after 1 year of testing at all 
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temperatures, although this corrosion rate was below 10 μm/yr at 80°C. Al 5086 and Al 6061 had 

comparable corrosion resistance with long-term corrosion rates of less than 5 μm/yr. These 

results suggest that either aluminum would serve well in long-term exposure to the CC6+MC6 

PCM. 

 

As with the other two PCMs, an Arrhenius relationship was used to quantify the dependence of 

corrosion rate in CC6+MC6 with temperature (Figure 6.18). The calculated activation energies 

and R2 values for the linear regressions of all four metals are presented in Table 6.6. 

 

 

Figure 6.15: Isothermal Corrosion Test Results in CC6+MC6 at 25°C 
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Figure 6.16: Isothermal Corrosion Test Results in CC6+MC6 at 50°C 

 

 

Figure 6.17: Isothermal Corrosion Test Results in CC6+MC6 at 80°C 
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Table 6.7: Activation Energy for Metals Immersed in CC6+MC6 

Metal Ea [kJ/mol] R2   

Copper 13,838.53 0.980 

CS 7,969.84 0.938 

Al 5086 12,228.69 0.892 

Al 6061 11,335.03 0.935 

 

 

Figure 6.18: Arrhenius Curve Fits for Metals in CC6+MC6 

 

6.3.4 Pitting 

Since the ASTM-G1 method is based on a mass-loss principle, this method cannot accurately 

quantify non-uniform pitting of the coupons. This is a significant drawback as deep, localized 

pitting may only lead to marginal changes in mass, while severely impacting the integrity of the 

metal. For instance, consider the case of a deep pit, which leads to a pin-prick hole in a 

containment vessel. This pitting corrosion can often be hidden as the pits can form beneath what 

appears to be only surface-level corrosion. Pitting corrosion may be initiated by localized damage 
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to the oxide layer, a localized chemistry imbalance, or non-uniformities in the metal surface. 

Chlorine ions are known to be particularly problematic as they aggressively attack the protective 

oxide layer. Other factors, which influence pitting are pH, temperature and the dissolved oxygen. 

Aluminum alloys and stainless steels are known to have the most problems with pitting. If the 

oxide layer is locally breached and does not reestablish itself very quickly, corrosion at this 

location will proceed more rapidly than over the remainder of the metal, forming a corrosion 

pit. 

 

After completing isothermal corrosion testing, the coupons were individually examined for 

pitting. This was strictly a visual observation. With the exception of the aluminum coupons in 

CC6+KN, where extensive corrosion took place, pitting was only observed on the aluminum 

coupons removed from the CC6. The nature of this pitting varied between the two alloys with 

pitting of the Al 5086 being less severe based on the size of the formed pits. Figure 6.19 presents 

Al 5086 and Al 6061 coupons at all three isothermal temperature conditions. Pits in these coupons 

appear as dark points or regions on the light surface of the coupons. It can be seen that at the 

higher temperatures the number and/or size of the pits increases for both metals. However, the 

pits formed in the Al 6061 are much larger with less uniformity than those in the Al 5086. While 

the number, size, and depth of these pits have not been quantitatively examined across all of 

the test coupons, these general trends have led to the recommendation that Al 5086 is more 

suited for used in CC6-based salts than Al 6061. 

 

Al 5086 Al 6061 

  

Figure 6.19: Pitting of Aluminum During Isothermal Corrosion Testing 
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6.4 Cycling Corrosion Testing 

It was necessary to conduct comparable corrosion testing under cycling conditions. The phase 

transition between liquid and solid is capable of exerting considerable mechanical stresses on 

any surfaces in contact with the PCM. It was hypothesized that these stresses could decrease 

corrosion resistance of the metals through mechanical fracturing of the protective oxide layer 

formed on the surface of the metal. Cycling corrosion of stainless steel, carbon steel, two 

aluminum alloys, and copper in CC6 was examined by Porisini after up to 5650 cycles [P14]. 

Stainless steel was found to be resistant to corrosion, carbon steel and copper were slightly 

corroded, and the aluminum alloys experienced deep pitting [P14]. Besides this work my Porisini, 

cycling corrosion testing of metals in CC6 is largely absent from the literature. The current work 

builds on aspects of cycling not discussed by Porisini, namely the progression of corrosion during 

cycling (corrosion rate vs. number of cycles) and the relationship between corrosion rate and the 

cycling rate. In addition, the cycle corrosion results can be directly compared with the isothermal 

corrosion test results above.  

 

Corrosion testing of CS, Al 5086 and SS 304 was conducted in CC6 at the two cycling rates of t = 

0.5 hr. and 2.5 hrs. At t = 0.5 hr., testing for up to 1,200 complete cycles was conducted, while 

this number was reduced to 600 cycles for the t = 2.5 hr. condition. CS and Al 5086 were selected 

for cycling testing due to their low cost and ease of manufacturing. Also, these two metals 

showed good corrosion resistance during isothermal testing, and in the case of Al 5086, better 

resistance to pitting vs. Al 6061. Cycling of SS 304 was also conducted, but only at the t = 2.5 hr. 

condition. A summary of corrosion rate results under cycling is presented in Figure 6.20. 

 

At the fast corrosion rate (t = 0.5 hr.), Figure 6.20 shows a relatively high (~10 μm/yr) corrosion 

rate for both CS and Al 5086 after 1,200 cycles, with Al 5086 performing worse. These results 

were not unexpected if the protective oxide layer were being mechanically damaged during 
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cycling. Interestingly, as the cycling rate was slowed to t = 2.5 hrs., the corrosion rate of both 

metals decreased significantly. In fact, it can be seen in Figure 6.20 that the corrosion rate of Al 

5086 is less that of SS 304 during slow cycling. 

 

 

Figure 6.20: Cycling Corrosion Test Results 

 

For better comparison, the corrosion rates for CS and Al 5086 under isothermal and cycling 

conditions are plotted in Figure 6.21 and Figure 6.22 respectively. These results were normalized 

to the square root of test time, with test time for the cycling cases being the real-world time 

required to complete the cycle duration examined. This is why the slow and fast cycling 

conditions have similar test times, despite the fact that the fast cycling samples completed twice 

as many cycles. When the corrosion rate of CS under fast cycling is compared to the isothermal 

condition in Figure 6.21, it can be clearly seen that while the corrosion rate decreases with 

increasing test time for the isothermal case, the same cannot be said for the fast cycling case. 
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Throughout fast cycling, the corrosion rate of CS remains virtually unchanged at close to 7.5 

μm/yr, while the corrosion rate for the isothermal case is seen to continue to decrease through 

1 year of testing. As mentioned by Bradshaw et al., a metal mass loss rate, which scales linearly 

with time (aka. a flat corrosion rate with time), implies that the protective oxide layer is porous 

and does not adequately protect against additional corrosion [B18]. In the case of cycling 

corrosion, it is suggested that increased oxide layer porosity may be due to mechanical damage 

to the layer. 

 

Interestingly, when the cycling rate was slowed to t = 2.5 hrs., the corrosion rate of CS was once 

again found to decrease with increasing test time. In fact, the corrosion rate curves for the slow 

cycling and 50°C isothermal conditions are nearly identical, indicating cycling does not adversely 

impact the corrosion rate of CS in CC6 if the cycling rate is below a certain threshold. 

 

 

Figure 6.21: Corrosion Rate of CS in CC6 Under Isothermal and Cycling Conditions 
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Figure 6.22: Corrosion Rate of Al 5086 in CC6 Under Isothermal Cycling Conditions 

 

The comparison of isothermal and cycling conditions for Al 5086 in Figure 6.22 show that the 

corrosion rate of this metal always decreases with increasing test time – even during fast cycling. 

This indicates that the oxide layer formed on the surface of this metal is quite durable and is not 

easily disturbed by freezing and melting of the CaCl2·6H2O. Still, an order of magnitude decrease 

in the corrosion rate was found when the cycling rate was slowed. This trend of a reduced 

corrosion rate at a slower cycling rate is promising as the cycling rate of most PCM-based thermal 

storage systems operate on even greater cycle timescales. For instance, the ACC cold-storage 

system proposed in Section 1.1 would operate on a 24 hr. cycle. 
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6.5 Anodized Aluminum 

Later in the test regime, isothermal corrosion testing of anodized Al 5086 in CaCl2·6H2O was 

conducted at 50°C. Coupons were cut from sheets of Al 5086 before being anodized with a Type 

III coating (III Al 5086). Type III anodizing, also referred to as “Hard Coat”, forms a harder and 

more abrasion resistant coating on the surface of the aluminum than the more typical Type II 

method. Ten coupons were placed into CaCl2·6H2O at 50°C and were removed after 2, 4, 8, 16, 

and 24 weeks. 

 

 

Results from this testing are presented in Figure 6.23 alongside comparable corrosion test results 

for CS, Al 5086 and Al 6061. Anodized Al 5086 showed no weight loss during corrosion for the 

samples removed at 2, 4, and 8 weeks. The samples removed at 16 weeks had a corrosion rate 

close to, but slightly below that of the two non-anodized aluminums. As with the raw aluminum 

samples, the corrosion rate was seen to decrease after this initial increase (between 16 and 24 

weeks). It is believed that the anodized coating prevented significant corrosion of the coupons 

for up to 8 weeks. After 8 weeks elapsed, the coating was no longer capable of preventing all 

corrosion and the coupons began to corrode. This corrosion rate decreased with time as a 

protective oxide layer accumulated on the surface of the coupon. The dashed black line in Figure 

6.23 shows a potential path of the corrosion rate for the anodized Al 5086 samples. Overall, the 

corrosion rate of anodized Al 5086 at 24 weeks was found to be less than half the corrosion rate 

of raw Al 6061 and was an order of magnitude less than raw Al 5086. 
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Figure 6.23: 50°C Isothermal Corrosion Test Results Including Anodized Al 5086 

 

Anodized Al 5086 was also tested at 80°C isothermal, with these results presented alongside 

comparable isothermal results for the raw Al 5086 in Figure 6.24. As in the 50°C case, for the 

80°C case the corrosion rate was found to jump, but this jump occurred at a shorter test time. 

This is to be expected as the jump is believed to correspond to the point where the anodization 

no longer perfectly protects the coupon from the salt. It is logical that this jump would occur at 

an earlier point at a higher test temperature. Still, the critical conclusion to be drawn from 

Figure 6.24 is that anodized Al 5086 has an order of magnitude greater corrosion resistance than 

raw Al 5086. 
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Figure 6.24: Comparison of Isothermal Testing of Anodized and Raw Al 5086 

 

Anodized Al 5086 was also slow cycled alongside raw Al 5086 and CS (Figure 6.25). These results 

clearly show the benefit of anodization on preventing corrosion. At the longest test period of 600 

cycles (~3000 hrs. of testing), CS was found to have a good corrosion rate of 4 μm/yr. At this 

condition, Al 5086 performed more than twice as well with a corrosion rate of less than 2 μm/yr. 

Through the addition of type III anodizing to the Al 5086, the corrosion rate was further 

suppressed by an order of magnitude to around 0.1 μm/yr. 
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Figure 6.25: Corrosion Rate of CS, Al 5086 and Anodized Al 5086 Under Slow Cycling 

 

6.6 Summary of Corrosion Test Results 

Corrosion testing of PCM/metals pairs for the three CaCl2·6H2O-based PCMs has produced info for 

long-term use of five common metals with the PCMs. A summary of these long-term corrosion 

test results is presented in Table 6.8. 

 

Beginning with CaCl2·6H2O, all of the metals tested were found to have an acceptable long-term 

corrosion rate (< 20 μm/yr) under all isothermal test temperatures. CS and Al 5086 were targeted 

for additional cycle testing due to their low cost and the improved pitting resistance of Al 5086 

relative to Al 6061. Under fast cycling, CS experienced an increase in the corrosion rate relative 

to the isothermal cases. However, once the cycling rate was slowed, this corrosion rate fell by 

around 50%. For Al 5086, fast cycling did not appreciably change the long-term corrosion rate 

relative to the isothermal cases. However, under slow cycling the corrosion rate was found to be 



183 
 

even lower than for the lowest temperature isothermal condition. Finally, testing of Type III 

Anodized Al 5086 showed excellent corrosion resistance under both the isothermal and slow 

cycling conditions. This improvement is notable as the corrosion rate of III Al 5086 is an order of 

magnitude lower than that of Al 5086 under slow cycling. Since the cost of anodization is quite 

low, this is proposed as an effective and cost-effective method for reducing the corrosion rate 

of aluminum in long-term contact with CaCl2·6H2O. 

 

Table 6.8: Summary of Long-term Corrosion Rate Results for all PCM/Metal Pairs 

PCM Metal 
Tm(l) 

[μm/yr] 
50°C 

[μm/yr] 
80°C 

[μm/yr] 

t = 0.5 hr 
Cycling 
[μm/yr] 

t = 2.5 hr 
Cycling 
[μm/yr] 

CaCl2·6H2O 

Cu 0.5 1.9 4.4   

CS 0.8 2.8 2.4 8.1 3.6 

SS 304 0.3 0.3 0.3  2.2 

Al 5086 2.2 14.1 11.9 10.8 1.7 

Al 6061 1.7 2.4 7.9   

III Al 5086  0.9 3.7  0.1 

CaCl2·6H2O + 
7% KNO3 

Cu 0.3 1.1 5.1   

CS 1.0 15.2 34.8   

SS 304* 0.6 0.5 0.8   

Al 5086 25.9 52.6 525   

Al 6061 35.2 212 238   

CaCl2·6H2O + 
18% MgCl2·6H2O 

Cu 0.3 1.7 4.8   

CS 1.3 2.5 7.8   

SS 304* 0.3 0.1    

Al 5086 0.4 0.9 2.8   

Al 6061 0.4 0.9 1.7   

 * Longest data was only at the 4 week test time. 

 

For CaCl2·6H2O + 7% KNO3 the long-term corrosion rate of most metals was found to be quite high 

during isothermal testing. Cu and SS 304 performed the best with the maximum corrosion rate 

of 5.1 μm/yr found for Cu at the 80°C test condition. Aluminum was found to be strongly 

incompatible with the CC6+KN PCM, with corrosion rates in excess of 500 μm/yr measured for Al 
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5086 at 80°C. Even at the Tm(l) temperature, both aluminum alloys had corrosion rates in excess 

of 20 μm/yr, making them unsuitable for long-term use with CC6+KN. Carbon steel performed 

better in this PCM, but its use should be taken with caution as the 80°C isothermal condition was 

found to exceed the 20 μm/yr threshold. 

 

CaCl2·6H2O + 18 MgCl2·6H2O was found to have similar material compatibility to CaCl2·6H2O. As 

expected, SS 304 was found to have the best corrosion resistance at all three isothermal 

temperatures. Surprisingly, the aluminum alloys followed SS 304 with the second-best 

performance. In fact, for the 50°C condition, it can be seen in Table 6.8 that both aluminums 

have a corrosion rate of less than 1 μm/yr. Copper follows aluminum with CS having the highest 

corrosion rate at the longest test period of 1 year. Still, even as the worst performer in CC6+MC6, 

CS has a long-term corrosion rate of less than 8 μm/yr at up to 80°C isothermal. This indicates 

that any of the five metals tested would be a good candidate for use with this PCM. 
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As mentioned in Chapter 1, the primary advantage to the use of hydrated salt PCMs is their low 

price. However, in order to realize this lost cost, industrial-grade salts must be used when the 

product is scaled-up. Up to this point, all of the test results in this report have been for 

laboratory-grade salts, which have a higher price tag ($42/kg for CC6 [F12]). With this higher 

cost comes a higher purity material (>97 wt% CaCl2·6H2O). This does not mean that all industrial-

grade salts have a low CaCl2 purity. For instance, Table 7.1 presents the manufacturer supplied 

composition for Dow’s Briners Choice anhydrous CaCl2. As seen, the purity of this CaCl2 is quite 

high (>94 wt%). When mixed with water to the hexahydrate composition (50.6 wt% CaCl2), the 

purity of CC6 could be as high as 97.2 wt%, which is comparable to the low range of laboratory-

grade salts. This Dow CaCl2 retails around $1.25/kg in relatively small quantities of several 

hundred kilograms [A3].  

 

Table 7.1: Dow Briners Choice CaCl2 Composition 

 wt% 

CaCl2 94.5 

KCl 2.5 

NaCl 1.6 

CaBr2 0.9 

H2O 0.5 

 

The supercooling tests of Section 4.6.2 and stability testing in Section 5.5 have demonstrated 

the importance of adding small percentages of SrCl2·6H2O and KCl to CaCl2·6H2O. These additives 

are available at the slightly greater prices of $6.28/kg (SrCl2·6H2O) and $18/kg (KCl) [A3]. 

However, given the low required weight percentages of these additives, this higher cost does 

little to impact the low cost of the final PCM (Estimated at ~$1.74/kg [A3]). It should be noted 

7 CaCl2·6H2O PCMs at Scale 
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that these costs are for small-batch orders from United States suppliers. The project partner, 

Advanced Cooling Technologies (ACT), has received quotes for CaCl2 from several Chinese 

suppliers, with prices as low as $0.22/kg [A3]. 

 

7.1 Characterization of Industrial-Grade CC6 

Industrial-grade, anhydrous CaCl2 was purchased from the Dow Chemical Company with a 

manufacturer-supplied composition seen in Table 7.1. This anhydrous CaCl2 was mixed with 

water, SrCl2·6H2O, and KCl at the weight percentages indicated in Table 7.2. During mixing, 

excess water was intentionally added to this mixture with the expectation that the PCM would 

self-stabilize to a eutectic composition where any excess water would end up in the supernatant 

liquid, which would be removed. This phenomenon was discussed more fully in Section 5.5.  

 

Table 7.2: Component Mixture for Industrial-Grade CC6 

Component wt% mol/molCC 

CaCl2 46.66 1 

H2O 48.34 6.38 

SrCl2·6H2O 3.00 0.03 

KCl 2.00 0.06 

 

Assuming that the added water fully hydrates the CaCl2 to xH2O = 6, the weight percentage of 

excess water (Ex. H2O) for this mixture was calculated as seen in Table 7.3. After preparing this 

mixture in bulk (as will be discussed in Section 7.2), a few hundred grams were removed for 

testing via drop calorimetry and cycling. Four RTD-instrumented samples (1I, 4I, 7I, and 17I) of 

~80 g each were prepared in the same shortened stainless steel cylinders used for slow cycling 

and drop calorimetry of the laboratory-grade PCM samples.  
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Table 7.3: Component Breakdown of Industrial-Grade CC6 Showing Excess H2O 

Component wt% mol/molCC 

CaCl2·6H2O 92.11 1 

Ex. H2O 2.89 0.38 

SrCl2·6H2O 3.00 0.03 

KCl 2.00 0.06 

 

Two additional samples (20I and 21I) were prepared from the same salts, where water was added 

to the CaCl2 at the stoichiometric composition required for the formation of a 6-hydrate. In other 

words, a final composition of: 95 wt% CC6, 3 wt% SC6, and 2 wt% KCl. After these samples were 

prepared, they were frozen with any supernatant liquid being removed prior to testing. The final 

weights of these two samples are presented in Table 7.4 alongside the 4 other samples.  

 

Table 7.4: Industrial-Grade CC6 Samples for Drop Calorimetry and Cycling 

Sample 
mENC  
[g] 

mPCM  
[g] 

Ex. H2O  
[wt%] 

1I 247.2 74.2 

2.89 
4I 242.3 86.1 

7I 244.3 87.4 

17I 245.9 83.9 

20I 241.7 71.5 
0 

21I 241.0 72.3 

 

The samples in Table 7.4 were cycled in the water bath between 22 and 32°C with 1°C/hr. 

temperature ramps and 2 hour holds at both the hot and cold temperature extremes (a 24 hour 

cycle). The latent heat storage capacity of the samples was measured by drop calorimetry at 0, 

10, 15, and 40 cycles (Figure 7.1). 
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Upon examination of Figure 7.1, the first thing that is evident is the significant difference in Hf 

between the samples with and without excess water. At 0 cycles, the 2.89 wt% excess water 

samples have an average Hf of 134 J/g, while the 0 wt% excess water samples average 149 J/g 

at 0 cycles. In addition to differences in Hf between the samples with different quantities of 

added H2O, the drop calorimetry results were also used to estimate the melting temperatures of 

the PCMs. For the 2.89 wt% excess water samples, an average melting temperature of 26.0°C 

was found, while a slightly higher value of 28.5°C was found for the samples with no excess H2O. 

 

 

Figure 7.1: Hf During Slow Cycling of CC6+KCl PCM Made with Industrial-Grade Salts 

 

These findings suggest that otherwise identical samples of CaCl2·6H2O, SrCl2·6H2O, and KCl can 

result in different stable forms depending on the quantity of excess water present in the samples. 

This agrees well with the modeled ternary phase diagram of the CaCl2-H2O-KCl system (Figure 

7.2). The ternary phase diagram suggests that there are various eutectic mixtures of CaCl2-H2O-
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KCl, which can be formed more or less along a line of constant KCl concentration. Because of 

this correlation between eutectic points and a line of constant KCl concentration, changing the 

quantity of H2O in the mixture simply shifts the PCM along the constant KCl concentration line, 

forming a new eutectic mixture in the process. Figure 7.2 suggests that the primary difference 

between eutectics at different H2O concentrations will be their phase transition temperature, 

with higher H2O concentrations lowering the phase transition temperature. This agrees well with 

the finding of a lower melt temperature for the industrial-grade salt with 2.89 wt% excess water. 

 

 

Figure 7.2: Modeled Ternary Phase Diagram of CaCl2-H2O-KCl System 

 

Although Figure 7.1 shows good thermal stability with cycling, it is also suggesting that there is 

a slight decrease in thermal performance between 0 and 40 cycles, for the 2.89 wt% excess water 

samples (around a 2.9% decrease in Hf). While this change is only slightly greater than the average 

calorimeter sample standard deviation (±2.64%), it still appears significant as all of the 2.89 wt% 

excess water samples show this decreasing Hf trend with increasing cycle number. Longer-term 
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cycle testing should be conducted to determine if this trend continues with increasing cycle 

number. 

 

7.2 Preparation of Medium-Scale Quantities of CC6 PCM 

In order for the preceding PCM lab-scale experiments to be of use commercially, preparation of 

the developed PCM must be capable of being scaled up. Through work with ACT, experience was 

gained in the scaling of the PCM preparation process. The following is an attempt to briefly 

discuss how lab-scale experiments can be scaled to several hundred kilograms of PCM. 

 

In preparation for medium-scale (several hundred kilograms) PCM preparation, 50 pound (22.7 

kg) bags of Dow Briners Choice anhydrous calcium chloride pellets were ordered and shipped to 

ACT. This is the same anhydrous CaCl2 presented in Table 7.1. The required quantities of 

SrCl2·6H2O and KCl were also sourced and delivered. 

 

7.2.1 Considerations for Mixing of CaCl2 and Water 

The initial mixture made during the preparation of the CC6 is that of CaCl2 and H2O, which is 

made at the 1:6 molar ratio. Determining the quantity of water to be added to the CaCl2 would 

be straightforward except that truly anhydrous CaCl2 is very difficult to obtain since it is a strong 

desiccant. If the CaCl2 contains an initial mass of water, mw0, the following equation can be used 

to determine the quantity of water, which should be added to the CaCl2: 

 

madd = (xH2O - new)mCC+w (
MH2O

MCC + newMH2O

)   (56) 
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Where xH2O is the desired moles of water per mole of CaCl2, mCC+w is the mass of CaCl2 plus any 

entrained moisture, new is the moles of entrained water relative to 1 mole of CaCl2, madd is the 

mass of water to add, MH2O is the molar mass of water (18.015 g/mol), and MCC is the molar mass 

of CaCl2 (110.978 g/mol). 

 

The hydration of CaCl2 is a highly exothermic process, which complicates the PCM preparation 

process. While internal heat generation helps promote complete mixing, higher PCM 

temperatures favor the evaporation of water from the salt, impacting the water balance of the 

PCM. Tetra Chemicals Europe [T8] provides the heat of hydration for the hydrates of CaCl2 as 

presented in Table 7.5. For the hexahydrate (xH2O = 6), the heat of hydration is seen to be -840 

kJ/kg. Using this value, the total heat released during the hydration of CC to CC6 (Qhyd) is given 

by the following equation:  

 

Qhyd = mCC6 840 kJ/kg (57) 

 

Assuming that all of this energy is transferred to the PCM, the following energy balance for 

heating of the PCM during mixing is found: 

 

mCC6 840 kJ/kg =  mCC6 Cp
CC6

(T2 - T1) (58) 

 

Where T1 and T2 are the PCM temperatures before and after hydration respectively and CpCC6 is 

the specific heat of CC6. Rearranging Equation (58), the end temperature (T2) can be estimated 

by: 
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T2 = 
840 kJ/kg 

 Cp
CC6

 + T1 (59) 

 

Table 7.5: Heats of Hydration for Hydrates of CaCl2 [T8] 

xH2O 
Heat of 

Hydration 
[kJ/kg] 

0 - 

1 -240 

2 -295 

4 -600 

6 -840 

 

7.2.2 Mixing of CaCl2 and H2O 

Work by both the ERC and ACT has shown that industrial-grade CaCl2 and H2O can be easily mixed 

together to create CaCl2·6H2O. Heating of the mixed PCM is a concern due to the high heat of 

hydration for the hexahydrate concentration; as presented in Table 7.4. Excessive heating of the 

PCM can be problematic as water more easily evaporates from the hydrated PCM – especially as 

the temperature approaches 100°C. To prevent excessive heating during mixing, it is 

recommended that the CaCl2 be slowly mixed with the water. In order to more quickly mix the 

CaCl2 and water, it is suggested that mixing occur in a container, which is designed with a cooling 

system capable of removing the heat generated during hydration. Despite the problems 

associated with heating during mixing, this generated heat is also beneficial as it helps to 

promote better mixing of the CaCl2 and water. A minimum mixing temperature of 40°C is 

recommended. 

 

The following best practices are suggested when mixing CaCl2 and H2O to create CaCl2·6H2O: 
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• CaCl2 should be added to the H2O at a rate, which prevents the mixture temperature 

from exceeding 80°C. 

• The mixture temperature should not fall below 40°C in order to promote mixing of 

the CaCl2 and H2O. Since the reaction of water and CaCl2 is highly exothermic, this 

process is self-heating. 

• During mixing, the PCM mixture should be contained in an atmospherically-sealed 

container in order to prevent water loss to the atmosphere. If sealing is impractical 

during all steps of the mixing process, the time periods when the mixture is exposed 

to the environment should be kept to a minimum – especially when temperatures are 

greater than 40°C. 

• The mixture should be stirred to promote complete mixing. 

 

7.2.3 Addition of Additives to CC6 

Once the water and CaCl2 are fully mixed, 2 wt% KCl can be added to the CC6. Note that 2 wt% 

is a percentage of the final PCM weight with all additives. Or in other words, the following holds: 

 

mKCl = (mCC+w + madd)
wKCl

1 - wKCl - wSC6

 (60) 

 

Where mKCl is the mass of KCl added to the PCM, wKCl is the desired weight fraction of KCl, and 

wSC6 is the desired weight fraction of SC6. After adding KCl to the mixture, the PCM should be 

fully mixed by stirring. Next, the 3 wt% SC6 can be added to the PCM. Care should be taken to 

ensure that the PCM temperature is less than 50°C before the addition of SC6. This temperature 

limit is to prevent SC6 from liquifying and dissolving into the CC6, at which point it will no longer 

function properly as a nucleating agent. The melting temperature of SC6 is approximately 60°C. 

The 3 wt% SC6 is added to the PCM according to the following equation: 
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mSC6 = (mew + madd)
wSC6

1 - wKCl - wSC6

 (61) 

 

Where mSC6 is the mass of SC6 added to the PCM. After adding SC6, the PCM should be well mixed 

using a mechanical stirrer. 

 

7.2.4 Prototype Test System 

A 10 kWh prototype cold-storage system was constructed by ACT according to the design seen in 

Figure 7.3. The following results are a brief summary of ACT’s findings during testing of this 

system. After construction of the prototype test system, the PCM heat exchanger was charged 

with around 200 L of pre-mixed PCM. The air-cooled radiator and steam evaporator were used to 

either heat or cool the heat transfer fluid running throughout the PCM heat exchanger. This setup 

allows for both melting and freezing of the PCM within the heat exchanger. Thermocouples at 

three vertical levels throughout the heat exchanger were used to record PCM temperatures 

throughout testing. 

 

The prototype cold storage system was operated by ACT for around a six-month period with PCM 

temperatures, instantaneous power, and cumulative energy being either directly measured or 

calculated. During melting, power was directly measured using a Yokogawa analyzer, while 

during freezing it was calculated using a thermal resistance calculation. After 30 cycles, average 

power during melting was found to be reduced by approximately 7.7% from an initial value of 1.3 

kW. While it is believed that this phenomenon may indicate the pretense of separation within 

the PCM, the current system design does not provide sufficient temperature information to 

conduct a complete energy balance. The differences in power with increased cycling should be 

examined further to determine what exactly they indicate. More importantly, future systems 
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should be designed such that complete material and energy balances can be conducted to 

determine cumulative energy transfer during melting and freezing. 

 

 

Figure 7.3: Design and Finished Prototype Cold Storage System 

 

7.3 Summary of Experience with Industrial-Grade Materials 

Industrial-grade formulations of CaCl2·6H2O + 3 wt% SrCl2·6H2O + 2 wt% KCl have shown good 

long-term stability under 24 hr. cycling. It was found that while this PCM self-stabilizes to a 

particular water content, this self-stabilized composition is dependent on the quantity of water 

initially present in the PCM. Stabilized PCMs were created with added water sufficient to meet 

the stoichiometric 6-hydrate condition as well as a case where 2.89 wt% excess water was added. 

For the 2.89 wt% excess water case, a lower heat of fusion and melt temperature was found 
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relative to the case with 0 wt% excess water above the 6-hydrate. When cycled, both of these 

industrial-grade salts were found to have good Hf stability up to 40 cycles. However, these results 

suggest a slight decrease in Hf for the 2.89 wt% Ex. water samples, while there was no observable 

change in Hf for the 6-hydrate stoichiometric samples. Given these results, it is suggested that 

care be taken during PCM preparation to ensure that the water added during CaCl2·6H2O 

preparation be sufficient and only sufficient in meeting the 6-hydrate condition. 

 

It was found that CaCl2·6H2O could be effectively prepared in bulk (several hundred kg) by simple 

mixing of water and CaCl2. Since heat removal during this process can be challenging, it is 

recommended that an appropriate heat rejection system be used during mixing. The required 

additives of KCl and SC6 are added to the mixed PCM after it has cooled. After 6 months of 

testing, the industrial-grade PCM in ACT’s 10 kWh prototype cold storage system experienced a 

small decrease in measured average power, which may indicate separation within the PCM. 

Additional testing of this PCM at scale is required to determine its long-term thermal 

performance. 
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The research presented in this report summarizes work on the development of a low-temperature 

(Tm between 15 and 30°C) PCM. Throughout this research, the thermal properties, supercooling, 

stability, and corrosiveness of PCMs suited for the proposed applications were investigated and 

characterized. Three CaCl2·6H2O-based PCMs were targeted for in-depth analysis, with potential 

solutions to uncovered issues being found and tested as required. Beginning with PCM 

characterization, the following is a summary of the key findings of this study: 

 

• Two novel, low-temperature eutectic mixtures of CaCl2·6H2O (CC6)-based hydrated salts 

have been proposed; CaCl2·6H2O + 7 wt% KNO3 (CC6+KN) and CaCl2·6H2O + 18 wt% 

MgCl2·6H2O (CC6+MC6). These PCMs have measured melt temperatures of 20 and 21°C, 

with Hf values of 120 and 149 J/g, respectively. 

• While the literature has suggested a eutectic concentration of 66:33 wt. frac. for the 

CC6+MC6 mixture, a eutectic mixture of 82:18 wt. frac. was found experimentally. This 

result was supported by phase diagram modeling using the extended UNIQUAC model, as 

developed by Thomsen [T12]. It is recommended that additional experimental testing be 

conducted to provide empirical data, which can be compared to the modeled phase 

diagram results. 

• CaCl2·6H2O was found to have good thermal performance with a measured Tm of 29°C 

and Hf of ~175 J/g. 

• SrCl2·6H2O (SC6) was found to suppress supercooling of all CaCl2·6H2O-based PCMs to 

within 2°C. While 1 wt% SC6 suppressed supercooling in CC6 at the beginning of cycling, 

it lost its effectiveness after 100 cycles. 3 wt% SC6 demonstrated good supercooling 

suppression in CC6 for up to 2,700 cycles. While using more than 3 wt% SC6 also 

suppressed supercooling during 2,700 cycles, the latent heat storage potential of the 

8 Conclusions and Recommendations 
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PCM was reduced with increasing SC6 percentage. Because of this, is recommended that 

3 wt% SC6 be used as it demonstrably suppresses supercooling for thousands of cycles, 

while not excessively decreasing the PCM’s thermal storage capacity.  

• The CC6+KN and CC6+MC6 eutectic mixtures were rapid-cycled for up to 2,700 cycles 

without significant changes in Hf as measured by drop calorimetry. It is believed that this 

good long-term performance is due to congruent melting and freezing of these eutectics. 

• After rapid thermal cycling to 2,700 cycles, the Hf of CC6 was found to decrease by an 

average of 3.8% from 172.6 to 166.0 J/g. This result suggested that CC6 experienced 

phase separation during thermal cycling. 

 

The phase stability of CC6 during repeated cycling was tested under different cycling conditions. 

With stability fully characterized, potential solutions to phase segregation (separation) were 

tested. The following key findings were found during stability testing of CC6: 

 

• During phase separation, CC6 separates into three distinct layers, a supernatant 

CaCl2 solution, CC6 and CaCl2·4H2O (CC4). The supernatant liquid is formed as a 

portion of the CC6 separates to form CC4 during freezing. After forty, 24-hour cycles, 

around 50% of the CC6 was found to have separated into CC4 and supernatant liquid. 

• The cooling rate of CC6 was found to have a direct impact on separation with slower 

cooling rates corresponding to more separation. As the cooling rate approaches 

0°C/hr, up to 5 wt% of the available CC6 was found to separate per cycle. 

Alternatively, at cooling rates of 20°C/hr, separation per cycle was found to 

approach 0%. When samples of CC6 were cycled at 1°C/hr, Hf was found to decrease 

by as much as 34% after 25 cycles. These results have important implications for 

rapid-cycling of CC6 as rapid cycling positively biases separation. This is problematic 

as the only feasible method for testing the long-term thermal performance of CC6 is 
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through accelerated cycling. It is recommended that additional testing be performed 

to determine a more accurate relationship between CC6 separation and the cycling 

rate. Using this relationship, accelerated cycling results can be adjusted such that 

they accurately reflect cycling under any desired rate.      

• It was found that separated CC6 could be reconstituted as a homogenous PCM through 

heating to a temperature greater than the CC4 melt temperature (~45°C). This is 

useful as it offers a method for restoring the PCM to its original thermal performance 

if separation occurs. If a system using unstable CC6 regularly reaches temperatures 

in excess of ~45°C, these results suggest that the material will continue to 

regenerate itself and provide good long-term thermal storage performance. 

• The addition of small percentages of KCl (1-2 wt%) to CC6 was found to form a stable 

eutectic. This mixture was found to self-stabilize with respect to the quantity of 

entrained water, with a supernatant liquid being formed when the mixture was 

frozen. In order for the CC6+KCl eutectic to maintain its stability during cycling, any 

supernatant liquid must be removed. After the supernatant liquid was removed, CC6 

samples with 2% KCl and 3% SC6 were cycled up to 100 cycles without a measurable 

decrease in Hf. The mixture of 95% CC6, 2% KCl and 3% SC6 is recommended as a 

stable, congruently melting/freezing PCM with a phase transition temperature of 

~25°C and Hf of ~170 J/g. 

• Phase diagram modeling of the CaCl2-H2O-KCl system suggests that stable eutectics 

form along a line of approximately 4 wt% KCl. Since the eutectics form more or less 

along a line of constant KCl wt%, eutectics can form for H2O concentrations from the 

hexahydrate to around 2-3 wt% in excess of the hexahydrate. As the water 

concentration increases, Tm and Hf will both decrease. 

• It is recommended that additional cycle testing of the new CC6 + 2% KCl + 3% SC6 

PCM be conducted to ensure long-term stability. This cycling can be conducted in a 
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rapid cycling system similar to that illustrated in Figure 3.6. However, before this 

cycling is conducted a correlation between cycling rate and separation should be 

sought for this PCM such that the rapid cycling results can be applied to the cycling 

rate desired.  

• Additional phase diagram modeling of the CaCl2-SrCl2-H2O-KCl system is 

recommended to determine SrCl2·6H2O’s impact on the eutectic concentration of the 

mixture. It is also recommended that experimental testing be conducted to provide 

empirical data points for comparison with the modeled results. 

 

In addition to thermal and stability testing of CC6-based salts, corrosion testing of several 

common metals in contact with these salts was conducted. The goal of this testing was to find 

inexpensive, common metals, which could be used to encapsulate the salts for over a decade of 

continuous use. In order to meet this specification, a maximum corrosion rate of 20 μm/yr was 

targeted. The following key findings resulted from this research: 

 

• For CaCl2·6H2O, carbon steel and Al 5086 were found to have good corrosion 

resistance during both isothermal testing up to 80°C and thermal cycling. Al 6061 is 

not recommended for use with this PCM due to significant pitting observed during 

isothermal testing.  

• Both CS and Al 5086 are recommended for use with the CC6+MC6 eutectic. Corrosion 

rates of less than 10 μm/yr were measured for both of these metals during isothermal 

testing at 80°C. 

• Aluminum is not recommended for used with the CC6+KN mixture due to severe 

corrosion.  

• During CC6 cyclic corrosion testing at a reduced heat transfer rate, CS was found to 

have a good corrosion rate (3.6 μm/yr) after 600 cycles. Al 5086 was found to have 
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a better corrosion rate (1.7 μm/yr) under the same conditions. If a lower corrosion 

rate is required, it was found that anodized Al 5086 had excellent performance during 

cycling with a corrosion rate as low as 0.1 μm/yr after 600 cycles. 

• Additional isothermal and cycling corrosion testing of the new CC6+KCl+SC6 PCM 

should be conducted to ensure that the metals which performed well in contact with 

CC6 continue to do so under this new formulation.  

 

Industrial-grade CC6 was prepared in bulk quantities of up to 200 L for testing in a prototype test 

system constructed by Advance Cooling Technologies (ACT). This material was tested via drop 

calorimetry and slow cycling with the following key results being found: 

 

• The industrial-grade formulations of CC6+KCl+SC6 have shown good stability during 

24-hour cycling. This PCM was found to self-stabilize to a particular water content 

where excess water accumulates in the supernatant liquid, which must be removed 

to ensure stability during cycling. 

• Adding water in excess of the hexahydrate results in both a lower melt temperature 

and latent heat of fusion. It is recommended that care be taken to ensure that the 

PCM is prepared with the current quantity of water needed for stoichiometric mixing 

at xH2O = 6. 

• It was found that CC6 could be successfully prepared in batches of several hundred 

kg through mixing in a large container. 

• It is recommended that an automated system for preparation of large quantities of 

the CC6+KCl+SC6 PCM system be designed and tested. This system should be capable 

of mixing the CaCl2, H2O and additives before freezing the mixed PCM to facilitate 

removal of any supernatant liquid.  
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