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Abstract 

 

Inorganic salts are widely used medium- and high-temperature phase change materials 

(PCM). However, their thermal conductivity is low, and since salts are highly corrosive, many 

conventional heat transfer enhancement methods do not apply. In this research, the ceramic 

foam was used to enhance the heat transfer of salts. The ceramic foam is open-cell, and its pore 

size is large (~mm), which enables the natural convection of PCM and benefits thermal 

transport. And it is fabricated alone and is integrated with molten salt easily; hence, the foam 

and salt can be maintained separately (rather than the whole CPCM), and the maintenance cost 

is reduced. This research covers property measurement, material preparation, compatibility test, 

and performance analysis. 

The thermo-physical properties of nitrate salts with various component fractions were 

measured. Mixing nitrate salts can decrease the melting point without impairing the latent heat; 

a molecular dynamics simulation was performed to provide microscopic insights.  

The ceramic foam/salt composite phase change material (CPCM) with excellent 

compatibility was fabricated; the thermal transport in the porous CPCM was studied 

experimentally and numerically. The melting front is significantly curved, indicating natural 

convection is strong, which is attributed to the low viscosity of salts. The melting rate of the 

CPCM with a pore density of 10 PPI (Pores Per Inch) is increased by 51.5%, and the porosity 

has a more significant effect than pore density on the melting performance. For the shell-and-

tube heat storage unit, the ceramic foam with varying outer diameters is optimal in melting rate, 

total stored energy, and energy storage rate. The thermal performance under solar fluctuation 

is also studied; strong solar radiation not only improves the energy storage rate but also 

increases the total stored energy; compared to pure PCM, ceramic foam/salt CPCM is more 

sensitive to solar fluctuation.   
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Chapter 1 - Introduction 

1.1 Background 

Currently, fossil fuels (coal, oil and gas) still dominate the global energy consumption. 

According to bp (The British Petroleum Company plc) statistics, fossil fuels have been 

accounting for over 80% of global primary energy consumption in the recent 20 years 

(Figure1.1). However, using renewable energy has more long-term benefits. Renewable energy 

is naturally replenished on a human timescale, removing the worry about exhaustion. And they 

are environmentally friendly and help cut CO2 emissions to achieve net zero. Moreover, they 

are available within a nation and do not depend on imports from other nations, which is very 

important to national energy security. Nevertheless, some renewable energy sources, such as 

solar energy, have unsteady and intermittent nature, difficult to meet the practical requirement. 

To address the mismatch between heat supply and demand, thermal energy storage (TES) is 

proposed [1]. 

 

Figure 1.1: World energy consumption from 1995 to 2020 and shares of global primary energy [2]. 
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1.2 Thermal energy storage 

Burning fuels is a direct and convenient method to get heat, but it needs fuels, i.e. cost, 

and emits greenhouse gases. Utilizing free available thermal energy from renewable sources 

such as solar radiation and industrial activities has both economic and environmental benefits. 

TES technology stores heat or cold in the medium for a later use [3]. It addresses the following 

issues [4]: 

▪ Time gap between thermal energy supply and consumption 

▪ Distance between source of thermal energy and place of heat demand 

▪ Fluctuation of heat sources 

Additionally, in some regions, the price of electricity between peak and off-peak hours is 

different; TES stores heat/cold during off-peak hours and releases it during peak hours, shifting 

the electricity peak load and achieving economic savings [5]. Some typical TES applications 

are as follows. 

▪ Domestic hot water supply. Solar heat is stored in a water tank for use in the evening 

(Figure 1.2a). These systems usually operate in a low-temperature range (between 20 °C 

to 100 °C [4]) with advantages of simpleness, small size, low cost and safety. They have 

been extensively used in individual households and large residential buildings in China. 

By using the solar thermal energy, the consumption of electricity and natural gas is 

reduced.  

▪ Industrial waste heat recovery. Industrial activities emit a great amount of waste heat to 

the environment [6]. Recovering industrial waste heat can prevent this heat being emitted 

into the environment, which mitigates global warming. Moreover, it increases the energy 

supply. The mobile TES system addresses the geographical mismatch between the heat 

source and heat demand (Figure 1.2b). 
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▪ Solar power generation. Solar thermal energy stored during the day provides heat to 

generate power to meet the electricity demand in the evening [7]. Additionally, the TES 

system buffers solar fluctuation by storing unsteady solar energy and releasing steady heat, 

so the power generation system can operate under design conditions (Figure 1.2c). 

▪ Space heating/cooling. Sustainable buildings with TES materials in walls and ceilings 

absorb heat during the day and release it during the night (Figure1.2 d-e), keeping a 

comfortable indoor environment with reduced energy consumption. Moreover, TES-

based space heating/cooling technology does not generate noise, which improves the 

thermal comfort [8].  

 

Figure 1.2: Various thermal energy storage applications. (a) Domestic hot water supply; (b) industrial waste 

heat recovery [6]; (c) solar power generation [9]; (d)-(e) sustainable building [10]. 

According to the heat storage mechanism, the TES technology is generally classified into 

sensible heat thermal energy storage (SHTES), latent heat thermal energy storage (LHTES) 

and thermochemical reaction thermal energy storage (TCTES) [11]. Table 1.1 summarizes the 

a b

c d e
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principle, advantages and typical materials of three TES technologies. TCTES remains in the 

preliminary research stage of the laboratory [12]. SHTES stores thermal energy by changing 

the temperature of materials. The amount of stored heat depends on the temperature change 

and the specific heat of sensible heat storage materials (SHM). The advantage of SHTES is that 

the raw materials are widely accessible and low-cost. LHTES stores heat through the phase 

change such as solid-liquid phase change, solid-solid phase change, solid-gas phase change 

and liquid-gas phase change [13]. For the solid-solid phase change, heat is stored when the 

material is transformed from one crystalline to another. The disadvantage is that the latent heat 

is low. For solid-gas and liquid-gas phase change, although the latent heat is high, the volume 

change is great, making the system complex and dangerous, which rules out their practical 

applications. For solid-liquid phase change, heat is stored when the solid material is melted; 

heat is released when the liquid material is solidified. Solid-liquid phase change materials 

(PCM) have relatively small volume change (10% or less) and large latent heat, so they are 

reliable and efficient heat storage media. (As this thesis focuses on solid-liquid phase change 

energy storage, “LHTES” and “PCM” in the following thesis refer to solid-liquid latent heat 

thermal energy storage and solid-liquid phase change material) 

Compared to SHTES, the energy storage density of LHTES is higher. For example, the 

latent heat of NaNO3 is 172 kJ/kg, and the specific heat is 1.1 kJ/(kg · °C) [14], meaning that 

the amount of energy stored by the phase change in LHTES is more than that by increasing the 

150 °C temperature of materials in SHTES. Moreover, the temperature keeps almost constant 

during charging/discharging, which is very important to stabilize the temperature in some 

applications. These advantages not only reduce system requirements (size, temperature 

resistance, etc.) but also improve thermal storage performance. As a result, LHTES is more 

attractive than SHTES. 

 



Chapter 1 - Introduction 

 

22 
 

Table 1.1: Principle, advantages and typical materials of three TES technologies [13, 15, 16]. 

TES technology Principle Advantage Typical material 

Sensible heat 

storage 
Temperature change 

1) Widely accessible raw 

materials 

2) Low cost 

Water, stone, brick 

Latent heat 

storage 
Phase change 

1) High energy storage density  

2) Almost constant temperature 

during charging/discharging 

Paraffin, salt 

Thermochemical 

reaction storage 
Chemical reaction 

1) High energy storage density 

2) Negligible heat loss 
Zeolite 

1.3 Phase change material 

Phase change material (PCM) is the core of LHTES. During the phase change process, 

the temperature of PCM almost keeps unchanged while the energy is increased. A simple 

example is the melting of ice. During the melting (solid-to-liquid phase change), the 

temperature of ice remains at 0 °C but ice still absorbs heat and its energy is increased. It is 

normal that the energy of a material will be increases if its temperature rises. For PCM, the 

energy is increased without increasing the temperature; vice versa, the energy is reduced 

without decreasing the temperature. This characteristic is very important to some applications 

which require constant temperature. For example, in thermal management of chips, PCM with 

an suitable melting point absorbs heat generated by chips so that the temperature of chips would 

not increase; when the ambient is cold, PCM releases heat so that chips work in a warm 

environment [17]. Unlike conventional thermal management technologies such as heat pipes, 

PCM not only dissipates heat but releases heat, so chips can always work around a suitable 

temperature. In terms of TES applications, the characteristic of constant temperature also plays 

an important role. For example, PCM with ~26°C melting point (human comfort temperature) 

is embedded in building materials so that the indoor temperature can keep a thermal comfort 

level [8]. In addition, the energy capacity during the phase change is large. As mentioned in 
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the last section, the latent heat of NaNO3 is 172 kJ/kg and the specific heat is 1.1 kJ/(kg·°C) 

[18], meaning that the energy stored during the phase change is more than the energy by 

increasing 150 °C temperature.  

 

Figure 1.3: Classification of TES technologies and materials. 

There are many types of PCMs and they can be classified based on different criteria. 

According to the melting point, PCMs are classified into low-temperature (melting point < 

100°C), medium-temperature (melting point 100°C ~ 300°C) and high-temperature (melting 

point > 300°C) ones [19]. According to the chemical nature, they are classified into organic 

PCMs, inorganic PCMs, and eutectic PCMs [18]. Organic PCMs are further classified into 

paraffin and non-paraffin (fatty acid, polymer, etc). Inorganic PCMs include salts, salt hydrate, 

and metal (Figure 1.3). Their advantages are high latent heat per unit volume, non-flammable 

and low cost. Eutectic PCMs, including organic eutectics, inorganics eutectics, and organic-

inorganic eutectics, are a mixture of two or more soluble ingredients [18, 20].  

However, almost all pure PCMs except metals suffer from low thermal conductivity [22]. 

The thermal conductivity of organic PCMs is about 0.1 - 0.4 W/(m·K) while that of inorganic 

Thermal energy storage
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PCMs is about 0.4 - 1 W/(m·K) [23], much lower than the thermal conductivity of SHM 

(sensible heat storage material), as indicated in Table 1.2. The poor thermal conductivity results 

in slow charging/discharging rate and low energy storage efficiency. Thus, the heat transfer 

enhancement is required. 

Table 1.2: Comparison of thermal conductivity between sensible heat storage materials (SHM) and phase change 

materials (PCM) [23-26]. 

SHM Thermal conductivity, W/m K PCM Thermal conductivity, W/m K 

Basalt 3.2 Paraffin 0.167 (liquid) 

Granite 1.73-3.98  0.346 (solid) 

Gneiss 2.7-3.1 Fatty acid 0.149 (liquid) 

Marble 2.07-2.94  0.153 (solid) 

Quartzite 2 Solar salt 0.48 (liquid)  

Sandstone 1.83  0.59 (solid) 

1.4 Heat transfer enhancement of PCM 

 

Figure 1.4: Three heat transfer enhancement strategies. 

Generally, the heat transfer can be enhanced through three strategies (Figure 1.4): 

improving the thermal conductivity of PCM, extending the heat transfer area and increasing 

the temperature difference between PCM and HTF (Heat Transfer Fluid). Based on these 

strategies, several heat transfer enhancement methods have been proposed: fins, heat pipes, 

nanoparticles, multiple PCMs and porous CPCMs [22] ( Figure 1.5). 

Heat transfer enhancement strategy

Improve thermal conductivity

Extend heat transfer area

Increase temperature difference
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Figure 1.5: Several heat transfer enhancement methods. 

▪ Fins. Fins are used to increase the heat transfer area between HTF and PCM. Some typical 

fins include longitudinal fins [27], annular fins [28], tree-shaped fins [29] and ladder-

shaped fins [30]. 

▪ Heat pipes. Heat pipes act as the thermal carrier between HTF and PCM. One suitable 

TES configuration for the use of heat pipes is the shell-and-tube system where HTF flows 

through the inner tube and PCM occupies the annulus space [22]. 

▪ Multiple PCMs. In a shell-and-tube system, multiple PCMs are arranged in order of the 

melting point along the axial direction [31]. The principle is that the HTF temperature 

decreases along the flow direction; at the end of the system, the melting point of PCM is 

low so the difference between the HTF temperature and PCM melting point is still large. 

▪ Nanoparticles. Highly conductive nanoparticles such as Al2O3 nanoparticles [32] are 

added to PCM to improve the thermal conductivity. 

▪ Porous CPCMs. The porous skeleton increases the heat transfer area between PCM and 

HTF. Moreover, the thermal conductivity of the porous skeleton is much large, which 

improves the effective thermal conductivity of PCM. 

Heat transfer enhancement method

Fins

Heat pipes

Multiple PCMs

Nanoparticles

Porous CPCMs
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Figure 1.6: Skeleton materials of porous CPCMs.  

*: CNT: carbon nanotube; MOF: metal-organic framework; PCP: porous coordination polymer; HPC: hierarchical 

porous carbon; HPP: hierarchical porous polymer 

Fabricating porous CPCMs is a popular and attractive method to enhance the heat transfer 

of PCM. According to the pore size, porous skeletons are classified into macroporous (pore 

size > 50 nm), mesoporous (pore size: 2~50 nm), microporous (pore size < 2 nm) and 

hierarchical porous (pore size covers two or more length scales) ones [33]. The widely-used 

skeleton materials are shown in Figure 1.6. 

1.5 Research aim and objectives 

Thermal transport in porous CPCMs is very important to evaluate the performance and 

design LHTES systems [34]. The aim of the current research is to investigate the thermal 

transport in a novel ceramic foam/salt porous CPCM for medium-temperature thermal energy 

storage. The ceramic foam is employed to enhance the heat transfer of salts. This foam is open-

cell, which enables natural convection of PCM and benefits thermal transport. And it is 
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compatible with salts. The foam is fabricated alone and very easily integrated with/separated 

from salts so that if the foam or salt fails, only the single foam or salt needs to be maintained, 

rather than the whole CPCM, reducing the maintenance cost.  

The main research objectives are: 

▪ To review the literature on thermal transport in porous CPCMs. 

▪ To fabricate the ceramic foam/salt CPCM using economically feasible technique and 

materials, removing the cost barriers in the way of applications. 

▪ To test the compatibility between the prepared ceramic and salt through 

melting/solidification cycles and ensure the corrosion resistance of the ceramic. 

▪ To evaluate the thermal transport performance of ceramic foam/salt CPCM both 

experimentally and numerically, considering multiple factors such as different containers, 

porosities, pore sizes, filling height, diameters and fluctuating heat source. 

1.6 Methodology 

Research methods used in the thesis include experiment, molecular dynamics (MD) 

simulation and computational fluid dynamics (CFD) simulation. The thesis structure is shown 

in Figure 1.7. The thermo-physical properties of salts (NaNO3-KNO3) with various component 

ratios are measured in Chapter 3, providing the fundamental thermal properties for later heat 

transfer study. Moreover, the MD simulation is performed to reveal the mechanism under the 

component-dependent properties. The preparation of ceramic foam/salt CPCM is introduced in 

Chapter 4. The wettability of the ceramic to salts is measured to determine the impregnation 

method. Then, in Chapter 5, the compatibility between the prepared ceramic and salt is tested 

through melting/solidification cycles. The corrosion experiment of Cu and Al (the common 

enhancement materials for low-temperature PCMs) is also conducted to make a comparison. 

Advanced characterization technologies are employed to analyse the corrosion behaviours. 
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And a reactive MD simulation is performed to provide microscopic insights into corrosion 

behaviours.  

The above studies confirm the technical feasibility and corrosion resistance of ceramic 

foam, laying the foundation for the later heat transfer study. The thermal transport performance 

of CPCM is investigated in Chapters 6 – 8. The heat transfer characteristics in the cavity are 

studied through experiments and CFD simulation in Chapter 6. The energy and exergy analysis 

is carried out to comprehensively evaluate the ceramic foam/salt CPCM. The melting 

performance in a shell-and-tube unit is numerically studied in Chapter 7. Multiple factors 

including porosity, foam filling height, and outer diameter are considered and compared to 

provide an optimal configuration. In Chapter 8, the thermal performance of pure PCM and 

CPCM under solar fluctuation in Nottingham, the UK is numerically studied to better 

understand the practical energy storage process. 
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Figure 1.7: The thesis structure. 
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Chapter 2 - Literature review 

Phase change heat transfer is very important to evaluate the performance of porous 

CPCMs and design LHTES systems. It has been extensively studied and significant 

advancements have been achieved. The critical experimental and numerical studies are 

reviewed in Section 2.1 and Section 2.2 respectively.  

2.1 Experimental study on phase change heat transfer in porous CPCM 

The experiment is the most direct method to study phase change heat transfer in porous 

CPCM. In Section 2.1.1, materials, i.e. PCMs and porous skeletons will be introduced. Then, 

some key findings from experimental studies will be presented in Section 2.1.2. 

2.1.1 Materials 

 

Figure 2.1: Statistic of porous CPCMs employed in studies on phase change heat transfer: (a) types of PCMs; 

(b) number of studies under different phase change temperature; (c) types of porous skeletons; (d) number 

of studies under different pore sizes.  
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To the author’s best knowledge, the first experimental study on the phase change heat 

transfer of porous CPCM was conducted by Weaver and Viskanta in 1986 [35]. In their 

research, water and glass beads were employed as PCM and porous skeleton, respectively. 

Since then, it has been over 35 years for studies in this field, and materials have changed a lot. 

Table 2.1 lists CPCMs and their properties in experimental studies from 1986 to 2019. And 

Figure 2.1 gives statistic of materials and properties. It can be seen that most researchers focus 

on low-temperature PCMs (the phase change temperature lower than 100 °C). The only study 

on medium-temperature PCM was carried out by Zhang et al. where the phase change 

temperature of PCM was 218 – 228 °C [36]. In addition, the pore size of porous skeletons is 

over 0.1 mm. In other words, all of them are macroporous. 

The metal foam is the most used porous skeleton in the experimental studies. There are 

mainly two methods to fabricate metal foam-based CPCMs. The first one is the directly pouring 

method, which is adopted by  Righetti et al. [37], Mallow et al. [38], etc. The procedure of this 

method is that the hot liquid PCM is directly poured into a container and mixed with the porous 

skeleton. This approach is simple and does not need extra device. However, due to the air 

existing in the porous skeleton, liquid PCM cannot infiltrate the skeleton completely. Thus 

more researchers employed the vacuum impregnation (or vacuum infiltration) method, such as 

Zhang et al. [34], Jin et al. [39], etc.  

 

Figure 2.2: Flow chart of vacuum impregnation method to fabricate metal foam-based CPCM [40]. 
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A typical flow chart of the vacuum impregnation method is presented in Figure 2.2. The 

procedure consists of six steps: firstly, the solid PCM, metal foam and a mesh which is used to 

support the foam are placed into a container. A vacuum pump is connected to the container and 

switched on to evacuate the air. Secondly, the container is heated and the metal foam sinks into 

the melted PCM. After the porous skeleton is fully impregnated by liquid PCM, the heating 

process is stopped and the vacuum pump is switched off at the same time. Then the container 

is cooled. When the PCM is completely solidified, the container is reheated slightly to make it 

easy to withdraw the sample. Finally, the CPCM is taken out and the surplus PCM on the 

surface is removed. 

Table 2.1: Summary of porous CPCMs and properties in experimental studies on phase change heat transfer. 

Ref. PCM/porous skeleton Porosity, - Pore size, mm 
Phase change 

point, °C 

Latent heat, 

kJ/kg 

[35] Water/glass beads 0.36-0.38 - 0 - 

[41] Water/aluminum beads 0.39 - 0 - 

[42] Gallium/glass beads 0.385 - 29.78 - 

[43] Paraffin/copper foam 0.90-0.95 0.85-2.54 58 181 

[44] Paraffin/aluminum foam 0.9137 2.82 55-60 120 

[45] PureTemp® 25/aluminum foam 

PureTemp® 25/copper foam 

PureTemp® 25/graphite foam 

0.921-0.933 

0.947 

0.811 

1.27-5.08 

1.27 

0.42 

24.1-26.3 187 

[46] Water/aluminium foam 0.946 0.64 0 315-333 

[47] Paraffin/aluminium foam 0.77-0.95 - 50-60 117 

[48] Paraffin/aluminium foam 0.859-0.958 - 52-57 200 

[49] Paraffin/copper foam  0.95 5.08 48.4-63.6 148.8 

[50] Paraffin/carbon-fibre brushes 0.992-0.9932 - 40-53 180 

[51] PCM/ aluminium foam - 2.54 15 182 
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[52] Water/copper foam 0.93-0.97 0.85-3.18 0 - 

[53] Paraffin/copper fibre sintered felt 0.75-0.95 0.15 48.6 217.9 

[54] Paraffin/copper foam 0.968 1.27 48-50 250 

[55] Coconut oil/ aluminium foam 0.88-0.96 5.08 24 103 

[56] Paraffin/copper foam 0.96 1.27 - - 

[57] Paraffin /stainless-steel fibre felt  0.8-0.9 0.1-0.2 47.38 170.7 

[58] Paraffin/ aluminium foam 0.92-0.93 0.635-5.08 42-64 165-250 

[59] Coconut oil/ aluminium foam 0.88-0.96 1.27-5.08 24 103 

[60] Eicosane/copper foam 0.95 0.127-2.54 36.5 - 

[61] Paraffin/copper foam 0.90-0.98 0.64-2.54 46.48-60.39 102.1 

[34] Paraffin/copper foam 0.97 1.02 54.43-64.11 175.24 

[62] Paraffin/copper foam 0.92 1.27 48-50 136.4 

[63] Paraffin/copper foam 

CaCl2·6H20/copper foam 

Paraffin/expanded graphite 

0.815, - 

0.815 

- 

0.847 

0.847 

- 

25-28,  

29 

25-28 

184 

190.8 

184 

[38] Paraffin/aluminium foam 

PT37/aluminium foam 

Paraffin/graphite foam 

0.905-0.912 

0.905-0.912 

- 

0.635-2.54 

0.635-2.54 

- 

55.2 

37 

55.2 

132.2 

210 

132.2 

[36] NaNO3 and KNO3/copper  

NaNO3 and KNO3/nickel foam 

0.965 

0.975 

2.54 

2.54 

218-228 

218-228 

122.89 

122.89 

[64] Paraffin/copper foam 0.97 2.54 68 213 

[65] Paraffin/copper foam 0.98 1.69 52-54 - 

[39] Paraffin/copper foam 0.949-0.961 0.51-1.69 46.4 - 

[66] Paraffin/copper foam 0.95 0.635-5.08 52-60 - 

[67] Paraffin/ aluminium foam 0.7-0.9 - 46-52 - 

[68] Paraffin/expanded graphite - - 61.33-61.62 170.7-180.6 
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[69] Paraffin/copper foam 0.974 2.54 26 179 

[37] Paraffin/ aluminium foam 0.893-0.948 0.635-5.08 40 165 

[70] n-octadecane/aluminium foam 0.87-0.96 0.635-5.08 28 243.5 

[71] Paraffin/copper foam 0.95-0.97 0.73-1.69 47-57 167 

[72] N-eicosane/copper foam 0.86 2.54 36.5 - 

[73] Paraffin /copper foam 0.91 2.54-5.08 35 230 

 

2.1.2 Solid-liquid phase-change process 

2.1.2.1 Phase interphase evolution 

 

Figure 2.3: Evolution of solid/liquid phase interface under the condition of left heated wall (MF: melting 

fraction) [55]. 

In 2012, Li et al. [61] experimentally studied the melting process of paraffin enhanced by 

copper foam in a 100 mm (length) × 45 mm (width) × 100 mm (height) rectangular cavity. The 

CPCM was heated on the left side. The solid/liquid interface at 3600 s and 3780 s presented a 
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sloped shape. Zhang et al. [34] conducted an experiment to study the melting phase change in 

paraffin/copper foam CPCM. They found that at the initial stage, the melting front was almost 

parallel to the heating boundary, indicating that the heat conduction dominated the phase 

change heat transfer. With time elapsed, more PCM was melted and the hot liquid PCM flowed 

upwards under the buoyancy force, leading to a faster melting rate in the upper half. As a result, 

the melting front became slope-shaped. A similar phenomenon can be found in Al-Jethelah et 

al. [55]’s research and the results are shown in Figure 2.3. Al-Jethelah et al. classified the 

melting process into three stages according to the heat transfer mechanism: 

 (1) Conduction-dominated stage: the solid/liquid interface was parallel to the heating wall 

and the thermal energy was transferred to solid PCM in the form of sensible heat (Figure 2.3(b)). 

(2) Conduction-convection-mixed stage: liquid PCM flowed upwards under the buoyancy 

force and a wide circulatory region was formed in the upper half, curving the interface;  in the 

lower part, the interface was still vertical due to the conduction (Figure 2.3 (c), (d)). 

(3) Convection-dominated stage: With time elapsed, more PCM was melted and was 

pushed by buoyancy force to flow upwards along the heating wall and downwards along the 

solid/liquid interface. A more sloped interface was formed (Figure 2.3 (e)-(g)). 

Diani et al. [58] used paraffin as PCM and aluminum foam as porous skeleton to study 

the phase change heat transfer in a 20 mm (length) × 100 mm (width) × 100 mm (height) cavity. 

Venkateshwar et al. [59] investigated the melting process of aluminum foam/coconut oil with 

nanoparticles. The solid/liquid interface evolution obtained by these researchers is similar to 

that by Al-Jethelah et al. [55]. 

It should be noted that the above studies are under the condition of the left heating wall. 

Different heating position may lead to different solid/liquid interface. Zheng et al. [49] 

conducted an experiment where the paraffin/copper foam CPCM was heated by the left, bottom, 

and top wall, respectively. The interface propagation in the case of left heating wall was similar 
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to Al-Jethelah et al. [55]’s results, while the other two cases were different. For the condition 

of the bottom heating wall, the melting front at the early stage was parallel to the heating 

boundary. However, at 4.5 h, the PCM in the middle was melted faster than on sides and two 

symmetrical annular flows were formed. For the case of top heating, the phase interface was 

always parallel to the heating wall because the influence of natural convection was insignificant. 

The cylindrical container is another widely used enclosure for porous CPCMs. In 2008, 

Siahpush et al. [60] investigated the melting/solidification process of copper foam-based 

CPCM in a 155.5 mm (inner diameter) × 304.8mm (height)  tube. During the experiment, the 

temperature of the outer wall of the container was kept constant. It was found that the curvature 

of solid/liquid interface in the case with metal foam was not as remarkable as the case without 

metal foam. 

 Yang et al. [62] studied the phase change process in a shell-and-tube unit. Copper foam 

and a fin were inserted into the paraffin to enhance heat transfer. For the PCM with copper 

foam, the interface was cone-shaped and developed from the inside to outside, while for the 

case with copper foam and fin, the melting interface was inversed funnel-shaped. Recently, 

Yang et al. [54] performed a visual experiment to investigate the melting process of PCM/metal 

foam in a shell-and-tube unit. It was found that at the initial stage (60 min), the inner interface 

was vertical, indicating that the conduction dominated the heat transfer. With the elapse of time, 

more PCM was melted and the natural convection remarkably contributed to the heat transfer. 

The hot liquid PCM was pushed upwards by buoyancy force and accelerated the phase change 

in the upper region, so forming a funnel-shaped interface. For the outer solid/liquid interface, 

it was horizontal during the whole phase change process. 

2.1.2.2 Temperature distribution and variation 

Thermocouples are widely used to record temperature distribution and variation during 

the phase change process. For instance, Zhou et al. [63] arranged four thermocouples at 
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different positions in a rectangular cavity. They found that during the melting process, the 

temperature of PCM with metal foam was higher than that without metal foam, implying that 

the heat was transferred faster by metal foam. Wang et al. [67] studied the paraffin/aluminum 

foam CPCM in a battery. Their results showed that the existence of aluminum foam improved 

the temperature uniformity of PCM. Zhang et al. [36] experimentally investigated the phase 

change process of salt/metal foam CPCM. Thermocouples were fixed along the axis and wall 

of a cylindrical container (see Figure. 2.4(a)). During the experiment, the container was heated 

in the oil bath. The variation of temperature is shown in  Figure 2.4(b). For the pure PCM, the 

temperature at point D was higher than that at point B and C, while for salt/metal foam CPCM, 

the temperature at point B was highest.  

 

Figure 2.4: (a) Schematic of thermocouple distribution; (b) the variation of temperature with time [36]. 

Recently, the infrared camera was used by some researchers to capture the temperature 

field. In  Zhang et al. [34]’s experiment, the cavity was heated by the left wall. It can be seen 

from Figure 2.5 that at the initial stage, the temperature contours were almost vertical. With 

the elapse of time, more PCM was melted and the natural convection became significant, which 

accelerated the interface propagation in the top region. Yao et al. [69] investigated the melting 
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process of paraffin/copper foam using an infrared camera. Their results showed that the copper 

foam improved the temperature uniformity and increased the melting rate by 2 times. 

 

Figure 2.5: Variation of temperature field captured by an infrared camera [34]. 

2.2 Numerical investigation on phase change heat transfer in porous CPCM 

The numerical simulation is time- and cost-saving and can provide detailed flow and heat 

transfer information. Generally, the numerical methods for phase change heat transfer in porous 

CPCMs can be classified into representative elementary volume (REV)-scale method and pore-

scale method [74]. The schematic of the two methods is presented in Figure 2.6 and the 

comparison is listed in Table 2.2. The REV-scale simulation treats the porous CPCM as a 

uniformly mixed medium (see the typical computational domain in Figure 2.7(a)) and does not 

require an accurate description of the skeleton structure. In other words, it ignores the complex 

geometry of the skeleton. Instead, this method uses some statistical parameters, such as 

porosity, permeability, and effective thermal conductivity, to characterize the porous skeleton. 

Therefore, it suits the simulation of large-size systems. To account for the presence of the 

porous skeleton, terms based on semi-empirical models are added into the governing equations. 

Through choosing appropriate semi-empirical models, the REV-scale simulation can provide 

reasonable results. The REV-scale method includes the traditional CFD methods, such as 

finite-difference method (FDM), finite-volume method (FVM) and finite-element method 

(FEM), and the REV-scale lattice Boltzmann method (LBM). 
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Figure 2.6: Schematic of REV-scale and pore-scale method [75]. 

 

Table 2.2: Comparison between REV-scale and pore-scale simulation. 

Method REV-scale simulation Pore-scale simulation 

Feature 

Treat the porous CPCM as a uniform mixture 

by volume average and simulate the phase 

change of the mixture 

Directly simulate the phase change of 

PCM in porous skeleton 

Advantages 

(1) Simple input 

(2) Less computational sources 

(3) Large simulated system 

(1) Exhibiting flow and heat transfer in 

pores 

(2) Reflecting the effect of pore 

structure on phase change 

Disadvantages 

(1) Lack of flow and heat transfer 

characteristics in pores 

(2)  Disability in revealing the effect of the 

pore structure 

(1) High computational cost 

(2) Complex geometry input 

Simulation approach 

FVM 

FEM 

FDM 

LBM 

LBM  

DNS  
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Figure 2.7: Typical computational domain in (a) REV-scale simulation and (b) pore-scale simulation [11]. 

The pore-scale method adopts the real porous structure as the computational domain, as 

Figure 2.7(b) shows. It directly models the flow of PCM in pores. Therefore, it can reflect the 

influence of pore structure on the phase-change process and provide more information than the 

REV-scale simulation. As Lattice Boltzmann Method (LBM) has the robust ability to handle 

complex boundaries, it has been widely used to perform the pore-scale simulation [76]. In this 

section, the REV-scale simulation by traditional CFD methods will be introduced in Section 

2.2.1 and the pore-scale simulation based on the LB method in Section 2.2.2. 

2.2.1 REV-scale simulation 

2.2.1.1 Models and materials 

According to the local thermal/non-thermal equilibrium, models used in the REV-scale 

method are classified into one-temperature model and two-temperature model [19]. The one-

temperature model assumes there is a thermal equilibrium between the PCM and porous 

skeleton. This model was first applied to investigate the melting of ice in the porous medium 

by Weaver et al. [41]. In contrast, the two-temperature model takes into account the 

temperature difference between the PCM and porous skeleton. When the difference in thermal 
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conductivity between PCM and porous skeleton is large, the two-temperature model is more 

accurate. A summary of REV-scale simulations is given in Table 2.3. 

Table 2.3: Summary of REV-scale simulation. 

Ref Material Porosity Dimensional Container 

[50] Paraffin/carbon-fiber brush 0.992-0.9932 3D R 

[77] PCM/metal foam 0.385-0.8 2D R 

[43] Paraffin/copper foam 0.95 2D R 

[78] Paraffin/aluminum foam 0.90 2D R 

[79] Paraffin/copper foam 0.85-0.95 2D R 

[61] Paraffin/copper foam 0.90-0.98 2D R 

[80] Paraffin/copper foam 0.90 2D R 

[81] n-eicosane/aluminum foam 0.86-0.94 2D R 

[82] NaNO3/copper foam 0.855-0.945 2D R 

[83] Docosane/aluminum foam 0.757-0.9898 3D R 

[84] Paraffin/aluminum foam 0.90 2D R 

[34] Paraffin/copper foam 0.97 3D R 

[85] Sodium acetate/aluminum foam 0.865-0.965 2D R 

[48] Paraffin/aluminum foam 0.859-0.958 3D R 

[86] Paraffin/aluminum foam 0.90 2D/3D R 

[87] Succinonitrile/copper foam 0.8-0.95 2D R 

[88] Paraffin/copper foam 0.9-0.97 2D R 

[60] eicosane/copper foam 0.95 2D C 

[89] Paraffin /graphite foam 0.85-0.97 2D C 

[90] Li2CO3 and K2CO3/copper foam 

Li2CO3 and K2CO3/SiC foam 

Li2CO3 and K2CO3/Al2O3 foam 

Li2CO3 and K2CO3/ nickel foam 

0.95 

0.95 

0.95 

0.95 

2D C 

[91] Paraffin/copper foam 0.95 2D/3D C 

[92] Li2CO3 and Na2CO3/metal foam 0.85-0.95 3D C 



Chapter 2 – Literature review 

 

42 
 

[36] NaNO3 and KNO3/ metal foam 0.965-0.975 3D C 

[93] Paraffin/ metal foam 0.94 2D C 

[52] PCM/copper foam 0.93-0.97 2D R 

[94] Paraffin/copper foam 0.85-0.95 3D R 

[95] RT82/copper foam 0.95-0.98 2D C 

[51] PCM/aluminum foam 0.935-0.955 2D C 

*: “C” and “R” refer to cylindrical and rectangular, respectively.  

Table 2.3 covers literature from 2000 to 2019. Figure 2.8 gives the statistics of types of 

porous skeleton and pore size. It is found that most skeletons are metal foam, and the pore size 

is over 0.1 mm (macroporous).  

 

Figure 2.8: Statistics of types of (a) porous skeleton and (b) pore size in REV-scale simulation. 

According to the difference in geometry, PCM containers are classified into rectangular 

and cylindrical ones. The following two subsections will introduce REV-scale simulations in 

rectangular and cylindrical containers. 

2.2.1.2 Rectangular container 

In 2005, Krishnan et al. [77] investigated the melting process of PCM in a square container. 

They found that the metal foam accelerated the heat response of PCM because of the high 

thermal conductivity; on the other hand, it supressed the natural convection. Overall, it 

improved the thermal response. Later, Tian et al. [79] studied the phase change heat transfer of 

paraffin/copper foam in a 200 mm × 25 mm rectangular container. Their results showed that 
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metal foam significantly enhanced the heat conduction, and although it suppressed the 

convection, the metal foam improved the overall heat transfer performance of PCM. Srivatsa 

et al. [81] numerically investigated the phase change of CPCM enhanced by aluminium foam 

in a 80 mm (length) × 62 mm (width) × 25 mm (height) container. It was found that the natural 

convection was strongest when PCM was melted completely.  

In 2017, Zhang et al. [34] demonstrated several stages where different heat transfer 

mechanisms dominated. At the initial stage (1000 s), the melting interface was almost parallel 

to the left heating boundary, indicating that the conduction dominated the heat transfer. With 

time elapsed, more PCM was melted and high-temperature liquid PCM flowed upwards, 

accelerating the melting. As a result, a slope-shaped interface was formed. At this stage, the 

natural convection dominates the phase change heat transfer. In order to compare the 

temperature difference between PCM and porous skeleton, Zhang et al. [34] simulated the 

temperature field. The temperature of metal foam was generally higher than that of the PCM, 

especially in the solid region of PCM. When the PCM was melted completely, natural 

convection promoted the heat exchange between PCM and the porous skeleton, so the 

temperature difference became small. Li et al. [61] performed a numerical simulation on the 

melting process of porous CPCM in a 45 mm × 100 mm domain and they found that the 

temperature of porous skeleton was higher than that of PCM.  

To compare the effect of heat conduction and natural convection, Yang et al. [86] 

conducted a simulation in a 76.2 mm (length) × 152.4 mm (height) × 25.4 mm (width)  domain. 

Their results are presented in Figure 2.9. Without considering the natural convection, the 

melting front is always parallel to the heating wall. In contrast, taking into account the natural 

convection, a slope-shaped interface is formed. Yang et al. also compared contributions of the 

two heat transfer mechanisms and found that although the influence of natural convection was 

not negligible, heat conduction played a more important role. From this point of view, it also 



Chapter 2 – Literature review 

 

44 
 

explains why the porous skeletonenhances the global heat transfer although it suppresses the 

natural convection. 

 

Figure 2.9: Solid/liquid interface propagation: (a) without considering natural convection (b) considering 

natural convection [86]. 

2.2.1.3 Cylindrical container 

In 2008, Lafdi et al. [89] studied the phase change process of PCM/graphite foam in a 

cylindrical container. They found that the thermal performance of the system was improved 

significantly owing to the addition of high thermal-conductivity graphite foam. The average 

output power of the system was increased by more than 8 times. Liu et al. [91]   performed a 

3D simulation in a 40 mm (inner diameter) × 82 mm (inner diameter) × 250 mm (length) 

computational domain. In their study, the solid/liquid interface propagation and temperature 

distribution were predicted. The result shows that the temperature along the central tube 

decreased because the heat was absorbed by the surrounding PCM. A 335 K iso-surface moved 

from the inlet to the outlet during the melting process. Later,  Zhang et al. [36] studied the 

melting/solidification of CPCM in a vertical cylindrical storage unit. They used NaNO3 and 
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KNO3 as PCM and found that the solid/liquid interface curved gradually during the melting 

process, indicating the increasing natural convection; for the solidification process, the phase 

interface was almost parallel to the cooling wall, implying that the heat conduction was 

dominant. 

Some researchers optimized the configuration to improve thermal performance. For 

instance, Nithyanandam et al. [92]  conducted a numerical study on the metal foam and heat 

pipe-enhanced TES unit. They simulated the melting/solidification process of four different 

configurations: (1) no heat pipe; (2) no heat pipe-metal foam; (3) 2 horizontal heat pipes-metal 

foam; (4) 2 vertical heat pipes-metal foam. Among, the 2 vertical heat pipes with metal foam 

was recommended to improve melting/solidification efficiency. Later, Xu et al. [90]  evaluated 

and optimized the melting performance of a cylindrical TES unit partially filled with a porous 

skeleton. Their research showed that, to make the most of natural convection and save cost, the 

porous skeleton should be placed in the lower part of the tube and the optimal filling height 

ratio was 0.7. 

2.2.2 Pore-scale LB simulation 

Lattice Boltzmann method is a relatively new approach which is particle-based and 

employs a simple kinetic model [96]. The principle of this method is that, fluid is discretized 

into small particles and macroscopic heat and mass transfer are predicted by evolving thermal 

motion of fluid particles. LB method has three advantages: (1) simple calculation procedure; 

(2) parallel computation; (3) robust ability to handle complex geometries [96, 97]. LBM was 

first proposed by McNamara et al. [98]. Recently, many researchers have employed it to 

investigate phase change phenomena in porous skeleton [99]. LBM can perform the REV-scale 

simulation [100], however, its advantage of handling complex boundaries can be made the 

most by conducting the pore-scale simulation. This section will introduce the recent 
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advancement of the pore-scale LBM simulation on the phase change heat transfer in porous 

CPCMs. A summary of related research is provided in Table 2.4. 

Table 2.4: Summary of pore-scale LB simulation on phase change heat transfer in porous CPCMs. 

Ref. Porosity Pore size, mm Porous skeleton PCM 

[101] 0.9-0.94 - Metal foam Water 

[102] 0.88 - Metal foam Gallium 

[103] 0.9 - Metal foam Paraffin 

[104] 0.95 0.75 Metal foam Li2CO3-K2CO3 

[44] 0.9137 2.82 Metal foam Paraffin 

[105] 0.9-0.98 0.5-1.25 Metal foam Li2CO3-K2CO3 

[106] 0.6-0.9 - Metal foam Paraffin 

[107] 0.40-0.55 - Soil Water 

2.2.2.1 Temperature field and phase interface 

In 2018, Li et al. [101] studied the solid-liquid phase-change process in the metal foam. 

The structure-performance relation of PCM was analyzed under different gravity conditions. 

In their study, the computational domain was heated by the left wall. To compare the results 

between the pore- and REV-scale simulation, the author selected Zhang et al. [34]’s study 

where the physical model was also heated by the left wall. As Figure 2.10 shows, the overall 

distribution of the temperature field predicted by pore- and REV-scale method is similar: at the 

initial stage, the temperature contours were approximately parallel to the heating wall. With 

the elapse of time, more PCM was melted and the effect of the natural convection was 

significant, leading to slope-shaped contours. 

Compared to the REV-scale simulation, the pore-scale simulation can reflect the influence 

of the pore structure. As seen from Figure 2.10, the temperature contours predicted by the pore-
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scale method were not as smooth as those by the REV-scale method. In the pore-scale 

simulation, some parts of the contours were parallel to the skeleton (see the marked area in 

Figure 2.10(a)). However, this phenomenon cannot be revealed by the REV-scale method.  

 

Figure 2.10: Comparison of temperature fields predicted by different methods [34, 101]. 

2.2.2.2 Flow field 

Ren et al. [105] simulated the flow field of the phase change process, as shown in Figure 

2.11(a). It can be seen that liquid PCM passed through the gap between the ligaments. At 

Fo = 0.06, the natural convection was further developed and a large vortex was formed in the 

middle region. The typical flow field simulated by the REV-scale method [86] is presented in 

Figure 2.11(b). It can be observed that the detailed flow through pores was ignored and the 

flow field was simplified.  
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Figure 2.11: Comparison of flow fields predicted by different methods [86, 105]. 

2.3 Summary 

In summary, metal foam is the most used porous skeleton in both experimental and 

numerical studies. The skeletons in all the reports are macroporous, in other words, studies on 

mesoporous, microporous and hierarchical porous CPCMs are very few. It may be because 

mesoporous, microporous and hierarchical porous CPCMs are shape-stabilised phase change 

materials (ss-PCMs). They are like bricks and the heat transfer in them can be regarded as 

single heat conduction, which makes the study on heat transfer relatively simple. Metal foam 

belongs to the macroporous skeleton. Actually, its pore size ( > 0.1mm) is much larger than the 

classification limit, so natural convection can occur, beneficial to heat transfer. Moreover, foam 

and PCM can be produced in large sizes, which is suitable for large-scale applications. And 
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they are produced separately; if the foam or PCM fails, we only need to maintain the single 

foam or salt. In contrast, for ss-PCMs, the skeleton and PCM are integrated together and cannot 

separate, thus the whole ss-PCM needs to be maintained, which obviously increases the 

maintenance cost. As a result, foam-typed skeletons are widely applied and investigated. 

Paraffin is the most used PCM. The coverage of PCMs used in the previous research is 

very narrow. The phase change temperature of most PCMs is from 0 °C to 70 °C, falling in the 

range of low temperature. Studies on the medium- and high-temperature PCMs are very few. 

Inorganic salts are widely used PCMs in medium- and high-temperature applications due to 

their high melting point, large energy storage density, low cost and excellent chemical stability. 

However, salts also suffer from low thermal conductivity, like most PCMs. And they are highly 

corrosive, which makes many conventional heat transfer enhancement methods fail. Ceramic 

has inherently high thermal conductivity and corrosion resistance, but the potential of ceramic 

foam as the thermal enhancer of salts is poorly known, which hampers its practical applications. 

A comprehensive study covering material preparation, compatibility test, and thermal 

performance evaluation of ceramic foam/salt porous CPCMs is needed. 
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Chapter 3 - Thermo-physical properties of nitrate salts 

3.1 Introduction 

Thermo-physical properties of salts are fundamental information for the research on heat 

transfer. The melting point and latent heat are very important because the melting point 

determines the application range of salts and the latent heat determines the energy storage 

capacity. In this chapter, the melting point and latent heat of salts are investigated. Nitrate salts 

(NaNO3, KNO3 and their eutectics) are selected because they are the widely used salt in 

medium- and high-temperature thermal energy storage. First, the melting point and latent heat 

of nitrate salts are experimentally measured. The effect of components on thermo-physical 

properties is analysed. Then, a molecular dynamics (MD) simulation is performed to reveal the 

mechanism underlying the variation of thermal properties from the atomic point of view. 

3.2 Experiments 

NaNO3 and KNO3 (purity ≥ 99.0%) were purchased from China National Pharmaceutical 

Co., Ltd. The preparation of NaNO3-KNO3 eutectics is as follows: first, the pure NaNO3 and 

KNO3 were weighed and mixed together, followed by the full dissolution in the excess distilled 

water; then the solution was dried at 150 °C for more than 48 h; finally, the salt was ground for 

the later differential scanning calorimetry (DSC) measurement. The mole fraction of NaNO3 

in samples is listed in Table 3.1 and the photograph is shown in Figure 3.1. 

The DSC measurement was conducted using Discovery DSC25 (TA Instruments, USA). 

The accuracy of the temperature control is ±0.01°C. The accuracy of the calorimeter (indium, 

the standard metal) is ±0.1%. The baseline reproducibility is < 40 μW. Nitrogen was employed 

as the cooling gas and the flow rate was 50 ml/min. Before the DSC measurement, the device 

was calibrated using the standard metal. The sample (10 mg) was placed in the alumina crucible 

while the empty crucible act as the reference. The sample was first heated to 150 °C and then 
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subjected to a heating-cooling cycle with a rate of 6 °C /min. The first cycle was discarded and 

the data was acquired from the second cycle. Each salt was tested at least three times. 

Table 3.1: Nitrate salts employed in the experiment. 

No. Name Mole fraction of NaNO3 

0# Na0-K1 0 

1# Na0.1-K0.9 0.1 

2# Na0.2-K0.8 0.2 

3# Na0.3-K0.7 0.3 

4# Na0.4-K0.6 0.4 

5# Na0.5-K0.5 0.5 

6# Na0.6-K0.4 0.6 

7# Na0.7-K0.3 0.7 

8# Na0.8-K0.2 0.8 

9# Na0.9-K0.1 0.9 

10# Na1-K0 1 

 

 

Figure 3.1: Photograph of nitrate salts used in the experiment. From left to right is sample 0#, 1#, …, 10#. 

3.3 Molecular dynamics simulation 

A molecular dynamics simulation was performed to understand the variation of thermos-

physical properties from atomic point of view. The simulation system consists of 5040 atoms. 
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The initial crystal structure is obtained from Ref. [108]. Then the cell is replicated to generate 

the final geometry. The mole fraction of NaNO3 is the same as that in the experiment. 

The Buckingham potential is used to reproduce the pairwise interaction between atoms 

[109, 110]: 

Ebuck = Ae-r/𝜏 - 
C

r6
                                                            (3-1) 

where r is the distance between two atoms; A, 𝜏 and C are Buckingham parameters which are 

listed in Table 3.2. 

Table 3.2: Buckingham potential parameters for NaNO3 and KNO3 [108]. 

 q /e A /kcal mol-1 τ /Å C /kcal mol-1 Å6 

Na +1 9778.06 0.3170 24.18 

K +1 35833.47 0.3370 349.9 

N +0.95 33652.75 0.2646 259.1 

O -0.65 62142.9 0.2392 259.4 

N-O kb /kcal mol-1 Å-2 = 525.0 ro / Å = 1.2676 

O-N-O kθ/kcal mol-1 rad-2 = 105.0 θ0 /°= 120.0 

O-N-O-O kΨ/kcal mol-1 rad-2 = 60.0 Ψ0 /°= 0.0 

The intra-molecular force field is used to describe the force within the nitrate ion, where 

the bond stretching is computed as [108]: 

Vb = kb (r - r0)
2
                                                        (3-2) 

Angle bending is computed as: 

Vθ = kθ (θ - θ0)
2
                                                        (3-3) 

Improper motion is computed as: 

Vψ = kψ (ψ - ψ
0
)
2
                                                       (3-4) 

Coulombic interaction is computed as: 
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Ecoul = 
q

i
q

j

r
                                                                    (3-5) 

where q
i
 and q

j
 are the charge of ions i and j.  

For different types of atoms (such as Na and N), the pair coefficient is generated by the 

following mixing rules [109]: 

Aij=√Aii∙Ajj                                                    (3-6) 

Cij=√Cii∙Cjj                                                     (3-7)                                            

1

𝜏ij

=
1

𝜏ii

+
1

𝜏jj

                                                            (3-8) 

All the simulations were performed using the open-source MD software LAMMPS. The 

Buckingham and Coulombic interactions were truncated at 11 Å, with the long-range 

corrections being applied [108]. The particle-particle-particle-mesh (pppm) solver was used to 

compute long-range Coulombic interactions. Newton’s motion equations were solved through 

the Verlet algorithm with a time step of 1 fs [111]. 

The system was first subjected to an energy minimization. Then it was equilibrated in the 

NPT ensemble for 2 ns to relax the system to the desired pressure and temperature [109]. The 

pressure was fixed as 0.1 MPa while the temperature ranged from 300 K to 800 K, so both the 

solid and liquid state can be covered. The temperature increment is 50 K; near the melting point, 

it is set as 10 K. During the simulation process, Nose-Hoover thermostat and barostat were 

employed to control the pressure and temperature.  

In all the simulations, the “multi constant temperature” method rather than the “gradually 

heating and cooling” method was adopted so that the system can be equilibrated at each specific 

temperature for a long enough time [112]. 
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3.4 Results and discussions 

3.4.1 Melting point 

 

Figure 3.2: Determining the melting point of Na0.5-K0.5 using (a) DSC measurement and (b) MD simulation. 

The schematic of determining the melting point using the DSC curve and potential energy 

curve is shown in Figure 3.2. For the DSC method, three melting temperatures are identified: 

the extrapolated onset temperature, peak temperature and end temperature [113]. For the MD 

method, the melting point is determined by the jump in the potential energy curve [114]. It is 

noted that in Figure 3.2(b), the potential energy jumps at 217 °C; the salt shows the solid 

characteristic, as seen from the Na-N radial distribution function (RDF). At 227 °C, the jump 

ends, and the salt shows the liquid feature, indicating the salt has been melted completely. 

Herein, the temperature where the jump starts is denoted as Tsolid which means the end of the 

solid state; the temperature where the jump ends is denoted as Tliquid which means the start of 

the liquid state. For the Na0.5-K0.5, Tsolid and Tliquid are 217 °C and 227 °C respectively. 

The melting point determined by the DSC measurement and MD simulation is presented 

in Figure 3.3. It is seen that the pure NaNO3 and KNO3 have the highest melting point. And 

the melting point first decreases and then increases with the increasing ratio of NaNO3, and the 

melting point of salt mixtures is lower than that of each component. The melting point in Ref.  

[115-117] is also plotted in Figure 3.3 and they show the same trend. 
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Figure 3.3: Variation of melting point with the mole fraction of NaNO3. 

The results indicate that Na0.5-K0.5 has the lowest melting point and the melting point is 

100 °C lower than that of pure salt. To understand the component-dependent melting point, the 

structure of nitrate salts was analysed. The nitrate salt is a type of ionic crystal [118]. Na+/K+ 

are bonded with NO3
- by the coulombic force, as shown in Figure 3.4. The coulombic force is 

the attractive force because the charge of Na+/K+ and NO3
- are opposite. From the atomic point 

of view, the melting process is that, as the temperature increases, Na+, K+ and NO3
- vibrate 

more intensively until they overcome the coulombic force and escape from the lattice point 

[119]. The coulombic force acts as the resistance for melting. 

 

Figure 3.4: Schematic of the coulombic interaction in NaNO3/KNO3 eutectic. Yellow, red, blue and cyan 

spheres represent Na, K, N and O atoms respectively. 

0 10 20 30 40 50 60 70 80 90 100
200

220

240

260

280

300

320

340

360

 Tonset     Tonset,  Xiao et al.

 Tpeak      Tpeak,  Xiao et al.

 Tend       Tm,     Coscia et al.

 Tsolid      Tm,     Zhang et al.

 Tliquid

T
em

p
er

at
u

re
, 
℃

Mole fraction of NaNO3, %



Chapter 3 - Thermo-physical properties of nitrate salts 

 

56 
 

The coulombic energy computed from the MD simulation is presented in Figure 3.5. It is 

seen that Na0.5-K0.5 has the smallest coulombic energy. This suggests that the “resistance” for 

melting is small, so Na+, K+ and NO3
- can shake out of the lattice point at a relatively low 

temperature, which may lead to the lowest melting point.  

 

Figure 3.5: Computed coulombic bonding energy of Na0-K1, Na0.3-K0.7 and Na0.5-K0.5. Yellow, red, blue and 

cyan spheres represent Na, K, N and O atoms respectively. 

3.4.2 Latent heat 

The DSC curve describes the power difference between the tested sample and the 

reference. Since the empty crucible is used as the reference in the current experiment, the DSC 

curve indicates the amount of energy required by salt to reach the pre-set temperature. The 

schematic of determining the latent heat using the DSC curve is presented in Figure 3.6(a). The 

latent heat is obtained by integrating the area between the DSC curve and the baseline from the 

onset temperature to the end temperature [113]. Actually, the latent heat obtained by this 

method is the “pure” latent heat because the specific heat has been extracted. It reflects the 

energy increment induced by the phase change.  
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Figure 3.6: Determining the latent heat of Na0.5-K0.5 using (a) DSC measurement and (b) MD simulation. 

The MD method determines the latent heat by identifying the jump in the enthalpy curve. 

Before melting, the enthalpy increases stably with temperature, which is mainly due to the 

specific heat. When the temperature reaches the melting point, the phase change occurs and the 

enthalpy jumps due to the phase change. The latent heat is obtained by computing the enthalpy 

difference before/after melting. The specific heat is extracted by extrapolating the enthalpy 

curve to Tliquid. 

 

Figure 3.7: Variation of latent heat with the mole fraction of NaNO3. 

The latent heat of nitrate salts is presented in Figure 3.7. Different from the melting point, 

the latent heat increases with the increasing ratio of NaNO3. It is proportional to the component. 

The latent heat in Ref. [115, 120-123] shows the same trend. The variation of latent heat with 
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components is very important because through mixing pure salts, the melting point of the 

mixture is decreased while the energy storage density is not impaired. 

 

Figure 3.8: Schematic of the structure of NaNO3 before/after melting. Yellow, blue and cyan spheres 

represent Na, N and O atoms respectively. 

Latent heat is the energy difference before/after melting. Since the property of matter is 

determined by its structure, the component-dependent latent heat is explained from the salt 

structure. The initial structure of NaNO3 is regular, as shown in Figure 3.8. Na+ and NO3
- are 

located at the lattice point and the structure has the characteristic of “point by point”. At the 

solid state, atoms vibrate “in place”; although the structure becomes a bit disordered, Na+ and 

NO3
- are still locked near the lattice point. The structure is overall “point by point”. However, 

after melting, Na+ and NO3
- distribute randomly; the structure is quite disordered. 

The coordination number describes the number of atoms surrounding the central atom. It 

is calculated by [111]:   

  N = 4πp
j
∫ g

ij
(r)r2dr

r

0
                                          (3-9) 

where i and j denote i–type and j–type atom, respectively; p
i
 is the number density of j–type 

atom; r is the distance between i–type and j–type atoms; g
ij
 is the radial distribution function. 

Taking r = rmin (rmin is the first valley position of the RDF curve), the coordination number is 
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obtained. Figure 3.9 shows the coordination number curves of Na1-K0, Na0.5-K0.5, and Na0-K1. 

The temperature of “before melting” and “after melting” for Na1-K0, Na0.5-K0.5, and Na0-K1 is 

580 K and 590 K, 490 K and 500 K, 600 K and 610 K respectively. The solid line represents 

the coordination number curve “before melting” while the dashed line represents “after 

melting”. The first valley position of the RDF curves is located at around 4.75 Å. The height 

of the red, black and blue rectangular in Figure 3.9 represents the difference in the coordination 

number before/after melting. It is seen that the difference in coordination number before/after 

melting is Na1-K0, Na0.5-K0.5, and Na0-K1 in order from large to small. The larger the difference 

in coordination number, the greater the change in the local structure, the more the energy is 

required to meet the change in the structure, which may lead to the larger latent heat. 

 

Figure 3.9: Coordination number curve of Na1-K0, Na0.5-K0.5, and Na0-K1. 

3.4.3 Potential application 

In addition to providing the fundamental thermal properties for later research on heat 

transfer, the potential application of the current research is to improve the efficiency of solar 

power plants. From the above discussion, it can be concluded that mixing pure salts can 

decrease the melting point and does not impair the latent heat. It is very important especially 

for cloudy days and winter because the sunshine is not strong on these days. If the melting 

point of salt is too high, the weak sunshine cannot heat the salt to melt, so the energy storage 
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through phase change cannot be achieved. The method of mixing pure salts extends the 

application range of salts as PCM. A potential application is using the low-melting-point 

eutectic salt in solar power plants (Figure 3.10, the detailed working flow is introduced in 

Chapter 8). Although the sunshine is weak on cloudy days or winter, since the melting point of 

the eutectic salt is low, the concentrated solar energy is still possible to melt the salt. Thermal 

energy is stored in the form of latent heat, which provides heat to generate power, improving 

the efficiency of power plants. 

 

Figure 3.10: Schematic of the application of the low-melting-point eutectic salt in solar power plant on 

cloudy days. 

3.5 Summary 

The component-dependent thermo-physical properties of nitrate salts were measured and 

analysed. The mole fraction of NaNO3 is 0, 0.1, …, 1. A molecular dynamics simulation was 

performed to explore the mechanism. It is found that the melting point first decreases and then 

increases with the increasing ratio of NaNO3. The melting point of all eutectic salts is lower 

than pure salt and the maximum decrease is over 100 °C. By contrast, the latent heat is almost 

proportional to components and is not impaired by mixing pure salts. The molecular dynamics 

simulation results indicate that low coulombic bonding energy may lead to the decreased 
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melting point while the difference in coordination number before/after melting is correlated 

with the variation in latent heat. 
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Chapter 4 - Preparation of ceramic foam/salt CPCM 

4.1 Introduction 

Ceramic has inherently high thermal conductivity and corrosion resistance. And its cost 

is much lower than that of metal. So, the ceramic foam can be a suitable thermal enhancer for 

salts. This chapter introduces the preparation of ceramic foam/salt CPCM. The dipping method 

is used as the preparation technique and the industrial SiC ceramic powder as the base material 

to reduce the cost. And the wettability of the prepared ceramic is tested to determine the 

impregnation method. This work provides the material for later research on compatibility and 

thermal transport. 

4.2 Materials 

The polyurethane (PU) foam was purchased from Yueyang Sponge Co., Ltd. Industrial 

grade SiC ceramic powder (particle size:10 μm - 13 μm) was supplied by Xianfeng Material 

Co., Ltd. It was used as the base material of the ceramic foam. Kaolin, alumina, yttrium oxide 

and polyvinyl alcohol were purchased from Yousuo Chemical Co., Ltd. N-octanol were 

purchased from Kermel Chemical Co., Ltd. NaNO3 and KNO3 (purity ≥ 99.0%) were supplied 

by China National Pharmaceutical Co., Ltd. The nitrate salts were utilised to prepare solar salt 

(60wt% NaNO3 + 40wt% KNO3) which is a widely used salt in medium-temperature thermal 

energy storage. 

4.3 Preparation process 

The dipping method was employed to prepare the ceramic foam. This technique is able to 

fabricate large sized products, which is suitable for practical applications. And PU foam can 

be cut into various shapes such as cubic and annular so that ceramic foam with the 

corresponding shape can be produced and applied in the cavity or shell-and-tube containers. 
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Figure 4.1: Schematic of the preparation process of ceramic foam/salt CPCM. 

Table 4.1: Components of ceramic slurry. 

 Component Mass fraction, % Role 

Solid phase 

SiC powder 67.0 Base material 

Kaolin 5.5 Sintering additive 

Alumina 3.1 Sintering additive 

Yttrium oxide 2.3 Sintering additive 

Liquid phase 

CMC 17.8 Tackifier 

Sodium polyacrylate 0.2 Dispersant 

N-octanol 0.1 Defoamer 

Silica sol 3.7 Adhesive 

Polyvinyl alcohol 0.3 Adhesive 

The schematic of preparation process of ceramic foam/salt CPCM is shown in Figure 4.1. 

First, the PU foam (dimension: 50 mm × 50 mm × 50 mm) was submerged in NaOH solution 

(concentration: 10wt%) for 12 hours to activate the surface [124]. Then, it was dipped in the 

ceramic slurry. The solid phase of the slurry includes SiC powder, kaolin, alumina and yttrium 

oxide. Their mass fractions are listed in Table 4.1. Next, carboxymethylcellulose sodium (CMC) 

was added to increase the viscosity. Sodium polyacrylate and N-octanol were added as the 

dispersant and defoamer respectively. Silica sol and polyvinyl alcohol were added to improve 
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the adhesion of the ceramic slurry to PU foam. All the components, mass fractions and roles 

are listed in Table 4.1. 

 

Figure 4.2: The sintering curve of ceramic foam (the dashed line means natural cooling). 

The ceramic slurry was first let stand for 24 hours. Subsequently, PU foams were dipped 

in the slurry and then squeezed using a roller machine to remove the excess slurry. Next, they 

were dried at 80 °C for 6 hours, followed by sintering in a furnace. The sintering curve is shown 

in Figure 4.2. Both the drying and the sintering are in the air atmosphere. Figure 4.3 shows the 

photograph of prepared ceramic foams (porosity = 0.85). 

 

Figure 4.3: Photograph of ceramic foams with pore density of 10 PPI (Pores Per Inch), 15 PPI and 20 PPI. 
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4.4 Wettability test 

The wettability of the prepared ceramic to salts is very important because it determines 

the impregnation method. If the ceramic is hydrophobic, vacuum impregnation is required to 

achieve a high loading. Since only at a high temperature can salt be melted, the vacuum 

condition along with the high temperature no doubt increases the cost of production. In contrast, 

if the ceramic is hydrophilic, the atmospheric impregnation is enough to achieve a high loading. 

The requirement on the equipment is lowered and the cost of production would be reduced. 

 

Figure 4.4: Wetting behaviour of the melted salt drop on the ceramic substrate. 

The wettability was tested by dropping the liquid salt drop on the ceramic substrate. The 

bulk ceramic was sintered and was cut into a 5 cm × 5 cm × 1 cm piece. Then it was placed on 

a copper plate heater. The temperature of the cooper heater was kept at 300 °C which was 

higher than the upper limit of the melting point of solar salt (246 °C). This setting makes sure 

that the solar salt on the ceramic substrate is in a liquid state. The solar salt in a beaker was 

heated to melt. Then a straw was used to suck up the liquid salt. Next, the liquid salt was 

dropped on the ceramic substrate. As Figure 4.4 shows, the drop infiltrates into the ceramic 

substrate easily, indicating the ceramic has excellent wettability to solar salt.  

The excellent wettability should be attributed to two factors. First, both ceramic and salt 

are inorganics, so the ceramic is prone to have good wettability to salt. Second, there are many 

pores at the surface of the ceramic, as shown in Figure 4.5. The size of the large pore exceeds 

100 μm while that of the small pore is less than 1 μm. Although the ceramic piece has been 

polished, the surface is still uneven. The porous structure also improves the wettability. 
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Figure 4.5: Surface morphology of the ceramic. 

The wettability is very important for integrating PCM with foam. Vacuum impregnation 

(the schematic of the process is shown in Figure 2.2) is usually employed to integrate low-

temperature PCMs with metal foam to improve the loading [11]. However, for salts, it is 

difficult to obtain the vacuum condition along with the high-temperature environment; and the 

equipment cost will be increased greatly. The excellent wettability of ceramic enables the 

atmospheric impregnation to achieve a high loading so the cost of the impregnation process 

can be reduced. 

 

Figure 4.6: Photograph of ceramic foam/salt CPCM. 

The ceramic foam was placed in a quartz cavity. The solar salt was heated to melt and 

then poured into the cavity. After cooling, the ceramic foam/salt CPCM was obtained. The 
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dimension of CPCM is 50 mm × 50 mm × 50 mm and the impregnation ratio is over 95%. The 

photograph of ceramic foam/salt CPCM is shown in Figure 4.6. 

4.5 Summary 

Ceramic foams with different pore configurations were fabricated. The dipping method 

and industrial SiC power were employed to reduce the cost, removing the economic barriers in 

the way of potential applications. Additionally, the wettability of ceramic to salts was tested. 

The prepared ceramic shows excellent wettability to salt, which enables atmospheric 

impregnation to achieve a high loading, reducing the requirement on equipment and the 

impregnation cost. The ceramic foam/salt CPCMs were prepared, which provides the material 

for later research on compatibility and thermal transport.
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Chapter 5 - Compatibility between ceramic and salt 

5.1 Introduction 

One of the challenges of salt-based PCM is corrosion. As not all ceramics are corrosion 

resistant [125, 126], it is essential to check the corrosion resistance of the prepared ceramic 

first before evaluating its heat transfer enhancement performance. In this chapter, the 

compatibility between the prepared ceramic and salt is tested through 50, 100 and 200 

melting/solidification cycles. Corrosion behaviours of ceramic are analysed using various 

characterising technologies, such as scanning electron microscope (SEM), energy-dispersive 

spectroscopy (EDS), X-ray diffraction (XRD) and Raman. The corrosion experiment of Cu and 

Al is also conducted to make a comparison. In addition, a reactive molecular dynamics 

simulation is performed to provide microscopic insights into corrosion behaviours of ceramic. 

This study confirms the compatibility between ceramic and salt, laying the foundation for later 

research on thermal transport. 

5.2 Experiments 

PU (polyurethane) foam is used as the carrier of ceramic slurry to help form the porous 

geometry during the preparation process of ceramic foam. At about 500 °C, PU foam 

decomposes completely, as Figure 5.1 shows. So the component of ceramic foam is only the 

ceramic, without PU. The bulk ceramic was fabricated using the same raw materials and 

technique as the ceramic foam. And as corrosion is mainly a chemical reaction, the corrosion 

behaviours of the bulk ceramic should be the same as that of the ceramic foam. The bulk 

ceramic was cut into pieces with the size of 10 mm × 10 mm × 2 mm. Ceramic pieces were 

used in the compatibility test. Compared to ceramic foam, the advantage of a ceramic piece is 

that it is very easy to obtain a plane. Before the test, the sample needs to be polished; after the 

test, the sample needs to be characterised. The advantage makes the two steps achieved very 

easily. 
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Figure 5.1: Thermogravimetric analysis of PU foam. 

Figure 5.2 presents the flow chart of the corrosion test. Ceramic pieces were first polished 

and dried. Then, they were placed into alumina crucibles and buried by the solar salt (60wt% 

NaNO3 + 40wt% KNO3). The crucibles were transferred to the furnace and heated from 150 °C 

to 300 °C with a heating rate of 10 °C /min. Then the temperature was kept at 300 °C for 30 

min to melt the solar salt completely. Subsequently, samples were cooled to 150 °C with a rate 

of 4 °C /min, followed by cooling at 150 °C for 60 min. 

 

Figure 5.2: Schematic of the corrosion test process. 

There are four groups in the experiment: the first is the reference group with 0 

melting/solidification cycle; the second, third and fourth group had 50, 100 and 200 cycles 

respectively. When the melting/solidification cycles were finished, samples were first washed 

using the flowing water to remove the salt on the surface. Then they were ultrasonically washed 

in the distilled water for 5 min to further remove the salt. Finally, they were dried at 40 °C for 
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3 h. SEM, EDS (VEGA3, Tescan Instrument Co., Ltd), XRD (MAXima XRD-7000, Shimadzu 

Technology Co., Ltd) and Raman spectrometer (DXR SmartRaman, Thermo Fisher Scientific 

Inc.) were used to characterise ceramic pieces. The corrosion experiment of Cu and Al were 

also conducted to make a comparison. Each metal also had four groups: reference group (0 

cycle), 50 cycles group, 100 cycles group and 200 cycles group. The experimental condition 

of the metal was the same as ceramic. 

5.3 Molecular dynamics simulation 

5.3.1 ReaxFF method 

A ReaxFF reactive molecular dynamics (MD) simulation was performed to provide 

microscopic insights into corrosion behaviours of SiC ceramic. It allows the breaking and 

forming of bonds and is specifically designed to describe chemical reactions [127-130]. 

The ReaxFF energy term is given by [131]: 

 Etotal = Ebond + Eunder + Eover + Eval + Etors + Elp + EH-bond + EvdW + ECoulomb      (5-1) 

where Ebond is the bond energy; Eunder and Eover are the undercoordination penalty energy and 

overcoordination penalty energy respectively; Eval is the valence angle energy; Etors is torsion 

angle energy; Elp is long-pair energy; EH-bond is hydrogen-bond energy. These terms are bond-

order dependent. EvdW and ECoulomb are van der Waals energy and coulombic energy, which are 

bond-order independent. ECoulomb is taken into account for all atom pairs. Charge values are 

determined at each time step, which makes it possible to describe charge transfer during a 

chemical reaction. 

5.3.2 Computational details 

Since the main component of ceramic is SiC, only SiC was considered in the reactive MD 

simulation. The simulation box contains a slab of SiC in the presence of solar salt. The SiC 

slab consists of 12 layers and each layer has 32 atoms. The vacuum region with 19.5 Å is filled 

with NaNO3 and KNO3 molecules. Previous studies have confirmed that the size effect of SiC 
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can be ignored when the slab is larger than 11 layers with a 12.5 Å vacuum region [132]. One 

end of the SiC slab is Si-terminated while the other is C-terminated. NaNO3/KNO3 is placed at 

the end sides of the SiC slab. This configuration enables the possible chemical reaction of both 

Si and C species. The salt system at each end consists of 45 NaNO3 molecules and 25 KNO3 

molecules. The mass ratio is about 6: 4, which is consistent with the real solar salt. A snapshot 

of the simulation box is shown in Figure 5.3. 

 

Figure 5.3: A snapshot of the simulation box. Gray, orange, yellow, green, purple and cyan spheres represent 

C, Si, Na, K, O and N atoms respectively. 

The LAMMPs package was used to conduct all the simulations [133]. Simulations were 

carried out in NVT ensemble with a timestep of 0.25 fs and Nosѐ-Hoover thermostat. Periodic 

boundary conditions were employed in three dimensions and the conjugate gradient algorithm 

was used for energy minimization. The ReaxFF force field developed by Newsome et al. [134] 

was adopted in this study. The system was first heated to 300 °C and kept for 1 ns; then it was 

cooled to 150 °C. Finally, the system was kept at 150 °C for 1 ns. The heating/cooling was 

carried out 50, 100, 150 and 200 times to reproduce the melting/solidification process. The 

damping parameter which determines how rapidly the temperature was relaxed was set as 100 

fs.  
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5.4 Results and discussions 

5.4.1 Corrosion analysis 

 

Figure 5.4: Surface morphology and EDS mappings of ceramic pieces: (a) the reference group, (b) 50 

melting/solidification cycles group, (c) 100 cycles group and (d) 200 cycles group. 

The surface morphology of ceramic pieces under different melting/solidification cycles is 

presented in Figure 5.4. It is seen that all the ceramic pieces have many pores on the surface. 

The high magnification images show that the edges of SiC grains are sharp. The angular 

structure of SiC grains can be observed in both the reference group and the test groups, 

suggesting that SiC grains are not corroded by solar salt. It is seen from EDS mappings that Si 



Chapter 5 - Compatibility between ceramic and molten salt 

 

73 
 

and O elements distribute uniformly on the ceramic surface; other elements including C, Na, 

K and N also distribute uniformly, as Figures 5.5-5.7 show. These elements do not aggregate 

significantly, indicating that there are no or little corrosion products on the surface. 

 

Figure 5.5: Surface morphology and EDS mappings of ceramic piece after 50 melting/solidification cycles. 

 

 

Figure 5.6: Surface morphology and EDS mappings of ceramic piece after 100 melting/solidification cycles. 
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Figure 5.7: Surface morphology and EDS mappings of ceramic piece after 200 melting/solidification cycles. 

 

 

Figure 5.8:  XRD patterns of the ceramics in reference group and melting/solidification cycles groups. 

The XRD patterns of ceramics are presented in Figure 5.8. The peak at 2θ = 34.09°, 34.72°, 

35.65°, 38.13°, 41.38°, 59.99°, 65.62° and 71.74° corresponds to the surface (3 1 1), (1 0 1), (0 

0 4), (1 0 2), (4 0 0), (1 1 0), (1 0 6) and (1 1 4) of SiC respectively [135]. The diffraction peaks 

are narrow and sharp, indicating high crystallinity. After the corrosion test, there is no new 
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phase and the main phase is still SiC. And the diffraction peaks remain sharp, indicating there 

are no defects caused by corrosion and the crystal structure is stable.  

 

Figure 5.9: Raman spectroscopy of the ceramics in reference group and melting/solidification cycles groups. 

Figure 5.9 shows the Raman spectroscopy. In the reference group, the Raman scattering 

mainly occurs at shifts = 786 cm-1 and 964 cm-1. Some weak Raman bands are found at 147 

cm-1 and 766 cm-1, which should be attributed to disorder crystals and impurities.  After the 

corrosion test, the Raman spectroscopy of ceramics is almost unchanged, indicating the low 

degree of reaction between the ceramic and solar salt. 

 

Figure 5.10: Photographs of ceramic, Al and Cu pieces under different melting/solidification cycles. 
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Cu and Al – the widely used thermal enhancers in low-temperature PCMs – are also tested 

and the results are shown in Figure 5.10. After 50 cycles, the surface of Al and Cu pieces 

becomes dull. As the cycle increases, the metal is corroded more seriously. In contrast, the 

surface of the ceramic keeps almost unchanged. It can be concluded that the prepared ceramic 

has excellent corrosion-resistant performance. 

5.4.2 Microscopic insights 

 

Figure 5.11: Morphology of SiC after 200 melting/solidification cycles. Orange and grey spheres represent 

Si and C atoms respectively.  

Figure 5.11 shows the morphology of SiC after 200 melting/solidification cycles from the 

MD simulation. It is seen that Si and C atoms do not physically dissolve into the salt. It is 

because SiC is a covalent compound  and the bonding energy is very high, up to 135 kcal/mol 

[136, 137]. The strong covalent bond makes it difficult for Si and C atoms to separate from the 

bulk.  

Figure 5.12 presents the radial distribution functions (RDFs) of Si-N and Si-O pairs in the 

Si-terminated domain and C-N and C-O pairs in the C-terminated domain. Since atoms at the 

surface are more likely to react, only those atoms are counted in the calculation of RDFs. The 

salt domain is divided into five layers according to the distance from the SiC surface. Atoms 

of salt in the nearest layer are counted. 
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Figure 5.12: Radial distribution functions of Si-N and Si-O pairs in the Si-terminated domain and C-N and 

C-O pairs in the C-terminated domain. 

It is seen from Figure 5.12 that the minimum distance of Si-N pairs at the initial state is 

3.55 Å. After 50, 100, 150 and 200 cycles, the distance of Si-N pairs does not get shortened. 

For the possible products, i.e. Si3N4, the length of the Si-N bond is 1.75 Å [138]. It indicates 

that the Si and N species are not bonded. The minimum distance of Si-O pairs is 3.25 Å. The 

bond length of Si-O in SiO2, the possible product, is 1.61 Å [139], suggesting that the Si and 

O species are also not bonded. In the C-terminated domain, the minimum distance of C-N and 

C-O pairs does not change after melting/solidification cycles. All the RDF results indicate that 

there are no new bonds formed between SiC and solar salt.  
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Figure 5.13: The number of various species under different melting/solidification cycles. 

The possible chemical reaction was also monitored by detecting the number of chemical 

species. It is seen from Figure 5.13 that the number of SiC is constant 1. This is because SiC is 

a covalent compound [136]: one Si atom bonds with the neighbouring four C atoms; and each 

C atom also bonds with the neighbouring four Si atoms, resulting in a covalent network. So, 

they are identified as one molecule (Si192C192). During the simulation, the number of various 

species does not change, indicating there is no chemical reaction occurring between SiC and 

salt. 

 

Figure 5.14: Distribution of the shear stress at the SiC surface during the cooling process. Figures from left 

to right denote the condition at 300 °C, 220 °C and 150 °C respectively. 
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The thermal stress induced by melting/solidification cycles would accelerate the corrosion 

[140]. Therefore, the effect of thermal stress on corrosion behaviours is analysed. Figure 5.14 

shows the shear stress field at the SiC surface during the cooling process. It is seen that the 

stress field does not change significantly when the temperature decreases from 300 °C to 

220 °C and finally to 150 °C. It may be attributed to the excellent thermal conduction of SiC. 

Heat can be transferred efficiently from the surface to the internal and the temperature 

difference between the surface and the internal is small, which would not generate a large stress 

gradient. Moreover, the coefficient of thermal expansion of SiC is only 3.69×10-6 /°C (150 °C) 

[141], which further weakens the influence of thermal stress. A snapshot of SiC after 200 cycles 

is presented in Figure 5.15. Although some atoms slightly deviate from the initial lattice point, 

there are no dislocations and defects, which indicates the stable structure of SiC. 

 

Figure 5.15: A snapshot of SiC after 200 cycles. Orange and grey spheres denote Si and C atoms respectively. 

5.5 Summary 

In this chapter, the compatibility between ceramic and salt is analysed. 50, 100 and 200 

melting/solidification cycles were conducted to test the corrosion resistance of the prepared 

ceramic in solar salt. Various characterising technologies including scanning electron 

microscope (SEM), energy-dispersive spectroscopy (EDS), X-ray diffraction (XRD) and 

Raman were used to analyse the corrosion behaviours. The corrosion experiments of Cu and 
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Al were also conducted to make a comparison. Results indicate that the prepared ceramic has 

excellent corrosion-resistant performance. 

In addition, a reactive molecular dynamics simulation was performed to provide 

microscopic insights into corrosion behaviours of ceramic, including the possible physical 

dissolution, chemical reaction and thermal stress failure. The results obtained from the 

molecular dynamics simulation are consistent with the corrosion behaviours of ceramic in solar 

salt.  
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Chapter 6 - Heat transfer characteristics of porous CPCM 

6.1 Introduction 

The above chapters introduce the preparation of salt/ceramic foam porous CPCMs and the 

compatibility. In this chapter, the heat transfer characteristics of porous CPCMs are studied. A 

visualised experimental setup is built and a numerical model is developed. The melting front 

is captured, and the temperature response is recorded. Effects of pore configurations, namely 

pore density and porosity on the melting performance are discussed. Moreover, the energy and 

exergy analysis is carried out to comprehensively evaluate the salt/ceramic foam porous CPCM. 

6.2 Experiments 

6.2.1 Materials and experimental setup 

Three CPCMs with the pore density of 10 PPI (Pores Per Inch), 15 PPI and 20 PPI were 

used in the experiment. CPCM is in a quartz cavity and its dimension is 50 mm × 50 mm × 50 

mm. The inner dimension of the quartz cavity is 50 mm (length) × 50 mm (width) × 55 mm 

(height) and the wall thickness is 2 mm. A gap of 5 mm was left between the top surface of 

CPCM and the cavity to allow the thermal expansion of CPCM. 

The melting performance was investigated using the experimental setup shown in Figure 

6.1(a). The setup comprises four parts: the test section, heating system, data collection system 

and visualization module. The whole test section was covered by thermal insulation materials 

to reduce heat loss to the environment. An aluminium plate was used to heat the test section 

and controlled by a temperature controller (AI-516P, Yudian Technology Co., Ltd). Three K-

type thermocouples (WRNK-191, Jiayi Electric Co., Ltd) with a data collection system 

(KSA12A0R, Keshun Instrument Co., Ltd) were employed to record the local temperature. An 

infrared camera (HM-TPH16-6VF/W, Hikvision Technology Co., Ltd) and a digital camera 

were utilised to capture the temperature field and solid-liquid phase interface. 
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Three small holes were drilled in the centre of CPCM. The depth is 25 mm and the distance 

from the left wall of the cavity is 5 mm (point P1), 25 mm (point P2) and 45 mm (point P3) 

respectively. Thermocouples were inserted into the holes to measure the local temperature at 

P1, P2 and P3. The thermocouples were calibrated against a standard thermometer. The 

distribution of thermocouples is shown in Figure 6.1(b). 

 

Figure 6.1: (a) Picture of the experimental setup for the melting performance test (1 – infrared camera, 2 – 

aluminium heating plate, 3 – quartz cavity with CPCM, 4 – K-type thermocouple, 5 – insulation, 6 – 

computer, 7 – data collection system, 8 – variable transformer, 9 – temperature controller). (b) Schematic of 

the distribution of thermocouples.  

The infrared camera was used to capture the temperature field of the front surface of the 

quartz cavity. The spectral range of the infrared camera is 8 ~ 14 μm while the field of view is 

25×19°. The optical resolution is 1600×1200 pixels and the noise equivalent temperature 

difference is 0.05 K. The infrared camera was calibrated using a pre-calibrated thermocouple. 

During the calibration process, the temperature ranged from 25 °C - 300 °C, which covered the 

temperature range in the actual experiment. By comparing the infrared-based temperature and 

the thermocouple-based temperature, the surface emissivity of the quartz cavity was identified 

to be 0.956.  
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6.2.2 Experimental procedure 

During the experiment, the quartz cavity was heated by the left aluminium plate which 

was kept at 300 °C. The accuracy of the temperature controller is ±0.25%. The digital camera 

was used to capture the solid-liquid phase interface. The front insulation material was removed 

every 10 minutes to obtain the phase images. Thermocouples were employed to measure the 

local temperature at P1, P2 and P3. The uncertainties of all parameters are summarised in Table 

6.1.  

Table 6.1: Summary of the uncertainty. 

Parameters Uncertainty 

Size of PCM, mm 1 

Position of three points, mm 1 

Temperature controlled by temperature controller, % 0.25 

Temperature measured by thermocouples, % 0.3 

Temperature measured by infrared camera, °C 2 

Porosity of the skeleton, % 0.6 

Pore size of the skeleton, PPI 0.5 

6.3 Numerical simulation 

A representative elementary volume (REV)-scale simulation was performed to help 

understand the melting process. The REV-scale simulation treats the porous CPCM as a 

uniformly mixed medium and does not require an accurate description of the porous skeleton. 

In other words, it ignores the complex geometry of the porous skeleton. This method uses some 

statistical parameters, such as porosity, permeability and effective thermal conductivity, to 

characterize the porous structure. The disadvantage is that it cannot reveal the flow and heat 

transfer characteristics in pores. But due to the simple input and low computational cost, it is a 

powerful tool for simulating large-scale systems [75]. The modelling process will be introduced 

in the following subsections. 
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6.3.1 Physical and mathematical model 

 

Figure 6.2: Physical model used in the numerical simulation. 

During the experiment, it is observed that the solid-liquid interface is almost the same in 

the thickness direction. Moreover, the wall thickness of the quartz cavity is much smaller than 

the CPCM dimension. Thus, a two-dimensional numerical model is established. The physical 

model is shown in Figure 6.2. The dimensions of the quartz plate and the CPCM domain are 

50 mm × 2 mm and 50 mm × 50 mm respectively. The temperature of the left side of the quartz 

plate is set as 300 °C. The top and bottom sides of the quartz plate and the top, bottom and right 

sides of the CPCM domain are set as adiabatic. 

The following assumptions are made in the simulation: (1) the ceramic foam and PCM 

are homogenous and isotropic; (2) the flow of liquid PCM is laminar and incompressible; (3) 

the liquid PCM is subjected to the Boussinesq approximation; (4) the local thermal equilibrium 

exists between PCM and ceramic foam; (5) the volume difference of PCM before/after melting 

is neglected and (6) thermo-physical properties are temperature-independent. 

The governing equations are summarised as follows: 

Continuity equation [61]: 

 ∇ ∙ U⃗⃗  = 0                                                                       (6-1) 
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Momentum equations [80]: 

ρ
PCM

ε

∂u

∂t
+

ρ
PCM

ε2
(U⃗⃗ ∙∇u) = -

∂p

∂x
−

μ
PCM

K
u −

ρ
PCM

 Fl

√K
|u|u +

μ
PCM

ε
∇2u −  

(1 − φ)2

(𝜑3 + ω)
Amushyu (6-2) 
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−
(1 − φ)2

(𝜑3 + ω)
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where ρ
PCM

 is the PCM density; u and v are the velocities in x and y directions, respectively; p 

is the pressure;  μ
PCM

 is the PCM viscosity; g is the gravitational acceleration; β  is PCM 

thermal expansion coefficient; T is the temperature; Tml is the lower limit of PCM melting point; 

φ is the melting fraction in each cell; ω is a small number (0.001) to prevent being divided by 

zero; Amushy is the mushy zone constant (105) [21]. ε is the porosity; K is the permeability; Fl is 

the inertia coefficient. The second term on the right side of momentum equations denotes the 

Darcy effect; the third term explains the Forchheimer-extended Darcy effect [11].  

ρ
PCM

 g β(T − Tm1) represents the Boussinesq approximation.  The last term in momentum 

equations is the damping term [21]. The melting fraction φ quantifies the percentage of liquid 

PCM in the mushy zone and is evaluated by [51]: 

 φ =
T − Tm1

Tmu − Tml

= {

0    for T < Tm1

0 − 1   for Tm1 ≤ T ≤ Tmu

1  for T > Tmu

                                (6-4) 

where Tmu is the upper limit of PCM melting point. 

Local thermal equilibrium is adopted because the temperature difference between the 

ceramic foam and salt is very small (< 0.52 °C) according to a previous study [142]. Energy 

equation is given by [90]: 

[(1 − ε)ρ
ps

cp, ps + ε ρ
PCM

 cp, PCM]
∂T

∂t
+  ρ

PCM
 cp, PCM(U⃗⃗ ∙∇T) = kef∇

2T − ε𝜌PCML
df

l

dt
   (6-5) 
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where cp, PCM and cp, ps are the specific heat of PCM and porous skeleton respectively; kPCM is 

the thermal conductivity of PCM; L is the latent heat; ρ
ps

 is the density of porous skeleton; kef 

is the effective thermal conductivity, which will be introduced in the next subsection. 

6.3.2 Thermo-physical properties  

The melting point and latent heat of solar salt were measured using the same methodology 

in Chapter 3. The specific heat was measured using Discovery DSC25 (TA Instruments Co., 

Ltd). The accuracy of the temperature control of the equipment is ± 0.01°C. The accuracy of 

the calorimeter (indium, the standard metal) is ± 0.1%. The baseline reproducibility is < 40 

Μw. Nitrogen was employed as the cooling gas and the flow rate was 50 ml/min. Thermal 

conductivity was measured using Hot Disk 2500S (Hot Disk AB Co., Ltd). The accuracy is ± 

3%. Other parameters are adopted from Ref. [26]. The thermo-physical properties of solar salt, 

ceramic and quartz are listed in Table 6.1. 

The effective thermal conductivity is calculated using Yao et at.’s model [143]: 

kef, ps = 
1 –  ε

3
kps                                                           (6-6) 

kef, PCM =
2 + ε

3
kPCM                                                        (6-7) 

kef = k
ef, ps

 + kef, PCM                                                        (6-8) 

where kps and kPCM are the thermal conductivity of ceramic and salt, respectively. 

The above correlations were developed based on the direct simulation of thermal 

conduction over a wide range of thermal conductivity ratios (0.001-1000) between the porous 

skeleton and filling medium. They have been compared with experimental data and show high 

accuracy [143]. Moreover, the correlations have a simple and elegant form of expression and 

can be very easily used in modelling. Therefore, they were adopted in the current simulation. 

Table 6.2: Thermo-physical properties of solar salt, ceramic and quartz. 

Material Parameter Value 
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Solar salt 

Density, kg/m3 1980 

Latent heat, J/kg 140,000 

Melting point, °C 222.9 – 246.0 

Specific heat, J/(kg·K) 1575 

Thermal conductivity (solid/liquid), W/(m·K) 0.59/0.48 

Viscosity, mPa·s 4.61 

Thermal expansion coefficient, K-1 5.47 ×10-5 

Ceramic 

Thermal conductivity, W/(m·K) 20.7 

Specific heat, J/(kg·K) 800 

Density, kg/m3 2327 

Quartz 

Thermal conductivity, W/(m·K) 1.65 

Specific heat, J/(kg·K) 892.5 

Density, kg/m3 2200 

The permeability K and inertia coefficient Fl are calculated by [21]: 

 K =
ε2(dfp√κtor/3ε)

2

36(κtor – 1)κtor

                                                   (6-9) 

 Fl = 0.00212(1- ε)-0.132(dfs/dfp)
-1.63

                                  (6-10) 

dfp = 
25.4 × 10

-3

PPI
                                                     (6-11) 

 dfs = 1.18√
1 – ε 

3π
[

1

1 – e(ε-1)/0.04
] dfp                                     (6-12) 

 
1

κtor

 = 
3

4ε
+
√9 – 8ε

2ε
cos {

4π

3
+

1

3
cos-1 [

8ε2-36ε +27

(9 – 8ε)1.5
]}                        (6-13) 

These correlations are suitable for the solid-liquid phase change of PCM in porous foam 

[21].  

6.3.3 Initial and boundary conditions  

For the wholee computational domain, the initial conditions are: 

u = v = 0,  T = Ti                                                                 (6-14) 
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where Ti is the initial temperature (27 °C). 

The boundary condition of the left wall of the quartz cavity is: 

Tquartz|x = -2
 = Tcon                                                       (6-15)  

where Tcon is the constant heating temperature (300 °C). 

The boundary conditions of the adiabatic walls: 

∂TPCM

∂x
|
x = 50

= 0                                                        (6-16) 

∂TPCM

∂y
|
y = 0

=   
∂Tquartz

∂y
|
y = 0

=  
∂TPCM

∂y
|
y = 50

=  
∂Tquartz

∂y
|
y = 50

= 0                      (6-17) 

At the interface of the quartz plate and PCM domain, the continuity conditions of 

temperature and heat flux are: 

 TPCM |x = 0 = T
quartz

 |
x = 0

                                                (6-18)  

(-kPCM ∇TPCM)∙n|x = 0 = (-kquartz ∇Tquartz)∙n|x = 0                               (6-19)  

6.3.4 Numerical procedure  

The above numerical model was solved using ANSYS Fluent 18.0 package. The 

governing equations were discretized using the finite volume method. The SIMPLE scheme 

was used to couple pressure and velocity. The second-order upwind method was implemented 

to discretise pressure, momentum and energy terms. The under-relaxation factors for pressure, 

density, body forces, momentum, liquid fraction update and energy were set as 0.3, 1, 1, 0.7, 

0.9 and 1 respectively. The convergence criteria for conservation equations of mass, 

momentum and energy were 10-4, 10-4 and 10-6 respectively. 

To balance the computational accuracy and cost, different mesh sets and time steps were 

tested. First, under the fixed time step of 0.5 s, three mesh sets  (100 × 100, 200 × 200 and 400 

× 400 cells) were tested; it is found that the maximum deviation in the melting fraction is less 

than 0.02. Then, under the fixed mesh of 200 × 200 cells, three time steps (0.1 s, 0.5 s and 1.0 
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s) were tested and the maximum deviation is less than 0.01. The mesh set of 200 × 200 cells 

and the time step of 0.5 s were used as the final settings. 

6.4 Results and discussions 

6.4.1 Melting front  

The evolution of the melting front of pure salt and salt/ceramic foam CPCMs is presented 

in Figure 6.3. For the pure salt, the solid-liquid phase interface is curved even at the initial 

melting stage (40 min). This is different from the melting of some organic PCMs where the 

phase interface is almost parallel to the heating wall at the initial stage [55]. The reason may 

be that the viscosity of liquid salt is lower than that of organic PCM [55],  which results in 

stronger natural convection. With the elapse of time, more PCM is melted and the effect of 

natural convection is greater. As a result, the solid-liquid phase interface becomes more curved. 

For the salt/ceramic foam CPCMs, the phase interface is also curved in the initial stage. 

The viscosity of liquid salt is low and ceramic foam is open-cell, so natural convection in 

CPCMs is not greatly suppressed. Moreover, the addition of ceramic foam remarkably 

enhances heat conduction. As a result, the evolution of the solid-liquid interface is overall faster 

than that of pure salt. 

The melting fraction was calculated based on the area occupied by the liquid PCM in the 

digital images [55]. The ImageJ software was used to deal with the images to identify the pixel-

areas of PCMs. The results are plotted in Figure 6.4. It is seen that at the initial stage, the 

melting of CPCMs is not significantly faster than that of pure salt. It can be explained as follows: 

the effective thermal conductivity of CPCM is larger and the absorbed heat is transferred to the 

internal PCM, which improves the overall temperature distribution; for pure salt, the absorbed 

heat accumulates near the wall, leads to the melting of salt. 
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Figure 6.3: Melting front of pure salt and salt/ceramic foam CPCMs. 

With the time elapsed, the melting of CPCMs becomes obviously faster than that of pure 

salt. One of the reasons is the improved temperature field at the initial stage (more details are 

discussed in the following subsection). The complete melting time of pure salt is 205 min (error: 

± 5 min). The melting time of salt/ceramic foam CPCMs with 10 PPI, 15 PPI and 20 PPI is 115 

min, 115 min and 125 min respectively. The melting rate is calculated by: 
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 vm=
VPCM

tm
                                                               (6-20) 

where VPCM is the volume of salt; tm is the complete melting time.  

 

Figure 6.4: Variation of melting fraction of pure salt and salt/ceramic foam CPCMs. 

Considering the porosity (0.85) and the impregnation ratio (> 95%), the melting rate of 

10 PPI, 15 PPI and 20 PPI CPCMs is increased by 51.5%, 51.5% and 39.4% respectively. And 

the ceramic foam with a large pore size is more beneficial to enhance the melting performance. 

It should be pointed out that the melting fraction is calculated based on the phase images 

observed through the front window. In the current study, the internal solid-liquid interface is 

assumed to be similar to the front one as the ceramic foam is overall uniform. And when the 

front salt was melted completely, the thermal insulation was removed and it was observed that 

all the salt was melted completely. 
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6.4.2 Temperature response  

 

Figure 6.5: Temperature fields of the front surface of the quartz cavity whith (a) pure salt, (b) 10 PPI ceramic 

foam/salt, (c) 15 PPI ceramic foam/salt, (d) 20 PPI ceramic foam/salt. 

The temperature field of the front surface of the cavity was captured by the infrared 

camera and the results are shown in Figure 6.5. Although the melting front of four cases at 40 

min is almost identical (as shown in Figure 6.3), the temperature fields of CPCMs are 
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significantly improved, especially in the region far away from the heating wall. The improved 

temperature field at the initial stage helps accelerate the melting at the later stages. 

The temperature in the top left corner is higher, which should be attributed to natural 

convection. With the elapse of time, more PCM is melted and the temperature fields of all cases 

are enhanced. It is noted that the overall temperature of CPCMs is always larger than that of 

pure salt. The reason lies in that the effective thermal conductivity of CPCM is larger (CPCM: 

1.60 W/(m·K), pure salt: 0.59 W/(m·K)), so heat can be efficiently transferred from the 

boundary to the inside. 

 

Figure 6.6: Comparison of measured and simulated temperature at P2 in 15 PPI salt/ceramic foam CPCM. 

Figure 6.6 shows the comparison of the measured and simulated temperature at P2 (15 

PPI salt/ceramic foam CPCM). It is seen that the numerical results are larger than the 

experimental data. The possible reasons are as follows: (1) the aluminium heater and the quartz 

cavity cannot be fit completely due to the surface roughness, which causes the contact thermal 

resistance and decreases the heating efficiency; while in the simulation, the left side of the 

quartz cavity is constantly at 300 °C; (2) the thermal insulation material with the thickness of 

5.0 cm is used to wrap the quartz cavity in the experiment, however, there is still a little heat 

loss to the environment; (3) during the experiment, the front cover is removed every 10 min to 
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take pictures, and the temperature difference between the cavity and the environment can 

exceed 200 °C, which leads to great heat loss; (4) the temperature controller is set as 300 °C, 

however, it takes some time for the aluminium heater to reach 300 °C, while in the simulation, 

the left side of the quartz cavity is at 300 °C initially. Thus, it is reasonable that the numerical 

results is larger than the experimental ones. At the final stage of melting, the difference between 

the measured and simulated temperature is less than 10%. The developed numerical model can 

still be used to analyse the energy storage performance. 

 

Figure 6.7: Measured temperature in pure salt and 20 PPI salt/ceramic foam CPCM. 

Figure 6.7 shows the measured temperature at P1, P2 and P3. It is found that the 

temperature in CPCM rises faster than that in pure PCM. It should be attributed to the thermal 

conductivity: the thermal conductivity of pure salt is 0.59 W/(m·K); the effective thermal 

conductivity of salt/ceramic foam CPCM is 1.60 W/(m·K). The increased thermal conductivity 

helps transfer heat from the heating wall to PCM. CPCM can absorb more heat and its 

temperature rises faster. It is noted that the enhancement effect of ceramic foam on temperature 

is more significant at points that are far away from the heating wall, namely P2 and P3. This 

phenomenon is consistent with the observation in Figure 6.5. The reason lies in that the distance 
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from P2 and P3 to the heating wall is long and the enhancement effect of ceramic foam can be 

more exerted. 

The effect of foam porosity on melting performance is studied using numerical simulation. 

The melting fraction of pure salt and salt/ceramic foam CPCMs (porosity: 0.80, 0.85 and 0.90) 

is shown in Figure 6.8. It is noted that the simulated results have a little deviation from the 

experimental results. The reasons have been analysed above. And the four cases have the same 

simulation conditions, so they can be compared together. Compared to pure salt, the melting 

rate of CPCMs with 0.90, 0.85 and 0.80 porosities is increased by 6.9%, 31.7% and 58.3%. 

The increment is 51.4% (59.3% - 6.9%). As discussed above, when the pore size varies from 

20 PPI to 10 PPI, the increase in the melting rate is from 39.4% to 51.5% and the increment is 

12.1% (51.5% - 39.4%).  Therefore, the foam porosity has a more significant effect on the 

melting performance than pore size. 

 

Figure 6.8: Simulated melting fraction of pure salt and salt/ceramic foam CPCMs (15 PPI) with different 

porosities. 
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6.4.3 Energy storage performance  

The energy storage performance is analysed based on the above numerical simulation. 

Figure 6.9 shows the stored sensible heat and latent heat of pure salt and salt/ceramic foam 

CPCMs with different porosities. It is found that for all cases, the stored sensible heat is much 

larger than the latent heat. This is because the initial temperature is 27 °C and the final 

temperature is about 280 °C; the temperature increase is large, over 250 °C, resulting in the 

large sensible heat. 

 

Figure 6.9: Stored sensible and latent heat of pure salt and salt/ceramic foam CPCMs. 

It is noted that the stored sensible heat of CPCMs increases faster than that of pure salt. 

This is because that the temperature of CPCMs rises faster. And the increase of latent heat of 

CPCMs is also faster, which can be explained by Figure 6.8:  the melting fraction of CPCMs 

is larger than that of pure salt at a given moment. 

The total stored energy, complete melting time and energy storage rate of four cases are 

presented in Figure 6.10. The energy storage rate is calculated by: 

w = 
E

tm
                                                              (6-21) 
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where E is the total stored energy. 

 

Figure 6.10: Total stored energy, complete melting time and energy storage rate of pure salt and salt/ceramic 

foam CPCMs. 

Although the addition of ceramic foam reduces the fraction of salt, the total stored energy 

of CPCMs is only slightly decreased compared to pure salt. It may be explained as follows: the 

sensible heat dominates the total stored energy, as Figure 6.9 shows; although the fraction of 

salt is decreased, the sensible heat stored by ceramic foam compensates for some of the lost 

latent heat stored by salt. Ceramic foam shortens the melting time. As a result, the energy 

storage rate is increased. The energy storage rate of CPCMs with 0.90, 0.85 and 0.80 porosities 

is improved by 10.2%, 39.5% and 73.2% respectively. 

6.4.4 Exergy analysis  

Exergy characterises the amount of effective thermal energy for a specific application. 

The input exergy is calculated by [144]: 

 Exin= ∫ [q
in

(1 −
T0

Twall

)]
t

0

dt                                              (6-22) 

The output exergy is [144]: 
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 Exout = ∫ [(1 −
T0

TPCM

) mPCMcPCM

dTPCM

dt
+ (1 −

T0

Tm

) ρ
PCM

L
df

l

dt
+ (1

t

0

−
T0

Tquartz

) mquartzcquartz

dTquartz

dt
] dt                                                                                          (6-23) 

where T0 is the reference temperature, assumed to be  27 °C in the current study; Twall is the 

temperature of the heating wall (300 °C); qin is the input heat flux; Tm is the PCM melting 

temperature. During the calculation of output exergy, Tm should be a specific value, rather than 

a range. So it is assumed that Tm is the average value of the solidus temperature and the liquidus 

temperature of solar salt (234.5 °C) only for modelling purpose. 

 

Figure 6.11: Variation of exergy of pure salt and salt/ceramic foam CPCMs with different porosities. 

The variation of exergy of pure salt and salt/ceramic foam CPCMs is plotted in Figure 

6.11. It is seen that the exergy of salt/ceramic foam CPCMs increases much faster than that of 

pure salt. And the lower the porosity, the faster the increase in exergy. The reason is that due 

to the enhancement of ceramic foam, the temperature of CPCMs increases faster and the 

melting fraction is larger, as indicated in Figure 6.7 and Figure 6.8. 

The exergy efficiency is calculated by [144]: 

η = 
Exout

Exin

                                                             (6-24) 
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The exergy efficiency of the four cases is shown in Figure 6.12. The exergy efficiency of 

pure salt is the lowest. It may be because the thermal conductivity of pure salt is lower than 

that of CPCMs; heat cannot be efficiently transferred from the heating wall to PCM and the 

overall temperature is low, as indicated in Figure 6.5. This reduces the quality of stored thermal 

energy and thus the exergy efficiency is low. The exergy efficiency of CPCMs is 54.5%, 55.9% 

and 57.2% higher than that of pure salt. It suggests that CPCMs increase the utilization 

efficiency of the heat source and can store more effective thermal energy. 

 

Figure 6.12: Exergy efficiency of pure salt and salt/ceramic foam CPCMs. 

6.5 Summary 

In this chapter, the heat transfer characteristics of salt/ceramic foam CPCMs with various 

pore configurations are studied experimentally and numerically. An energy and exergy analysis 

is carried out to evaluate CPCMs comprehensively. The following conclusions are drawn: 

(1) The melting rate of CPCMs with pore density of 10 PPI, 15 PPI and 20 PPI is increased 

by 51.5%, 51.5% and 39.4% respectively. The porosity has a more significant effect on the 

melting performance than pore density. The total stored energy is slightly decreased as the 

sensible heat stored by ceramic foam compensates for some of the lost latent heat (conditions: 

initial temperature: 27 °C; heating temperature: 300 °C). The energy storage rate is improved 
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significantly. The average energy storage rate of CPCM with the porosity of 0.80 is increased 

by 73.2%. 

(2) Compared to pure salt, the exergy of CPCMs rises much faster and the exergy 

efficiency of all CPCMs is increased by more than half.  
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Chapter 7 - Melting performance in a shell-and-tube unit 

7.1 Introduction 

The shell-and-tube heat storage unit is one of the most popular devices for industrial and 

commercial thermal energy storage applications [148]. In this unit, PCM occupies the circular 

space between the shell and tube while the heat transfer fluid (HTF) flows through the inner 

tube. In this chapter, the melting performance of ceramic foam/salt CPCM in a shell-and-tube 

unit is studied numerically. Multiple factors including filling height, porosity and outer 

diameter of ceramic foam are considered and compared to obtain the optimal configuration. 

This study evaluates the melting performance of salt/ceramic foam CPCM in the shell-and-

tube heat storage unit comprehensively, providing energy storage information for practical 

applications. 

7.2 Numerical model 

7.2.1 Physical and mathematical model 

The schematic of the shell-and-tube unit is shown in Figure 7.1(a). The thickness of the 

shell and tube is 3 mm and 2 mm respectively while the inner radius is 62 mm and 20 mm 

respectively. The energy storage material is filled in the annular space between the shell and 

tube, and HTF flows through the tube. The total length of the unit is 500 mm. 

The configuration of the ceramic foam would have an influence on the thermal energy 

storage performance. In the current study, three factors are considered: the filling height, outer 

diameter and porosity of the ceramic foam. In terms of the first factor, the filling height of the 

ceramic foam, H, ranges from 0 dsi to 1 dsi, where dsi is the inner diameter of the shell (124.0 

mm). The detailed filling height is listed in Table 7.1. For the second factor, the outer diameter 

of the ceramic foam, dcf, ranges from 54.0 mm to 124.0 mm. In the first two factors, the porosity 

of the ceramic foam is 0.85 and the pore density is 10 PPI. In terms of the third factor, the outer 
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diameter of the ceramic foam is fixed at 124.0 mm, i.e. fully filling in the annular space. The 

porosity varies from 0.70 to 0.95.  

 

Figure 7.1: (a) Schematic of the shell-and-tube unit used in the numerical study; (b) the cross-section of the 

unit; (c) the unit with the varied filling height of the ceramic foam; (d) the unit with the varied outer diameter 

of the ceramic foam; (e) the unit with the varied porosity of the ceramic foam. 

Table 7.1: Configurations of the ceramic foam in the shell-and-tube unit. 

Factor 1 H, mm Factor 2 dcf, mm Factor 3 ε, - 

Filling height 

0      (0 dsi) 

Outer diameter 

54.0 

Porosity 

0.70 

12.4 (0.1 dsi) 64.0 0.75 

24.8 (0.2 dsi) 74.0 0.80 

37.2 (0.3 dsi) 84.0 0.85 

49.6 (0.4 dsi) 94.0 0.90 

62.0 (0.5 dsi) 104.0 0.95 

74.4 (0.6 dsi) 114.0   

86.8 (0.7 dsi) 124.0 
  

99.2 (0.8 dsi) 
 

 
  

111.6 (0.9 dsi) 
    

124.0 (1.0 dsi) 
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For numerical modelling, the following assumptions were made: (1) the ceramic foam and 

PCM are homogenous and isotropic; (2) the flow of liquid PCM is laminar and incompressible; 

(3) the liquid PCM is subjected to the Boussinesq approximation; (4) the volume difference of 

PCM before/after melting is neglected and (5) thermo-physical properties except PCM density 

are temperature-independent. 

The governing equations for PCM are summarised as follows: 

Continuity equation [61]: 

 ∇ ∙ U⃗⃗  = 0                                                                       (7-1) 

Momentum equations [80]: 

ρ
PCM

ε

∂u

∂t
+

ρ
PCM

ε2
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√K
|u|u +

μ
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l
)

2

(f
l
3
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Amushyu (7-2) 
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Amushyu (7-4) 

where ρ
PCM

 is the PCM density; u and v are the velocities in r and z directions, respectively; p 

is the pressure;  μ
PCM

 is the PCM viscosity; g is the gravitational acceleration; β  is PCM 

thermal expansion coefficient; T is the temperature; Tml is the lower limit of melting point; f
l
 is 

the melting fraction in each cell; ω is a small number (0.001) to prevent division by zero; Amushy 

is the mushy zone constant (105) [21]. ε is the porosity; K is the permeability; Fl is the inertia 

coefficient. The second term on the right side of momentum equations accounts for the Darcy 

effect; the third term explains the Forchheimer-extended Darcy effect [11].  ρ
PCM

 g β(T − Tm1) 

represents the Boussinesq approximation to include the buoyancy effect.  The last term in 
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momentum equations is the damping term[21]. The melting fraction f
l

 quantifies the 

percentage of liquid PCM in the mushy zone and is evaluated as [51]: 

 f
l
=

T − Tm1

Tmu − Tml

= {

0    for T < Tm1

0 − 1   for Tm1 ≤ T ≤ Tmu

1  for T > Tmu

                                (7-5) 

where Tmu is the upper limit of melting point. 

Local thermal equilibrium is adopted because the temperature difference between the 

ceramic skeleton and salt is very small (< 0.52 °C) [142].  

Energy equation is given by [90]: 

[(1 − ε)ρ
ps

cp, ps + ε ρ
PCM

 cp, PCM]
∂T

∂t
+  ρ

PCM
 cp, PCM(U⃗⃗ ∙∇T) = kef∇

2T − ε𝜌PCML
df

l

dt
   (7-6) 

where cp, PCM and cp, ps are the specific heat of PCM and porous skeleton respectively; kPCM is 

the thermal conductivity of PCM; L is the latent heat; ρ
ps

 is the density of porous skeleton; kef 

is the effective thermal conductivity. 

For the HTF, forced convection occurs and the governing equations are [149]: 

Continuity equation: 

∇ ∙ u⃗  = 0                                                           (7-7) 

Momentum equation: 

ρ
HTF

∂u⃗ 

∂t
 + ρ

HTF
(u⃗  ∙∇)u⃗   = -∇p + μ

HTF
∇2u⃗                                (7-8) 

Energy equation: 

ρ
HTF

 cp, HTF

∂T

∂t
 + ρ

HTF
 cp, HTF u⃗  ∙∇T = ∇ ∙(kHTF∇T )                        (7-9) 

where ρ
HTF

,  cp, HTF  and kHTF  are density, specific heat and thermal conductivity of heat 

transfer fluid. 
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7.2.2 Thermo-physical properties 

Solar salt (60 wt% NaNO3 + 40 wt% KNO3) was used as PCM while the ceramic foam 

act as thermal promotor. The thermo-physical properties are the same as those in Chapter 6 and 

are listed in Table 7.2. 

Table 7.2: Thermo-physical properties of solar salt and ceramic. 

Material Parameter Value 

Solar salt 

Density, kg/m3 1980 

Latent heat, J/kg 140,000 

Melting point, °C 222.9 – 246.0 

Specific heat, J/(kg·K) 1575 

Thermal conductivity (solid/liquid), W/(m·K) 0.59/0.48 

Viscosity, mPa·s 4.61 

Thermal expansion coefficient, K-1 5.47 ×10-5 

Ceramic 

Thermal conductivity, W/(m·K) 20.7 

Specific heat, J/(kg·K) 800 

Density, kg/m3 2327 

The effective thermal conductivity is calculated using the extended Lemlich model [143]: 

kef, ps = 
1 –  ε

3
kps                                                           (7-10) 

kef, PCM=
2 + ε

3
kPCM                                                        (7-11) 

kef = k
ef, PCM

+ kef, ps                                                         (7-12) 

where kps and kPCM are the thermal conductivity of ceramic and salt, respectively. 

The above correlations were developed based on the direct simulation of thermal 

conduction over a wide range of thermal conductivity ratios (0.001-1000) between the porous 

skeleton and filling medium. They have been compared with experimental data and show high 

accuracy [143]. Moreover, the correlations have a simple and elegant form of expression and 
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can be used very easily. Therefore, they were adopted in the current simulation to predict 

effective thermal conductivity. 

The permeability K and inertia coefficient Fl are calculated by [21]: 

 K =
ε2(dfp√κtor/3ε)

2

36(κtor – 1)κtor

                                                   (7-13) 

 Fl = 0.00212(1- ε)-0.132(dfs/dfp)
-1.63

                                  (7-14) 

dfp = 
25.4 × 10

-3

PPI
                                                     (7-15) 

 dfs = 1.18√
1 – ε 

3π
[

1

1 – e(ε-1)/0.04
] dfp                                     (7-16) 

 
1
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 = 
3

4ε
+
√9 – 8ε

2ε
cos {

4π

3
+

1

3
cos-1 [

8ε2-36ε +27

(9 – 8ε)1.5
]}                        (7-17) 

These correlations are suitable for the solid-liquid phase change of PCM in porous foam 

[21].  

The material of the shell and the tube is AISI316 stainless steel [150] and HTF is the 

mineral oil [151, 152]. Their properties are listed in Table 7.3. 

Table 7.3: Properties of shell/tube material and HTF. 

Material Parameter Value 

AISI316 stainless steel 

Thermal conductivity, W/(m·K) 16.2 

Specific heat, J/(kg·K) 502 

Density, kg/m3 8000 

Mineral oil 

Thermal conductivity, W/(m·K) 0.1 

Specific heat, J/(kg·K) 2436 

Viscosity, mPa·s 1.085 

Density, kg/m3 800 
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7.2.3 Initial and boundary conditions 

For the whole computational domain, the initial conditions are: 

u = v = w = 0,  T = Tini                                                       (7-18) 

where Tini is the initial temperature (200 °C). 

HTF is injected with the temperature of 300 °C and the velocity of 0.05 m/s from the inlet. 

The outlet boundary is set as Outflow to ensure the mass conservation. The outer wall of the 

shell, the front and back surface of the whole computational domain except the HTF domain 

are set as adiabatic. 

At the interface between the tube and HTF:  

THTF = Ttube,  (-kHTF ∇THTF)∙n = (-ktube ∇Ttube)∙n,  u = v = w = 0                    (7-19)  

At the interface between the tube and PCM:  

TPCM = Ttube, (-kPCM ∇TPCM)∙n = (-ktube ∇Ttube)∙n,  u = v = w = 0                  (7-20)  

At the interface between the shell and PCM: 

TPCM = Tshell, (-kPCM ∇TPCM)∙n = (-kshell ∇Tshell)∙n,  u = v = w = 0                 (7-21)  

7.2.4 Numerical procedure 

ANSYS Fluent 18.0 package was utilised to solve the thermal transport problem. The 

governing equations were discretized using the finite volume method (FVM). The SIMPLE 

scheme was employed to couple pressure and velocity. The second-order upwind method was 

implemented to discretise pressure, momentum and energy terms. The under-relaxation factors 

were set as 0.3, 1, 1, 0.7, 0.9 and 1 for pressure, density, body forces, momentum, liquid fraction 

update and energy respectively. The convergence criteria for conservation equations of mass, 

momentum and energy were 10-4, 10-4 and 10-6 respectively. 

Three mesh sets (1,093,935 cells, 1,218,366 cells and 1,847,104 cells) and time steps (0.5 

s, 1 s and 2 s) were tested to balance the computational accuracy and time. First, under the fixed 

time step of 1 s, three mesh sets were tested (H = 124.0 mm). The result of the mesh 
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independence is shown in Figure 7.2(a). The maximum deviation in melting fraction is about 

0.04, occurring at 4500 s. To save the computing resources, the medium mesh set (1,218,366 

cells) was chosen. Then, under the fixed mesh of 1,218,366 cells, time step independence was 

checked. It is seen from Figure 7.2(b) that the time step almost has no effect on the melting 

fraction, therefore the time step of 2 s was used for the final setting. 

 

Figure 7.2: (a) Mesh independence analysis. (b) Time step independence analysis. 

7.3 Model validation 

Tian et al. [79] carried out experimental and numerical studies on the melting performance 

of paraffin/copper foam composite phase change material. In their experiment, the composite 

phase change material was placed in a rectangular cavity and heated by the bottom heater with 

constant heat flux. A thermocouple was inserted 8 mm from the bottom heat source to record 

the local temperature. The authors also performed a 2D numerical simulation to investigate the 

melting process. Their experimental and numerical results are used to verify the current model. 

The physical model is shown in Figure 7.3(a). Model parameters and thermo-physical 

properties are listed in Table 7.5. The same computational domain, boundary/initial conditions 

and thermo-physical properties are used in the validation. The simulated temperature at the 

monitored point, Tian et al.’s experimental and numerical results [79] and Liu et al.’s numerical 

results [91] are presented in Figure 7.3(b). 
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Figure 7.3: Physical model of experiment in Tian et al. [79]’s research. (b) Comparison of Tian et al. [79]’s 

experimental and numerical results, Liu et al. [91]’s numerical results and the current numerical results. 

Table 7.4: Model parameters and thermo-physical properties [79, 91]. 

Parameter/property Model Paraffin Copper foam 

Size, mm 200 × 25 - - 

Heat flux, kW/m2 1.6 - - 

Melting point, °C 
- 

48 – 62 - 

Latent heat, J/kg 
- 

181,000 - 

Specific heat, J/(kg·K) 
- 

2100 381 

Thermal conductivity, W/(m·K) 
- 

0.2 350 

Porosity, - 
- 

- 0.95 

X

Y

qin

hnc
hnc

hnc

0 1000 2000 3000 4000 5000
10

20

30

40

50

60

70

80

90

 Tian et al.' experimental results

 Tian et al.' numerical results

 Liu et al.' numerical results

 Current numerical results

T
em

p
er

a
tu

re
, 

°C

Time, s

(a)

(b)



Chapter 7 - Melting performance in a shell-and-tube unit 

 

110 
 

It is seen from Figure 7.3(b) that the temperature increases rapidly from 0 s to 1000 s. 

Then it rises slowly. After about 4000 s, the temperature rises rapidly again. This is because 

before the melting and after the complete melting, the absorbed heat is mainly used to increase 

the sensible heat, so the temperature increases rapidly. By contrast, during the melting process, 

the absorbed heat is mostly used to increase the latent heat, thus the temperature rises slowly. 

In Tian et al.’s numerical simulation [79], the composite phase change material was treated 

with a fixed melting point, so the temperature was almost unchanged during the melting process. 

The current numerical results are slightly larger than the experimental results. The reason may 

be the difficulty in establishing the complete adiabatic boundary in the experiment. The 

deviation between numerical and experimental results is within 10%. The overall trend of the 

simulated results is consistent with the experiment. And at the late stage, the simulated results 

are almost the same as the experimental ones, which verifies the reliability of the current model. 

7.4 Results and discussions 

7.4.1 Effect of filling height 

  

Figure 7.4: Effect of the filling height of the ceramic foam on melting fraction. 

Figure 7.4 shows the variation of the melting fraction. The melting fraction rises faster as 

the filling height of the ceramic foam increases. It is noticeable that when the filling height is 
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49.6 mm (0.4 dsi) or more, the melting is accelerated remarkably; in comparison, when the 

filling height is lower than 49.6 mm, the melting is accelerated less significantly. The higher 

filling height means less PCM; meanwhile, the overall thermal conductivity is improved. 

Moreover, the ceramic foam with a height of 49.6 mm reaches the tube and helps conduct the 

heat of the tube, which also contributes to faster melting. 

 

Figure 7.5: Velocity field (left semicircle) and melting front (right semicircle) at the melting fraction = 0.2, 

0.4, 0.6 and 0.8 (z = 250 mm). 

Figure 7.5 shows the velocity field and melting front at the plane of z = 250 mm. For the 

non-filled case (H = 0 mm), PCM which surrounds the tube first melts. Then, liquid PCM flows 

upwards under the buoyancy force (Figure 7.5(a)). After that, much PCM in the upper half 

portion is melted; in comparison, PCM under the tube is rarely melted. At fl = 0.8, PCM in the 
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upper half portion has been melted completely. The overall temperature is highest (Figure 

7.6(a)), however, the fluid flow is weak, indicating that the impact of natural convection is 

small. 

 

Figure 7.6: Temperature field (left semicircle) and melting front (right semicircle) at the melting fraction = 

0.2, 0.4, 0.6 and 0.8 (z = 250 mm). 

For the fully filled unit (H = 124.0 mm), the melting front is annular-shaped at the early 

stage. The velocity of liquid PCM is small, as shown in Figure 7.5(d), indicating the weak 

natural convection. With the elapse of time, the amount of liquid PCM increases and the 

influence of natural convection becomes significant. The phase interface is converted from 

annular-shaped to egg-shaped. Nevertheless, the distortion of the phase interface is still less 
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obvious compared to the non-filled unit. It is noted that from fl = 0.2 to 0.4, PCM under the 

tube is melted significantly; by contrast, for the non-filled case, PCM in this portion is rarely 

melted.  

 

Figure 7.7: Variation of temperature fields along the axial direction at different melting fractions (H = 74.4 mm). 

For the partially filled units, the melting is distinguished by the boundary between the 

pure PCM and the PCM/ceramic foam composite. Above the boundary, the fluid flow is strong 

and the mushy region is narrow; under the boundary, the flow is weak and the mushy region is 

wide. With the aid of the ceramic foam, the temperature of PCM in the lower region is slightly 

increased (Figures 7.6(a), (b) and (c)). The phase interface of the H = 37.2 mm case is similar 

to that of the non-filled case while the phase interface of the H = 74.4 mm case is similar to 

that of the fully filled case.  

Figure 7.7 shows the temperature fields along the axial direction (H = 74.4 mm). It is 

found that the temperature fields are almost unchanged along the axial direction at fl = 0.2. 
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After that, the influence of axial position becomes a bit significant. At fl = 0.4, 0.6 and 0.8, the 

temperature decreases slightly with the HTF flow direction. Moreover, the influence of axial 

position is mainly exerted on the upper half.  

 

Figure 7.8: Effect of the filling height of the ceramic foam on the stored thermal energy. 

Figure 7.8 shows the variation of the stored thermal energy. As the filling height increases, 

the thermal energy is stored faster. However, the effect of the filling height is different. When 

the filling height is 49.6 mm (0.4 dsi) or more, the improvement on the stored thermal energy 

is remarkable; by contrast, when the filling height is lower than 49.6 mm, the effect is 

insignificant. In other words, 49.6 mm is a critical point. This is not only because there is more 

ceramic foam inserted into the unit, but also because the ceramic foam reaches the tube and 

helps conduct the heat of the tube. 

The total stored energy is calculated by: 

  E = (Tfin - Tini)mPCMcp,PCM + (Tfin - Tini)mpscp,ps + mPCML               (7-22) 

The energy stored rate is calculated by: 

w = 
E

tm
                                                           (7-23) 
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where Tfin is the final average temperature;  Tini is the initial temperature; mPCM and cp,PCM are 

the mass and the specific heat of PCM respectively; mps and cp,ps are the mass and the specific 

heat of the porous skeleton respectively; tm is the complete melting time. 

The complete melting time, total stored energy and energy storage rate are plotted in 

Figure 7.9. The melting time always decreases with the filling height of the ceramic foam. 

Compared to the H = 0 mm case, the melting time of the H = 124.0 mm case is shortened by 

43.9%. The total stored energy also decreases with the increase of the filling height. This is 

because the higher filling height means less PCM. The total stored energy of the H = 124.0 mm 

case is 13.6% lower than that of the H = 0 mm case. The energy storage rate always increases 

with the filling height. The energy storage rate of the H = 124.0 mm case is 54.9% larger than 

that of the H = 0 mm case, indicating the energy storage is accelerated significantly. 

 

Figure 7.9: Variation of the complete melting time, total stored energy and energy storage rate with the 

filling height of the ceramic foam. 

7.4.2 Effect of outer diameter 

The velocity field and melting front under different outer diameters of the ceramic foam 

are presented in Figure 7.10. At fl = 0.2, the velocity field of the dcf = 54 mm case is obviously 

stronger compared to other cases. As the melting proceeds (fl = 0.4), the velocity field of the 
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dcf = 54 mm case keeps the strongest, while that of the dcf = 74 mm case develops significantly. 

At fl = 0.8, the velocity field of the four cases becomes similar. 

 

Figure 7.10: Velocity field (left semicircle) and melting front (right semicircle) under different outer 

diameters of the ceramic foam (z = 250 mm). 
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Figure 7.11: Temperature field (left semicircle) and melting front (right semicircle) under different outer 

diameters of the ceramic foam (z = 250 mm). 

Figure 7.11 shows the temperature field. For the dcf = 54 mm case, at fl = 0.2, the high-

temperature area is mainly around the tube. This is because the outer diameter of the ceramic 

foam is small and heat cannot be effectively transferred to the pure PCM area. When the 

melting fraction reaches 0.4, the temperature difference of the dcf = 114 mm case is minimum.  
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Figure 7.12: Variation of (a) melting fraction and (b) stored thermal energy under different outer diameters 

of the ceramic foam. 

Figure 7.12(a) shows the variation of melting fraction with time under different outer 

diameters. As the outer diameter increases, the melting is accelerated. However, the effect of 

the outer diameter is different. When the ceramic foam is initially inserted into the unit, i.e. dcf 

= 54 mm (dcf = 44 is the non-inserted case), the melting is accelerated remarkably; as the outer 

diameter increases, the difference in the enhancement performance becomes less remarkable. 

This phenomenon can also be found in the stored thermal energy (Figure 7.12(a)). It may be 

explained as follows: when the ceramic foam is initially inserted into the unit, it completely 

surrounds the tube and helps directly conduct the heat of the tube; as the outer diameter 

increases, the contact area between the ceramic foam and the tube does not increase though 

and the newly-added ceramic foam would not conduct the heat of the tube directly. 

It is seen from Figure 7.13 that the melting time and the total stored energy decrease with 

the increase of the outer diameter. The energy storage rate generally increases with the outer 

diameter except for the dcf = 114.0 mm case. The energy rate of the dcf = 104 mm case is the 

highest. 
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Figure 7.13: Variation of the complete melting time, total stored energy and energy storage rate with the 

outer diameter of the ceramic foam. 

7.4.3 Effect of porosity 

It is seen from Figure 7.14(a) that the lower the porosity, the faster the melting. At ε = 

0.95, the complete melting time is 12492s, while at ε = 0.70, the melting time is 5506s. 

Compared to the non-filled case (15400s), the melting time is shorted by 18.9% and 64.2% 

respectively. It should be noted that the accelerated melting is partly because of the more 

ceramic foam which enhances heat conduction. Another reason is that the proportion of PCM 

is decreased. It is found from Figure 15(d) that as the porosity decreases, thermal energy is 

stored faster. However, the effect of porosity is different. When the porosity decreases from 

0.95 to 0.90, thermal energy is stored faster significantly. By contrast, when the porosity 

decreases from 0.75 to 0.70, the difference is insignificant. This should be attributed to the 

effective thermal conductivity. Taking the solid state as the example, the effective thermal 

conductivity of cases with 0.95, 0.90, 0.75 and 0.70 porosities is 0.93 W/(m·K), 1.26 W/(m·K), 

2.27 W/(m·K), 2.60 W/(m·K) respectively. The increase in the effective thermal conductivity 

is more significant (35%) when the porosity decreases from 0.95 to 0.90, which results in a 

remarkable difference in the stored thermal energy. 
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Figure 7.14: Variation of (a) melting fraction and (b) stored thermal energy under different porosities. 

Figure 7.14(b) shows the variation of the stored thermal energy under different porosities. 

Figure 7.15 presents the melting time, total stored energy and energy storage rate. The effect 

of the porosity on the three parameters is similar to that of the filling height. As the porosity 

decreases, the melting time and total stored energy decrease while the energy storage rate 

increases. 

 

Figure 7.15: Variation of the complete melting time, total stored energy and energy storage rate with the 

porosity of the ceramic foam. 
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7.4.4 Comparison between different factors 

 

Figure 7.16: (a) Melting time, (b) total stored energy and (c) energy storage rate under different normalised 

effective porosities induced by the porosity, filling height and outer diameter. 

The effect of the filling height, outer diameter and porosity are compared in terms of 

melting time, total stored energy and energy storage rate. Since they are different variables and 

cannot be compared directly, the normalised effective porosity, εef, is defined: 

εef = 1 −
Vcf

Van

                                                        (7-24) 

0.85 0.90 0.95 1.00
8000

10000

12000

14000

16000

M
el

ti
n

g
 t

im
e,

 s

 Porosity

 Filling height

 Outer diameter

0.85 0.90 0.95 1.00
160

190

220

250

280

E
n

er
g

y
 s

to
ra

g
e 

ra
te

, 
W

Normalised effective porosity, -

0.85 0.90 0.95 1.00
2300

2400

2500

2600

2700

2800

T
o
ta

l 
st

o
re

d
 e

n
er

g
y
, 

k
J

(a)

(b)

(c)



Chapter 7 - Melting performance in a shell-and-tube unit 

 

122 
 

where Vcf is the volume of ceramic foam; Van is the volume of the annulus of the shell-and-tube 

unit. By defining this parameter, the filling height and outer diameter are converted to the 

normalised effective porosity and the three factors can be compared. 

Figure 7.16(a) shows the variation of the melting time under different εef. The εef induced 

by the outer diameter has the shortest melting time. This is because the ceramic foam 

completely surrounds the tube and concentrates around the tube; therefore, the performance of 

conducting the heat of the tube is the best. Figure 7.16(b) presents the variation of the total 

stored energy under different εef. The εef induced by the outer diameter corresponds to the 

largest total stored energy. Moreover, it has the highest energy storage rate (Figure 7.16(c)). 

Therefore, it can be concluded that the ceramic foam with varying outer diameters is optimal.  

7.4.5 Comparison with other studies 

In order to demonstrate the effect of ceramic foam on energy storage performance more 

clearly, the current work is compared with studies using metal foam. The basic configuration 

of the selected studies is the horizontal shell-and-tube unit, the same as the current study. The 

key parameters and results are listed in Table 7.5. 

It is seen that metal foam and ceramic foam can accelerate the melting of PCM to different 

extents. The effect of copper foam is very significant. In Xu et al. [90]’s research, the porosity 

of copper foam is 0.95 and the melting time of the full-foam inserted case can be shortened by 

over 86% compared to no foam inserted case. This should be attributed to the high thermal 

conductivity of copper (350 W/(m·K)). The effect of aluminium foam is also remarkable. In 

Ge et al. [153]’s study, the porosity of aluminium foam is 0.90. The melting time of the 

aluminium foam inserted case is saved by 88%. The thermal conductivity of aluminium is 160 

W/(m·K), much lower than that of copper foam. However, the thermal conductivity of paraffin 

is quite small, which is 0.2 W/(m·K) [153], so the enhancement effect of aluminium foam is 

still remarkable compared to the case of pure paraffin. The enhancement effect of ceramic foam 
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on the melting of solar salt is less significant compared to metal foam: the melting time of the 

full-foam inserted case is shortened by 44%. This is because the thermal conductivity of 

ceramic is relatively low (20.7 W/(m·K)); another reason is that the thermal conductivity of 

solar salt is relatively high (0.59 W/(m·K)), in comparison with paraffin. Nevertheless, ceramic 

has the advantage of corrosion resistance while corrosion is a big problem for Cu and Al. And 

the cost of ceramic is lower than Cu and Al. So, ceramic is a promising candidate as the thermal 

enhancer of salt. 

Table 7.5: Comparison of the performance between ceramic foam and metal foam. 

Source PCM Foam Outcomes 

[153] Paraffin Aluminium alloy 

foam, ε = 0.90 

(1) The melting time of the full foam-filled case is 3800 

s, shortened by 88% compared to the no foam-filled case 

(33000 s). 

(2) The dimensionless energy storage rate is increased 

by 2.3 times. 

[154] Paraffin Aluminium foam, ε 

= 0.95 

(1) The solidification time of the full foam-filled case is 

558 s, shorten by 92% compared to the no foam-filled 

case (6900 s). 

(2) The energy discharge capacity is decreased by less 

than 1%. 

(3) The energy discharge rate is increased by 11 times.  

[90] Li2CO3-K2CO3 Copper foam, ε = 

0.95 

(1) The melting time of the full foam-filled case is 2809 

s, shorten by 86% compared to the no foam-filled case 

(20423 s). 

(2) The dimensionless energy storage rate is increased 

by 6.7 times. 

This 

work 

NaNO3-KNO3 Ceramic foam, ε = 

0.85 

(1) The melting time of the full foam-filled case is 8634 

s, shortened by 44% compared to the no foam-filled case 

(15400 s). 

(2) The total stored energy is decreased by 14%. 

(3) The energy storage rate is increased by 55%. 

7.5 Summary 

In this chapter, the melting performance of ceramic foam/salt CPCM in a shell-and-tube 

unit is evaluated. Various characteristics including melting front, temperature response, flow 

field, energy storage rate and total stored energy are analysed. Multiple factors, namely the 

filling height, porosity and outer diameter of the ceramic foam are considered and compared to 



Chapter 7 - Melting performance in a shell-and-tube unit 

 

124 
 

obtain an optimal configuration. This study provides comprehensive heat transfer and energy 

storage information for practical applications. The conclusions are drawn as follows: 

(1) Thermal energy is stored faster as the filling height of the ceramic foam increases. 

However, the effect of the filling height is different. 49.6 mm (0.4 inner diameter of the shell) 

is a critical point. When the ceramic foam reaches the inner tube, the enhancement performance 

is remarkable, while it is insignificant in the case of below the inner tube. 

(2) The porosity of the ceramic foam has a similar effect to the filling height on melting 

time, total stored energy and energy storage rate. In terms of the outer diameter, the 

enhancement performance of ceramic foam with a small outer diameter is significant; as the 

outer diameter increases, the difference in the enhancement gets less remarkable. 

(3) The effects of the filling height, outer diameter and porosity are compared through a 

normalised effective porosity and the ceramic foam with varying outer diameters is found to 

be optimal. 

(4) The enhancement performance of ceramic foam is less significant than that of metal 

foam. However, the corrosion resistance and low cost make it a promising thermal enhancer 

for salt. 
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Chapter 8 - Thermal performance under solar fluctuation 

8.1 Introduction 

Organic Rankine Cycle (ORC) is a widely recognised technology to convert solar heat to 

power with high reliability and low cost [7, 155]. It is based on the principle of the Rankine 

cycle and employs organics with low boiling points as working fluids [156]. Although the 

conventional steam Rankine cycle has higher efficiency when using heat sources over 400 °C, 

the temperature is out of reach for many solar collectors [157]. ORC is the most efficient power 

cycle below 400 °C [158], which makes it friendly to many current solar collector technologies. 

Solar ORC is a promising approach to converting low-to-medium-temperature solar heat into 

electricity. However, solar radiation has unsteady and intermittent nature, resulting in ORC 

systems operating under off-design conditions [159]. Latent heat thermal energy storage 

(LHTES) is a promising solution to buffer solar fluctuation [160, 161]. It stores unsteady solar 

heat in phase change materials (PCMs) and releases steady heat to ORC so that ORC can 

operate under design conditions [162, 163]. In sensible heat thermal energy storage (SHTES), 

the flow rate of the heat transfer fluid (HTF) has to be controlled accurately according to the 

solar fluctuation so as to keep the temperature of the storage tank constant. In comparison, 

LHTES does not need accurate control of the HTF flow rate. A constant flow rate is fine 

because the temperature of the storage tank does not have to be kept constant. This reduces the 

equipment requirement and avoids control lag. Moreover, as the thermal condition of the 

LHTES storage tank is known, it is easy to optimise the system. From these points of view, 

LHTES is more reliable and attractive. 

Solar radiation is unsteady and has specific fluctuating characteristics. It is essential to 

study the thermal performance under solar fluctuation to understand the practical energy 

storage process. This chapter aims to investigate the thermal performance of a typical storage 

system under solar fluctuation. The study improves the understanding of the practical energy 
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storage process and gives essential energy storage information for the design/optimisation of 

integrated LHTES-ORC systems. 

8.2 Numerical modelling 

To achieve the continuous operation of ORC, the TES subsystem is configured with two 

storage tanks (Figure 8.1). The working process of the integrated system is as follows. HTF 

flows through the solar field and its temperature is increased. The hot HTF flows to storage 

tank A(B), and the charging of storage tank A(B) starts. When storage tank A(B) is fully 

charged, hot HTF switches to storage tank B(A) and the charging of storage tank B(A) starts. 

At the same time, storage tank A(B) starts to discharge to supply heat to ORC until the 

temperature of storage tank A(B) decreases to the minimum driving temperature of ORC. 

Tanks A and B charge/discharge alternately so that the solar energy is made the most use of 

and power is produced continuously. 

 

Figure 8.1: Schematic of TES-ORC integrated system with two storage tanks. 

8.2.1 Solar radiation 

The global solar radiation on the Earth’s surface consists of direct and diffuse radiation. 

Direct radiation is also called direct normal irradiance (DNI). Only DNI can be used by 

parabolic trough collectors [156]. The most direct method to obtain DNI is using a pyranometer 
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to measure solar radiation. However, it is very difficult to obtain the pyranometer-measured 

data at a specific place because it is very likely that this place has no pyranometer installed. 

SOLCAST API Toolkit provides DNI data which is based on cloud images taken by weather 

satellites along with a series of modelling [164]. This toolkit has been validated by an actual 

pyranometer measurement (Global Horizontal Irradiance) at a solar farm [165]. And it has been 

widely used by people in the solar industry. So this toolkit was employed in the current study 

to get DNI data. Nottingham, the UK was chosen, although the UK is not rich in solar radiation 

due to a great number of rainy days. The location is only used to illustrate the effect of solar 

fluctuation while the practical situation needs to consider multiple factors such as policy, 

market, capital, etc. The DNI on a sunny and cloudy day [164] is presented in Figure 8.2. The 

total daily DNI on the sunny and cloudy day are 9.13 kWh/m2 and 4.60 kWh/m2 respectively. 

 

Figure 8.2: Direct normal irradiance (DNI) in Nottingham, the UK on a sunny (15th, June)  and cloudy day 

(8th, June)  [164]. 

The total solar energy absorbed by the solar collector depends on DNI (G), collector 

aperture (Ac) and collector efficiency (ηc) [156]: 
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In the current study, Ac is set as 1.6 m2. Commercial EuroTrough ET-150 is chosen as the 

parabolic trough collector (PTC) and the collector efficiency is [156]: 

 η
c
= 0.75 − 0.000045∙(Tsolar, inlet − Tam) − 0.039∙ (

Tsolar, inlet − Tam

G
)

− 0.0003∙ G ∙ (
Tsolar, inlet − Tam

G
)

2

                                                                                                   (8-2) 

where Tam is the ambient temperature; Tsolar, inlet is the temperature of HTF at the inlet of solar 

collector. Tam is got from SOLCAST API Toolkit [164] and plotted in Figure 8.3. 

 

Figure 8.3: Ambient temperature on a sunny and cloudy day [164]. 

HTF flows through the solar collector and its temperature is increased. The hot HTF is the 

heat source of TES. The energy conservation equation in the solar collector is given by [156]: 

∫ cp, HTF(Tsolar, outlet − Tsolar, inlet)mc dt = ∫ G∙Ac∙η
c

dt                         (8-3) 

where cp, HTF is the specific heat of HTF; Tsolar, outlet is the temperature of HTF at the outlet of 

solar collector; mc is the mass flow rate of HTF. To highlight the effect of solar fluctuation, 

Tsolar, inlet  is assumed constant, equal to the minimum driving temperature of ORC (125 °C 

[166]), so Tsolar, outlet only depends on meteorological conditions. 
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8.2.2 Shell-and-tube TES system 

 

Figure 8.4: Schematic of (a) the shell-and-tube system; (b) the represented unit and (c) physical model used 

in the current simulation. 

The shell-and-tube system is a widely used configuration for thermal energy storage in 

solar power plants [167]. The schematic of a typical shell-and-tube system is shown in Figure 

8.4(a). There are many tubes in the cylindrical tank. The HTF flows through tubes and 

exchanges heat with PCM in the surrounding region. During the charging process, the hot HTF 

from the solar field flows to the shell-and-tube system and supplies heat to PCM. It enters the 

storage tank from the top inlet and exits from the bottom outlet. In the current configuration, 

storage tanks A and B charge alternately. It is assumed that when one storage tank is fully 

charged (melting fraction of PCM = 1), the other tank starts to charge immediately. And each 

charging process starts with a fully discharged state where the initial temperature is the 
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minimum driving temperature of ORC (Tmin, ORC, 125 °C [166]). The charging process stops 

when PCM is melted completely (melting fraction = 1). 

Assuming the flow in each tube is identical, the energy storage process in the system can 

be represented by a single unit [167-169]. As Figure 8.4(b) shows, HTF flows through the tube 

while PCM fills in the annulus space of the unit with the adiabatic conditions at the outer PCM 

surface. The alternate charging in tanks A and B is represented by the continuous charging in 

one unit. Due to symmetry, the shell-and-tube unit can be further simplified into a two-

dimensional physical model [167], as indicated in Figure 8.4(c).The dimension of the physical 

model used in the current study is listed in Table 8.1.  

Table 8.1: Dimension of the physical model. 

Parameter 
Outer radius of unit 

(mm) 

Length of unit 

(mm) 

Outer radius of tube 

(mm) 

Inner radius of tube 

(mm) 

Value 30 300 8.75 6.25 

 

8.2.3 Materials and properties 

In the current study, solar salt (60wt% NaNO3 + 40wt% KNO3) is used as PCM. First, the 

thermal performance of TES unit containing pure salt is investigated. Subsequently, the use of 

ceramic foam to enhance the heat transfer of salt is assessed. Thermo-physical properties of 

solar salt and ceramic foam are the same as those in Chapter 6 and are listed in Table 8.2. 

AISI316 stainless steel is used as the tube material [150] and the mineral oil as HTF [151, 

152]. Their properties are listed in Table 8.3. 
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Table 8.2: Properties of solar salt and ceramic foam. 

Material Parameter Value 

Solar salt 

Density, kg/m3 1980 

Latent heat, J/kg 140,000 

Melting point, ℃ 222.9 – 246.0 

Specific heat, J/(kg·K) 1575 

Thermal conductivity (solid/liquid), W/(m·K) 0.59/0.48 

Viscosity, mPa·s 4.61 

Thermal expansion coefficient, K-1 5.47 ×10-5 

Ceramic foam 

Thermal conductivity, W/(m·K) 20.7 

Specific heat, J/(kg·K) 800 

Density, kg/m3 2327 

Porosity, - 0.85 

Pore density, PPI 10 

 

Table 8.3: Properties of the tube material and HTF [150-152]. 

Material Parameter Value 

AISI316 stainless steel 

Thermal conductivity, W/(m·K) 16.2 

Specific heat, J/(kg·K) 502 

Density, kg/m3 8000 

Mineral oil 

Thermal conductivity, W/(m·K) 0.1 

Specific heat, J/(kg·K) 2436 

Viscosity, mPa·s 1.085 

Density, kg/m3 800 

 

8.2.4 Governing equations 

A two-dimensional transient heat transfer model based on the enthalpy method is 

developed to simulate the energy storage process. During the numerical modelling, the 

following assumptions were made: (1) the porous skeleton and PCM are homogeneous and 

isotropic; (2) the flow of liquid PCM is laminar and incompressible; (3) the liquid PCM is 
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subjected to the Boussinesq approximation; (4) the local thermal equilibrium exists between 

PCM and the porous skeleton; (5) the volume difference of PCM before/after melting is 

neglected; (6) thermo-physical properties are temperature-independent; (7) the HTF outlet 

temperature from the solar field equals the HTF inlet temperature to the shell-and-tube unit. 

The governing equations are summarised as follows: 

Continuity equation [61]: 

∇ ∙ U⃗⃗  = 0                                                                     (8-4) 

Momentum equations for the case without ceramic foam [11, 51]: 

ρ
PCM

∂u

∂t
+ρ

PCM
(U⃗⃗ ∙∇u) = -

∂p

∂r
 + μ

PCM
∇2u −  

(1 − f
l
)

2

(f
l

3
 + f

l
)

Amushyu                   (8-5) 

ρ
PCM

∂v

∂t
+ρ

PCM
(U⃗⃗ ∙∇v) = -

∂p

∂z
+ μ

PCM
∇2v + ρ

PCM
 g β(T − Tm1) −

(1 − f
l
)

2

(f
l

3
 + f

l
)

Amushyv      (8-6) 

where ρ
PCM

 is the PCM density; u and v are the velocities in r and z directions, respectively; p 

is the pressure;  μ
PCM

 is the PCM viscosity; g is the gravitational acceleration; β  is PCM 

thermal expansion coefficient; T is the temperature; Tml is the lower limit of PCM melting point; 

fl is the melting fraction in each cell; ω is a small number (0.001) to prevent division by zero; 

Amushy is the mushy zone constant (105) [21]. ρ
PCM

 g β(T − Tm1) represents the Boussinesq 

approximation for including the buoyancy effect.  The last term in momentum equations is the 

damping term [21]. The melting fraction fl quantifies the percentage of liquid PCM in the 

mushy zone and is evaluated as [51]: 

 f
l
=

T − Tm1

Tmu − Tml

= {

0    for T < Tm1

0 − 1   for Tm1 ≤ T ≤ Tmu

1  for T > Tmu

                                (8-7) 

where Tmu is the upper limit of PCM melting point. 
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Momentum equations for the case with ceramic foam are given by [80]: 

ρ
PCM

ε

∂u

∂t
+

ρ
PCM

ε2
(U⃗⃗ ∙∇u) = -

∂p

∂r
−

μ
PCM

K
u −

ρ
PCM

 Fl

√K
|u|u +

μ
PCM

ε
∇2u −  

(1 − f
l
)

2

(f
l

3
 + f

l
)

Amushyu (8-8) 

ρ
PCM

ε

∂v

∂t
+

ρ
PCM

ε2
(U⃗⃗ ∙∇v) = -

∂p

∂z
−

μ
PCM

K
v −

ρ
PCM

 Fl

√K
|v|v +

μ
PCM

ε
∇2v + ρ

PCM
 g β(T − Tm1)

−
(1 − f

l
)

2

(f
l

3
 + f

l
)

Amushyv                                                                                                                 (8-9) 

where ε is the porosity; K is the permeability; Fl is the inertia coefficient. The second term on 

the right side of momentum equations accounts for the Darcy effect; the third term explains the 

Forchheimer-extended Darcy effect [11]. The correlations for calculating permeability K and 

inertial coefficient Fl are the same as those in Chapter 6 and are listed in Table 8.4. 

Table 8.4: Correlations used in the numerical model. 

Inertia coefficient (Fl) [21] Fl = 0.00212(1- ε)-0.132(dfs/dfp)
-1.63

 

dfp = 
25.4 × 10-3

PPI
 

dfs = 1.18√
1 - ε 

3π
[

1

1 - e(ε-1)/0.04
] dfp 

Permeability (K) [21] 
 K =

ε2(dfp√κtor/3ε)
2

36(κtor - 1)κtor

 

1

κtor

 = 
3

4ε
+
√9 - 8ε

2ε
cos {

4π

3
+

1

3
cos-1 [

8ε2-36ε +27

(9 - 8ε)1.5
]} 

Effective thermal conductivity (kef) [143] kef = k
ef, ps

+ kef, PCM 

kef, ps = 
1 −  ε

3
kps 

kef, PCM=
2 + ε

3
kPCM 
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The energy equation for the case without ceramic foam is given by [51]: 

 ρ
PCM

 cp, PCM (
∂T

∂t
+ U⃗⃗ ∙∇T) = kPCM∇2T − 𝜌PCML

dφ

dt
                           (8-10) 

The energy equation for the case with ceramic foam is [90]: 

[(1 − ε)ρ
ps

cp, ps + ε ρ
PCM

 cp, PCM]
∂T

∂t
+  ρ

PCM
 cp, PCM(U⃗⃗ ∙∇T) = kef∇

2T − ε𝜌PCML
dφ

dt
   (8-11) 

where cp, PCM and cp, ps are the specific heat of PCM and porous skeleton respectively; kPCM is 

the thermal conductivity of PCM; L is the latent heat; ρ
ps

 is the density of porous skeleton; kef 

is the effective thermal conductivity, which is computed using correlations in Table 8.4. 

For the HTF, forced convection occurs and the governing equations are: 

Continuity equation [149]: 

∇ ∙ u⃗  = 0                                                           (8-12) 

Momentum equation [149]: 

ρ
HTF

∂u⃗ 

∂t
 + ρ

HTF
(u⃗  ∙∇)u⃗   = -∇p + μ

HTF
∇2u⃗                                (8-13) 

Energy equation [149]: 

ρ
HTF

 cp, HTF

∂T

∂t
 + ρ

HTF
 cp, HTF u⃗  ∙∇T = ∇ ∙(kHTF∇T )                        (8-14) 

where ρ
HTF

, μ
HTF

,  cp, HTF and kHTF  are density, viscosity, thermal conductivity and specific 

heat of HTF respectively. 

8.2.5 Initial and boundary conditions 

The working hour of the TES subsystem is 6:00 – 20:00. The initial temperature of the 

entire unit is set as the minimum driving temperature of ORC (Tmin, ORC, 125 °C [166]): 

T = Tmin, ORC                                                               (8-15) 

Other initial conditions are: 

u = v = 0                                                                   (8-16) 

The HTF inlet temperature to the unit equals the outlet temperature from the solar field: 
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Tin, HTF = Tsolar, outlet                                                       (8-17) 

HTF flows into the unit with the mass flow rate of 1.4 × 10-3 kg/s. The outlet boundary is set 

as Outflow to ensure the mass conservation. The outer wall of the entire unit except the HTF 

domain are set as adiabatic. 

At the interface between the tube and HTF:  

THTF = Ttube,  (-kHTF ∇THTF)∙n = (-ktube ∇Ttube)∙n,  u = v = 0                      (8-18)  

At the interface between the tube and PCM:  

TPCM = Ttube, (-kPCM ∇TPCM)∙n = (-ktube ∇Ttube)∙n,  u = v = 0                     (8-19)  

8.2.6 Numerical procedure 

ANSYS Fluent 18.0 package was employed to solve the above thermal transport problem. 

The governing equations were discretized using the finite volume method (FVM). The 

SIMPLE scheme was utilised to couple pressure and velocity. The second-order upwind 

method was implemented to discretise pressure, momentum and energy terms. The under-

relaxation factors were set as 0.3, 1, 1, 0.7, 0.9 and 1 for pressure, density, body forces, 

momentum, liquid fraction update and energy respectively. The convergence criteria for 

conservation equations of mass, momentum and energy were 10-4, 10-4 and 10-6 respectively. 

Several mesh sets (18, 118 cells, 28, 491 cells and 36, 898 cells) and time steps (0.5 s, 1 s 

and 2 s) were tested to balance the computational accuracy and time. Tin, HTF is set as constant 

400 °C. First, under the fixed time step of 1 s, three mesh sets were tested. The variation of 

melting fraction with time is presented in Figure 8.5. It is seen from Figure 8.5(a) that the grid 

size has an insignificant effect on the melting fraction. The medium mesh set with 28, 491 cells 

is chosen. Then, under the fixed mesh of 28, 491 cells, three time step sets were tested. It is 

found from Figure 8.5(b) that although there is some deviation in the melting fraction, the 

difference in the total melting time is within 2 s. The time step of 1 s is adopted. 
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Figure 8.5: (a) Grid independence test; (b) time step independence test. 

8.3 Model validation 

 

Figure 8.6: Comparison between Atal et al. [47]’s experimental/numerical results with the predicted results. 

Atal et al. [47] carried out experimental and numerical studies on the charging/discharging process 

of paraffin/aluminium foam in a shell-and-tube unit. Material properties are listed in Table 5. In their 
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outer tube so that a uniform flow can be developed. Heat storage material was placed in the annular 

space between the outer tube and the inner tube. During the charging process, 70 °C air passed through 

the inner tube. Heat storage material was melting until a steady state was reached. Then, 25 °C air was 

pumped into the inner tube, starting the discharging process. 
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Table 8.5: Thermo-physical properties of PCM and porous skeleton [47]. 

Property Paraffin Aluminum foam 

Density, kg/m3 730 - 790 140.4 

Melting point, °C 50 - 60 - 

Latent heat, J/kg 117, 000 - 

Specific heat, J/(kg·K) 2510 896 

Thermal conductivity, W/(m·K) 0.25 167 

Porosity, - - 0.95 

The temperature variation at a point was recorded and shown in Figure 6. Atal et al. also performed 

a 2D simulation and the numerical results are presented in Figure 6. The temperature evolution is 

predicted by the current model and the results are compared with Atal et al.’s experimental and 

numerical results. It is seen from Figure 6 that the variation trend of predicted results agrees well with 

that of experimental results. At about 0 – 25 min, the temperature rises rapidly and the storage material 

is in a solid state. At about 25 – 70 min, the experimental temperature rises slowly, for the reason that 

the absorbed heat is mostly used for solid-liquid phase change. At these two stages, the predicted results 

as well as Atal et al.’s numerical results are larger than the experimental values, and the deviation 

becomes greater as the melting proceeds. The deviation should be attributed to the difficulty in 

establishing the absolutely adiabatic boundary for the experiment. After 70 min, the temperature 

difference between HTF and storage material is small, however, the experimental temperature rises 

rapidly. This may be caused by the specific heat of the storage material: the specific heat of the liquid 

storage material is lower than that of the solid counterpart [21], so even though the storage material 

absorbs less heat, its temperature still rises rapidly. However, in the current simulation as well as Atal 

et al.’s simulation, the specific heat of the storage material is set as constant. After the complete melting, 

since the temperature difference between HTF and the storage material becomes small, the simulated 

temperature rises slowly. As a result, the deviation between the numerical results and the experimental 

results gets smaller and even the latter is larger than the former. At about 125 min, the predicted result 

is almost the same as the experimental counterpart, which might be attributed to the balance between 

the heat loss and the specific heat. The maximum deviation between the experimental and predicted 
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results occurs at 141 min when the discharging begins in the simulation. After that, the deviation 

becomes smaller remarkably and at the end of discharging, the predicted results are almost the same as 

the experimental values. And the maximum deviation between the predicted results and Atal et al. [47]’s 

numerical results is about 4%. Thus, the current model is reliable. 

8.4 Results and discussions 

8.4.1 Melting and energy storage 

 

Figure 8.7: Variation of melting fraction in each charging on (a) sunny day and (b) cloudy day. 
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Figure 8.7 shows the variation of melting fraction in each charging over the whole 

working day (6:00 – 20:00). On a sunny day, the first 7 charging is complete (melting fraction 

fl = 1) while the 8th and 9th charging is incomplete (fl = 0.97 and 0.70). After the 9th charging, 

no PCM melts because the solar radiation is very weak. During the 1st charging, DNI starts 

from a low level and gradually increases to a high level. During the 2nd charging, DNI falls to 

a low value and then increases. This explains the slow melting rate of PCM in the 1st and 2nd 

charging, as shown in Figure 8.8(a). In contrast, during the 3rd, 4th, 5th, 6th and 7th charging, 

DNI remains at a high level and the melting rate of PCM is fast. However, their melting rates 

are a bit different and the variation is the same as the change in DNI: from the 3rd charging to 

the 7th charging, DNI gradually decreases, and the melting rate decreases. After the 7th charging, 

DNI decreases greatly. As a result, HTF cannot be heated fully and PCM cannot be melted 

completely in the 8th and 9th charging. 

 

Figure 8.8: Melting rate of PCM in each charging on (a) sunny day and (b) cloudy day. 
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on a sunny day. As a consequence, the difference between the melting fraction curves on a 

cloudy day is more remarkable (Figure 8.7). 

 

Figure 8.9: Variation of heat flux in different charging on a sunny day. 
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Figure 8.10: Solid-liquid phase interface (left half) and temperature field (right half) of PCM in different 

charging on a sunny day. 
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charging. This weak solar radiation results in low-temperature HTF and heat is transferred from 

liquid PCM to solid PCM gradually and slowly, forming a large mushy region. Overall, solar 

fluctuation has a very limited effect on the solid-liquid interface. But it has a remarkable 

influence on the temperature distribution. As Figure 8.10 shows, at fl = 0.2, from the 1st 

charging to the 4th charging, the temperature field in the upper portion is increased. At fl = 0.4, 

the temperature field in the upper portion in the 3rd/4th charging is the highest while that in the 

1st charging develops greatly. At the same time, the minimum temperature of PCM in the 3rd/4th 

charging is lower than that in the 1st and 2nd charging. At fl = 0.6 and fl = 0.8, the temperature 

field in the upper portion in the 3rd/4th charging remains the highest, while that in the 2nd 

charging is the lowest. 

To demonstrate the difference in temperature distribution clearly, the average PCM 

temperature, maximum temperature, minimum temperature and temperature non-uniformity 

index in the four charging are plotted in Figure 8.11. The temperature non-uniformity index is 

defined as: 

 δ (f
l
) =

√∑  [Ti(r, z, f
l
) - T (f

l
)̅̅ ̅̅ ̅̅ ̅ ]

2
n
i = 0

n
                                       (8-20) 

where Ti(r, z, f
l
) and T(f

l
)̅̅ ̅̅ ̅̅   are the transient temperature at (r, z) and the average temperature 

of PCM at the melting fraction fl. 

At the initial melting stage (fl = 0.2), DNI in the 3rd/4th charging is largest and HTF can be 

heated to a high temperature, so the maximum temperature of PCM is highest (Figure 8.11(b)). 

However, the heating time in the 3rd/4th charging is limited and some PCM cannot be heated 

fully, leading to the lower minimum temperature (Figure 8.11(c)). The condition is similar at 

fl = 0.4, 0.6 and 0.8.  
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Figure 8.11: Comparison of (a) average temperature, (b) maximum temperature, (c) minimum temperature 

and (d) temperature non-uniformity index of PCM in different charging on a sunny day. 
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between the maximum temperature and the minimum temperature is generally consistent with 

the variation of the temperature non-uniformity index.  

 

Figure 8.12: Stored latent heat energy, sensible heat energy and total energy in each charging on (a) sunny 

day and (b) cloudy day. 
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sensible heat energy. The different temperature distribution among the four charging will lead 

to different sensible heat energy storage, which will be discussed following.  

Figure 8.12 presents the stored latent heat energy, sensible heat energy and total energy 

in each charging during the whole working hours. On a sunny day, the first 7 charging is full 

(melting fraction fl = 1), however, the total stored energy is different. The 3rd charging stores 

the most energy (822.7 kJ) while the 2nd charging stores the least energy (741.6 kJ). The former 

is 10.9% higher than the latter. Since PCM is fully melted in the first 7 charging, the difference 

in the total stored energy should be attributed to the sensible heat energy. Sensible heat energy 

is related to the temperature distribution. As shown in Figure 8.11(a), the average temperature 

in the 3rd charging at fl = 0.8 is highest, leading to largest sensible energy storage. On a cloudy 

day, the difference in total stored energy is more remarkable. The total stored energy in the 1st 

charging is 769.7 kJ while that in the 3rd charging is 652.9 kJ, the former is 17.9% higher than 

the latter. 

 

Figure 8.13: Energy storage rate of each charging on (a) sunny day and (b) cloudy day. 
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storage rate. As Figure 8.13(a) shows, the energy storage rate in the 3rd/4th charging is also the 

highest. 

 

Figure 8.14: Variation of energy storage rate in different charging on a sunny day. 
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storage rate is higher than that under the rising DNI. The effect of the rising DNI and the 

oscillating DNI on total stored energy and energy storage rate is further confirmed by results 

of the 1st and 3rd charging (fl = 1) on a cloudy day (Figure 8.12(b) and Figure 8.13(b)). 
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The falling DNI such as in the 8th and 10th charging on a sunny day and the 5th charging 

on a cloudy day causes small total stored energy, not only because of the weak solar radiation 

in the late energy storage process but the overall weak solar radiation. 

The detailed (200s-averaged) energy storage rate is presented in Figure 8.14. The general 

trend is first rising and then falling, which is similar to the variation of heat flux. It is noted that 

the time when the maximum energy storage rate occurs is not consistent with the time when 

the maximum DNI occurs. For the 2nd, 3rd and 4th charging, the maximum energy storage rate 

occurs at the initial stage, which should be attributed to the large temperature difference 

between HTF and PCM. 

8.4.2 Assessment of ceramic foam 

 

Figure 8.15: Melting fraction of PCM with ceramic foam enhancement on (a) sunny day and (b) cloudy day. 
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The energy storage characteristics of pure salt were analysed in the above subsection. 

However, the thermal conductivity of pure salt is low. In this subsection, the use of ceramic 

foam to enhance the heat transfer was discussed. The melting fraction of salt with ceramic foam 

enhancement under solar fluctuation is plotted in Figure 8.15. The number of full charging (fl 

= 1) on a sunny day and on a cloudy day is 14 and 4 respectively, both doubles that of using 

pure salt.  

 

Figure 8.16: Melting rate of PCM with ceramic foam enhancement on (a) sunny day and (b) cloudy day. 
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exhibited more fully in each charging. 
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Table 8.6: Comparison of energy storage characteristics between PCM with/without ceramic foam 

enhancement. 

  
Total number of 

charging, - 

Number of full 

charging, - 

Total energy 

storage, kJ 

σ of melting 

rate, h-1 

σ of energy 

storage rate, W 

Without 

enhancement 

Sunny day 11 7 6761 0.18 62.3 

Cloudy day 9 2 2918 0.39 57.1 

With 

enhancement 

Sunny day 17 14 9003 0.35 84.4 

Cloudy day 12 4 3767 0.43 75.8 

*: σ is the standard deviation 

 

Figure 8.17: Latent heat energy storage, sensible heat energy storage and total energy storage of PCM with 

ceramic foam enhancement on (a) sunny day and (b) cloudy day. 
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Various energy storage parameters are plotted in Figure 8.17. The total number of 

charging is increased by 6 on a sunny day and 3 on a cloudy day respectively. However, the 

total stored energy in each full charging is reduced. Taking the 5th charging (the maximum total 

stored energy) as an example, the total stored energy is 645 kJ. For cases without enhancement, 

the total stored energy of the 3rd charging is the maximum, 823 kJ. This is mainly because after 

adding ceramic foam (porosity = 0.85) to the salt, the volume of salt is decreased and the latent 

heat energy is reduced. Nevertheless, the total energy storage over the whole working day is 

improved by 33.2% on a sunny day and 29.1% on a cloudy day respectively. 

 

Figure 8.18: Energy storage rate of PCM with ceramic foam enhancement on (a) sunny day and (b) cloudy 

day. 

The energy storage rate of ceramic foam-enhanced PCM is shown in Figure 8.18. 
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suggests that ceramic foam-enhanced PCM is more sensitive to solar fluctuation, consistent 

with the analysis of melting rate. 

8.5 Summary 

In this chapter, the thermal performance of phase change material under solar fluctuation 

was investigated. A sunny day and cloudy day in Nottingham, the UK were selected and the 

charging over the whole working hours (6:00-20:00) was analysed to understand the practical 

energy storage process. The following conclusions are drawn: 

(1) Solar fluctuation has a very limited effect on the solid-liquid interface but has a 

remarkable influence on the temperature distribution. The variation of the maximum 

temperature, the minimum temperature and the temperature uniformity of PCM is generally 

consistent with the change in solar radiation. 

(2) For the same full charging cases, the total stored energy is different according to solar 

fluctuation, with a maximum difference of 17.9%. Strong solar radiation not only improves the 

energy storage rate but also increases the total stored energy. Rising solar radiation can also 

cause large total stored energy while the energy storage rate is low. Oscillating solar radiation 

results in the least total stored energy among full charging cases, whilst the energy storage rate 

is higher than that under rising solar radiation. Falling solar radiation leads to small total stored 

energy. 

(3) Ceramic foam-enhanced PCM is more sensitive to solar fluctuation. And the number 

of full charging doubles and the total stored energy over the whole working day is improved 

by 33.2% on a sunny day and 29.1% on a cloudy day respectively. 
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Chapter 9 - Conclusions and outlook 

9.1 Conclusions 

Inorganic salts are suitable medium- and high-temperature phase change materials but 

they have issues of low thermal conductivity and corrosivity, which makes conventional heat 

transfer enhancement methods fail. In the current research, the open-cell ceramic foam was 

used to enhance the heat transfer of salts. The following conclusions are drawn: 

(1) Thermo-physical properties of binary nitrate salts (NaNO3-KNO3) with different 

component fractions were measured. Mixing pure salts decreases the melting point while would 

not impair the latent heat. The melting point of all eutectic salts is lower than that of pure salt, 

with a maximum decrease of over 100 °C, which is attributed to the low coulombic bonding 

energy from the molecular dynamics (MD) simulation.  

(2) Open-cell ceramic foams with large pore sizes (~mm) were fabricated using the 

dipping method, and ceramic foam/salt porous CPCMs were prepared using the atmospheric 

impregnation method. The compatibility between prepared ceramic and salt was tested by 

conducting 50, 100, and 200 melting/solidification cycles. Various characterising technologies 

including scanning electron microscope (SEM), energy-dispersive spectroscopy (EDS), X-ray 

diffraction (XRD), and Raman were used to analyse the corrosion behaviours. The corrosion 

experiments of Cu and Al were also conducted to make a comparison. Experimental results 

indicate that the prepared ceramic has excellent corrosion-resistant performance. In addition, 

the reactive molecular dynamics simulation provides microscopic insights into corrosion 

behaviours from the possible physical dissolution, chemical reaction and thermal stress failure.  

(3) The thermal transport in ceramic foam/salt CPCMs was investigated experimentally 

and numerically. The solid-liquid phase interface is curved greatly, indicating strong natural 

convection. The melting rate of CPCMs with pore density of 10 PPI (Pores Per Inch)is 

increased by 51.5%. The porosity has a more significant effect than pore density on the melting 
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performance. The total stored energy is slightly decreased in the current condition because the 

sensible heat stored by ceramic foam compensates for some of the lost latent heat. But the 

energy storage rate is improved remarkably. The average energy storage rate of CPCM with 

the porosity of 0.80 is increased by 73.2%. Compared to pure salt, the exergy of CPCMs rises 

faster, and the exergy efficiency of all CPCMs is improved by more than half.  

(4) A three-dimensional numerical simulation was performed to study the melting 

performance of ceramic foam/salt CPCMs in a shell-and-tube heat storage unit. The effects of 

filling height, porosity, and outer diameter of ceramic foam were analysed and compared. As 

the filling height increases, thermal energy is stored faster. However, the effect of the filling 

height is different: when the ceramic foam reaches the inner tube, the enhancement 

performance is remarkable; otherwise, it is insignificant. A new criterion, which is called the 

normalised effective porosity, was used to compare the influence of filling height, outer 

diameter, and porosity. The ceramic foam with varying outer diameters is optimal in the 

melting rate, total stored energy, and energy storage rate. 

(5) The thermal performance under solar fluctuation was studied to understand the 

practical energy storage process. A sunny day and cloudy day in Nottingham, the UK were 

selected, and the charging over the whole working hours (6:00-20:00) was analysed. For the 

full charging cases, the total stored energy is different according to solar fluctuation, with a 

maximum difference of 17.9%. Strong solar radiation not only improves the energy storage 

rate but also increases the total stored energy. Rising solar radiation can also cause large total 

stored energy while the energy storage rate is low. Oscillating solar radiation results in the 

smallest total stored energy, whilst the energy storage rate is higher than that under rising solar 

radiation. Compared to pure salt, the CPCM is more sensitive to solar fluctuation. The total 

stored energy over the whole working hours is improved by 33.2% on a sunny day and 29.1% 

on a cloudy day respectively. 
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9.2 Outlook 

This thesis shows a comprehensive study on the thermal transport in a novel ceramic 

foam/salt composite phase change material. Some work needs to be done in the future to better 

understand the thermal transport and pave the way for potential large-scale applications. 

• More application scenarios should be included, such as industrial waste heat recovery. 

The thermal conditions in different scenarios are different. The thermal transport 

performance of the porous CPCM needs to be analysed in more scenarios and detailed 

energy storage information be provided. 

• The performance at higher temperature needs to be evaluated. The current test 

temperature is ~300 °C. Some applications work at high temperature, like 500 °C or 

higher. The ceramic foam should be tested at high temperature to make sure its 

feasibility in high-temperature applications. 

• The role of CPCM in the whole system should be assessed. Actually, the thermal energy 

storage system does not work alone many times. Instead, it is integrated as a component 

in the whole application system. For example, in the solar power generation system, the 

effect of the CPCM on the output power and the system efficiency could be evaluated 

and the system could be optimised. 

• The performance in low-temperature applications such as household heating systems 

can be discussed and some practical factors (day/night, season, etc) needs to be taken 

into account. 

The above recommendations focus more on the application aspect. They should be able 

to provide reasonable guidelines for future studies on the thermal transport in the porous CPCM. 

They would contribute to further recognising the potential of the porous CPCM in applications. 
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Nomenclature 
 

CFD Computational fluid dynamics 

CMC Carboxymethylcellulose sodium 

CPCM Composite phase change material 

DNI Direct normal irradiance 

DNS Direct numerical simulation 

DSC Differential scanning calorimetry 

EDS Energy-dispersive spectroscopy 

FDM Finite difference method 

FEM Finite element method 

FVM Finite volume method 

HTF Heat transfer fluid 

LBM Lattice Boltzmann method 

LHTES Latent heat thermal energy storage 

MD Molecular dynamics 

ORC Organic Rankine Cycle 

PCM Phase change material 

PPI Pores per inch 

PTC Parabolic trough collector 

PU Polyurethane 

RDF Radial distribution function 

REV Representative elementary volume 
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SEM Scanning electron microscope  

SHM Sensible heat storage material 

SHTES Sensible heat thermal energy storage 

SiC Silicon carbide 

ss-PCM Shape-stabilised phase change material 

TCTES Thermochemical reaction storage 

TES Thermal energy storage 

XRD X-ray diffraction 

Ac Collector aperture 

Amushy Mushy zone constant 

cp, HTF Specific heat capacity of heat transfer fluid 

cp, PCM Specific heat capacity of PCM 

cp, ps Specific heat capacity of porous skeleton 

E Total stored energy 

Ebond Bond energy 

Ebulk Buckingham potential 

ECoulomb Coulombic energy 

EH-bond Hydrogen-bond energy 

Elp Long-pair energy 

Eover Overcoordination penalty energy 

Etors Torsion angle energy 

Eunder Undercoordination penalty energy 

Eval Valence angle energy 



Nomenclature 

 

171 
 

EvdW Van der Waals energy 

Exin Input exergy 

Exout Output exergy 

fl Melting fraction of the entire PCM 

Fl Inertial coefficient 

G Direct normal irradiance 

kef Effective thermal conductivity 

kef, PCM  Effective thermal conductivity of PCM 

kef, ps Effective thermal conductivity of porous skeleton 

kps Thermal conductivity of porous skeleton 

kPCM  Thermal conductivity of PCM 

K Permeability  

L Latent heat 

mc Mass flow rate of HTF 

n Total number of cells 

p Pressure 

q Charge of ion 

Qsolar Total solar energy absorbed by the solar collector 

rt,in, rt,out Inner and outer radius of the tube 

ru,out Outer radius of the shell-and-tube unit 

t Time 

tm Complete melting time 

T Temperature 
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T0 Reference temperature 

Tam Ambient temperature 

Tcon Constant heating temperature 

Ti Initial temperature 

Tin, HTF Temperature of HTF at the inlet of the unit 

Ti(r, z, f
l) Transient temperature at (r, z) 

Tm1 The lower limit of melting point 

Tmu The upper limit of melting point 

Tmin, ORC Minimum driving temperature of ORC 

 Tsolar, inlet Temperature of HTF at the inlet of solar collector 

Tsolar, outlet Temperature of HTF at the outlet of solar collector 

T(f
l)

̅̅ ̅̅ ̅̅    Average temperature of PCM at the melting fraction fl 

u, v Velocity in r, z direction 

U⃗⃗ , u⃗  Velocity vector 

vm Melting rate 

Van Volume of the annulus 

Vcf Volume of ceramic foam 

VPCM Volume of phase change material 

w Energy storage rate 

κtor, dfp, dfs Parameters used in calculating permeability 
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Greek letters 

i, j Atom i and j 

ε Porosity 

ρ Density 

β Thermal expansion coefficient 

ηc Collector efficiency 

𝜇 Dynamic viscosity 

σ Standard deviation 

φ Melting fraction in each cell 

ω A small number (0.001) to prevent division by zero 

η Exergy efficiency 

 

 

Subscripts 

ef Effective 

ps Porous skeleton 
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