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Abstract 

Geothermal energy has been widely adopted as an environmentally friendly 

natural energy resource for electricity generation and direct use applications. 

Efficient way of utilizing geothermal energy, mainly low enthalpy geothermal 

fluid, involves cascaded utilization of the hot water for direct use applications. The 

most important direct usage application is that of space heating. A significant 

energy loss is however, bound to occur while using geothermal water for space 

heating due to fluid exiting the room radiators at a considerable high temperature, 

especially during peak heat load hours. Heat storage and recovery process using 

phase change materials can provide an effective way to overcome this energy 

wastage. The purpose of this study is to estimate the performance of phase change 

materials for heat storage and recovery from geothermal fluid exiting the space 

heating radiator. The present research focuses on Computational Fluid Dynamic 

(CFD) analysis of the heat storage and recovery process. The present work uses a 

CFD tool (Ansys Fluent) for simulating heat transfer from the hot water flow, 

phase change during melting and solidification process and heat recovery from the 

phase change material to the surrounding. Simulation results shows application of 

phase change material as an effective way of heat storage and recovery thus 

improving the thermal efficiency of space heating using geothermal energy. 
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Útdráttur 

Jarðhiti hefur verið notaður víða sem umhverfisvæn náttúruauðlind til 

raforkuframleiðslu og í beina nýtingu. Skilvirk leið til að nýta þessa orku, og þá 

sérstaklega orku úr lághitavökva er fjölnýting hennar. Ein mikilvægasti tilgangur 

beinnar nýtingu jarðhita er til húshitunar. Þónokkur varmatöp geta orðið í 

bakstreymisvatni þegar jarðhitavatn er nýtt til húshitunar, sérstaklega þegar 

húshitunarálag er mikið.  Varmageymsla með fasabreytingarefnum getur verið 

skilvirk leið til að lágmarka þessi orkutöp. Tilgangur þessarar rannsóknar er að 

meta getu fasabreytingarefna til varmageymslu og varmagjafar yfir í jarðhitavatn 

í húshitun. Töluleg varma- og straumfræði (CFD) er nýtt til greiningar á þessum 

ferlum.  Ansys Fluent er notað til líkanagerðar þar sem varmaflutningur úr heitu 

vatni, fasabreyting í bræðslu og storknun og varmagjöf úr fasabreytingarefninu til 

umhverfisins eru reiknuð.  Niðurstöður líkanagerðarinnar sýna að 

fasabreytingarefni geta verið skilvirk leið til að geyma varmaorku og geta því 

aukið nýtni jarðhitanýtingar til húshitunar. 
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Chapter 1 

1. Introduction 

 
Renewable energy is being actively promoted for electricity generation and direct usage 

application in order to build a sustainable society. Heat loss cannot be ignored for 

improved efficiency to make better use of the available energy. Power generation and 

direct use of geothermal energy have been actively introduced in many countries. The 

worldwide average efficiency of the surveyed geothermal power generation is 12 

percent [1], and that of high-efficiency geothermal power generation is 21 percent at 

the Darajat vapor dominated system [1]. Since the efficiency in geothermal power 

generation is low, it is necessary to use the energy of geothermal water more efficiently. 

Thermal management of the system and reducing the amount of exhaust heat is one 

way to improve its efficiency. Utilization of geothermal energy for direct applications 

such as space heating is a way to increase the efficiency of the system. However, when 

the outside air temperature is low, the mass flow rate of the geothermal water needs to 

be increased to keep the room temperature constant. Since the size of the radiator is 

constant, as the mass flow rate of the geothermal water increases, the temperature of 

the geothermal water at the outlet of the radiator also increases. The exiting water, 

which is at a high temperature, is then released to the environment, leading to an energy 

loss. To minimize this energy loss, phase change materials (PCMs) can be utilized to 

store the energy of the exiting geothermal water, and then reuse it later during off peak 

load hours and for other applications, which can help to improve the energy efficiency 

of the space heating system. A schematic of a system involving space heating and 

storage using phase change material is shown in Figure 1. The purpose of the present 

study is to analyze heat storage and recovery process using phase change material. To 
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obtain this, simulation of the heat storage and recovery process is done using a 

Computational Fluid Dynamic (CFD) tool named Fluent [2]  

 

 

 

Figure 1. Schematic of the reuse energy stored in phase change materials 

 

1.1. Basic characteristic of phase change material 

 

Phase change materials are a medium to store thermal energy by utilizing the latent heat 

during the melting or fusion process. The material can be utilized to absorb heat energy 

from a heat source such as hot water flow and undergo phase change from solid to 

liquid. While absorbing heat energy, the phase change materials remain at a constant 

temperature (Figure 2). This can play a significant role in thermal management of the 

heating system. When a material is undergoing a phase change, it gains heat from the 

surrounding and uses the energy for the phase change, while keeping the material 

temperature constant. Phase change materials are also implemented for different 

applications such as in electric devices, for a cooling the equipment (1.6.1 thermal 

management of electronics). Heat storage by latent heat can store more energy than by 
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sensible heat. Heat storage using a phase change material therefore offers a significant 

advantage compared to direct storage of the hot water. Heat storage system using phase 

change material is able to retain more energy than system using sensible heat. Since the 

amount of heat stored in a sensible heat system is proportional to its specific heat, a 

significant amount of material is required to store large amount of energy. On the other 

hand, the phase change material uses the heat storage principle that utilizes the latent 

heat in the phase change, it is therefore possible to store a large amount of heat energy. 

Moreover, phase change materials are lightweight and highly reliable, relying solely on 

the properties of the material itself.  

 

Figure 2.Phase change heating curve 

 

 

 

1.2. Phase change material properties 

 

Various thermophysical properties of a phase change material that need to be taken into 

account for designing a heat storage and recovery system are: melting point, latent heat 
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of fusion, stability, density change, and thermal conductivity [3]. The importance of 

each of these properties is discussed as follows: 

 Melting point is the most important factor in the selection of phase change materials, 

since the temperature is synonymous with thermal management. For an efficient 

thermally managed system, the melting point must be lower than the heat source 

temperature and higher than the ambient temperature. It is therefore necessary to have 

an appropriate value of melting point which prevents the temperature of the device from 

rising while continue absorbing heat during the phase change. 

The second important property is the latent heat of fusion, which indicates how 

much energy can be stored during the phase change from solid to liquid and how much 

energy is released during the solidification process. A material with high latent heat 

value also has a high specific heat value [3]. As a result, when comparing materials 

with same mass, the one with a higher latent heat can store more energy, or a smaller 

size heat storage system can be used for storing a certain amount of heat energy. 

Another important aspect of phase change material selection is the stability [4]. The 

phase change material must have chemical and physical stability. Even if the material 

has an excellent thermal storage performance, it will not be suiTable for thermal 

management if it cannot be used repeatedly. In addition the material should not cause 

problem to the surface of the material in contact, such as corrosion or other chemical 

reaction. The change in density during the phase change also plays an important role 

during the heat storage system design [3]. When phase change occurs from a solid to a 

liquid, the density decreases and the volume increases. If the system is completely filled 

with solid phase change material to maximize design efficiency, the internal pressure 

will increase during the phase change and the system may fail. Therefore, it is desirable 

that the density change during the phase change is small. In general, the volume change 

during the melting process is smaller than the volume change during vaporization. 

Finally, materials with high thermal conductivity, a factor that causes heat transport 

is considerably important [5]. When heat is transported from a heat source to the phase 

change material, energy is transported by heat transfer between the two sub-systems. If 

the thermal conductivity is low, the transported heat does not penetrate into the phase 

change material and the surface of the material retains high temperature. Therefore, it 

is necessary to have a high thermal conductivity. However, a material with high latent 

heat or specific heat may have low thermal conductivity because of its tendency to 

retain energy inside. Therefore, there is often a trade-off between thermal conductivity 
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and latent heat. Research is being conducted to complement both properties by 

combining materials or creating a structure with a large heat transfer area [6]. 

In summary, the properties required when selecting a phase change material are as 

follows: 

・Appropriate melting point 

・High latent heat of fusion 

・High thermal conductivity 

・Chemical and physical stability 

 

1.3. Types of phase change materials and their selection 

  

The phase change materials can be classified into three main categories: organics, 

inorganics, and liquid metals. The materials are described as follows: 

 

1.3.1. Organic materials 

 

Various organic materials are popularly used as phase change materials due to their 

easy availability and non-reactive nature. The list of organic phase change materials 

includes materials such as fatty acids and paraffine (alkane). Organic phase change 

materials are also widely used due to their low cost. Among organic PCMs, paraffins 

are commonly used for energy management in electronic devices as its melting points 

ranging from 30°C to 70°C depending on the specific hydrocarbon structure, which can 

keep the device temperature below its usable temperature. Another type of organic 

phase change material are fatty acids such as capric acid, lauric acid and stearic acid, 

embedded in polyacrylonitrile fiber mats, diatomaceous earth, perlite, and vermiculite, 

and are used as an energy storage system in the buildings with the purpose of reducing 

heating, ventilation, and air conditioning cost. 

 Phase change materials need to be stable so that they do not corrode or damage other 

materials in the process of repeated cycling. Organic phase change materials are 

chemically and physically stable and have a high latent heat. Organic materials are 
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however, flammable due to presence of hydrocarbons in their structure. The flash point 

of organic materials is above 200℃, making them a suitable material to be used for 

operating temperature well below the flash point limit. The thermal conductivity of 

organic PCM is extremely low, thus resulting in low heat transfer efficiency. Another 

organic phase change materials are the fatty acids, which have a lower melting point as 

compared to paraffin. Thermal properties of various organic PCMs are given below in 

Table 1, where Tm is the melting point of PCMs, Lf is the latent heat of fusion of PCMs, 

𝜌  is the density of PCMs, Cp is the specific heat of PCMs and k is the thermal 

conductivity of PCMs. 

 

Table 1. Thermal properties of various organic PCMs [7-11] 

 

 

1.3.2. Inorganic materials 

 

Inorganic phase change materials are mainly composed of salts and salt hydrates, such 

as calcium chloride hexahydrate, magnesium chloride hexahydrate and sodium nitrate. 

The melting point of inorganic phase change materials vary widely, ranging from about 

30°C to 900°C [10]. Compared to organic phase change materials, inorganic materials 

are used in concentrating solar plants due to their high melting point. Inorganic 

materials have relatively high thermal conductivity and small density change during 

the phase change from liquid to solid, which prevents containment issues. In case where 

density change between the solid and the liquid is large, the volume change will be 
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large when the phase change takes place. In such cases, when the liquid changes to 

solid, the mass of the solid becomes smaller and the energy density becomes smaller as 

well. To prevent this phenomenon, it is desirable to have a small density change. 

Inorganic phase change materials are also denser than organic materials and can store 

more energy in the same volume. However, higher density also means higher weight, 

which can be a drawback for systems that aim for weight reduction. In contrast to these 

advantages, the disadvantage of inorganic materials is their instability. At low 

temperatures, there is no difference in the performance compared to organic materials. 

In addition, inorganic materials are instable. The hydrate contained in inorganic 

materials tends to dehydrate easily, and the water in the material can be driven off in 

the heating cycle, leading to a breakdown of the material and loss of the ability to cool 

the system repeatedly. This limits the use of inorganic phase change materials. 

Inorganic materials have a high potential for subcooling, where they do not begin to 

freeze at the freezing point, and a significant amount of supercooling is required before 

solidification nucleation begins. This is an undesirable instability that makes it difficult 

to solidify the molten phase change material for the next thermal cycle. This can 

however be solved to some extent by using specific nucleation agents. The nucleation 

agents can significantly reduce the rate of supercooling by creating a surface where 

final formation can occur more easily. A study from the literature [12] shows, addition 

of 1 wt% sodium chloride to calcium chloride hexahydrate improved supercooling over 

1000 thermal cycles without phase separation. Thermal properties of various inorganic 

PCMs are given below in table 2. 
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Table 2. Thermal properties of inorganic PCMs [10,12,13] 

 

 

1.3.3. Metal and metal alloy materials 

  

Metals and metal alloys have high thermal conductivity and wide range of melting 

points. Unlike inorganic phase change materials, metal and metal alloys can remain 

physically and chemically stable even at high temperatures. Materials with high thermal 

conductivity have high thermal responsiveness because they melt and solidify quickly. 

This allows heat to penetrate the material without superheating at the surface, and also 

allows the absorbed heat to be discharged immediately, thus reducing the cycle time for 

absorbing heat again. However, the latent heat of metals and metal alloys is small 

making them unfriendly to be used as a phase change material. Due to high density, the 

energy density is high, but the latent heat is sufficiently small, leading the overall small 

energy storage. Metal and alloys are also high-density materials, which can be a 

detriment for systems that aim to reduce weight. Thermal properties of metallic PCMs 

are given in table 3 below. 
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Table 3. Thermal properties of metallic PCMs [14,15] 

 

 

1.4. Utilization of phase change materials 

  

Phase change materials can be used for thermal management and energy storage due to 

their ability to store energy during the phase change from solid to liquid and release 

energy during the phase change from liquid to solid at a fixed temperature. Energy 

storage system that includes the process of melting and solidification is suitable for on-

off heating cycle. During a cyclic process, the phase change material absorbs energy 

from the heat source, causing phase change from solid to liquid. After the storage cycle 

is over, the heat is released to the outside, causing the phase change material to return 

to its solid state. In this way, the system performs thermal management and prepares 

for the next heating cycle. As the material continues to absorb heat while changing from 

solid to liquid, the system can maintain a constant temperature and will not exceed the 

overheat temperature as long as the heating cycle does not exceed the melting cycle of 

the phase change material. The application to this type of system requires how quickly 

phase change materials penetrate heat. If the heat does not penetrate well, the surface 

of the material will be superheated. To prevent this from happening, the system should 

be designed to take into account the maximum melting time of the phase change 

material and the heating cycle from the heat source. The mechanism is also applied in 

military uniforms to maintain a comfortable temperature and in thermal management 

of electronic devices and batteries. 
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 The phase change material should not only release the absorbed heat to the outside, 

but also utilize it effectively. It is important to note that the heat can only be utilized 

when the material is at the temperature at which it solidifies. An example of application 

is a solar power plant, where surplus energy is stored in the phase change material 

during the day. The energy released at night can be used to utilize the waste heat, 

making the power plant more efficient. 

 The phase change material as a thermal management system must be able to penetrate 

heat quickly so that the system does not overheat, and the complete melting time of the 

phase change material must not exceed the heating time from the heat source. Also, the 

energy storage and utilization system must have a high latent heat to store a lot of energy. 

 

1.5. Literature review 

 

Phase change materials are used in various applications as a mode of thermal 

management and energy storage, discussed as follows: 

 

1.5.1. Thermal management of electronics 

  

Phase change materials can suppress temperature spikes and keep the junction 

temperature constant in the operating temperature range (Figure 3). In addition, as 

shown in Figure 4, the phase-change material absorbs the heat generated by the 

electronic device, thereby delaying the time it takes to reach the temperature peak. Case 

study from the literature [16] shows a process with an initial heating cycle for 45 

minutes at 10W power, followed by a 30-minute off and 15-minute on repeated cycle. 

Result shows phase change material absorbing heat from the heating cycle and 

maintaining the junction temperature at 31±1°C, compared to 37°C, without the phase 

change material. The study uses P 116 Sunoco wax as a phase change material (Sunoco 

– 116P: Paraffin wax melting temperature: 40-60℃, latent heat of fusion: 190 kJ/kg, 

thermal conductivity: 0.21 W/m ℃ [17]). 
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Figure 3. Reduction of peak temperature with PCMs [3] 

 

 

Figure 4. Time delay to peak temperature due to PCMs [3] 
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1.5.2. Energy storage in solar applications 

 

Combining phase change material with solar energy systems can be an effective way 

to absorb and utilize heat. Large-scale commercial solar power plants are designed as 

concentrating solar power system such that the sunlight is concentrated to a single point 

using mirrors. The heat energy is then transported using a carrier fluid. By incorporating 

phase change materials as thermal energy storage, the excess energy exposed during 

the day can be stored (Figure 5).  

 Thermal energy storage in concentrating solar power plants can be load-shifted by 

using solar energy as a phase change material [3]. As shown in Figure 6, when excess 

energy is obtained during the day, the energy can be stored and used in the evening 

when the solar energy decreases to shift the energy. Phase change materials can meet 

energy demand by storing excess energy during the day and releasing the stored energy 

at night. According to a study conducted by Sioshani and Denholm [18], a 

concentrating solar system with a thermal energy storage system reportedly improved 

performance by 7-16%. 

 

 
Figure 5. Schematic of concentrating solar power system using PCMs in the 

thermal storage tanks [18] 
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Figure 6. Relationship between energy demand and solar power 

 

 

1.5.3. Domestic solar power applications 

  

Thermal storage systems using phase change materials have advantages not only in 

large-scale solar power systems, but also in small-scale solar heating-systems. The heat 

transfer fluid transports the heat from the flat panels on the roof through pipes, and the 

unused energy is stored in the phase change material. Unlike the large-scale solar 

thermal power generation system introduced in chapter 2.2, this system is not capable 

of extracting high temperatures, but it can be fully used as a domestic heat source. This 

system is intended to reduce exergy losses caused by direct use of electricity for heating.  

 Energetic and energetic analysis of a domestic water tank with phase change materials 

was done by Sole et al [19]. A system equipped with a heat exchanger, hot water tank, 

and phase change material tank, similar to the model shown in Figure. 5 was used. A 

mixture of 90% sodium acetate trihydrate by volume and 10% graphite by volume was 

used as the phase change material (melting point: 58°C). The mass of the phase change 

material is 4.9 kg and the mass of the water in the tank is 287 kg. Result shows 3% 

more energy stored in the tank consisting of phase change material. According to the 

exergy analysis, the effective efficiency of the phase change material is 95% 



１４ 

 

Experimental evaluation of energy and exergy efficiency of a seasonal latent storage 

system for greenhouse heating was done by Ozturk [18]. The study uses thermal energy 

storage system that replaces hot water with hot air to reduce the size of heating, 

ventilating and air conditioning. The experimental study was done for a greenhouse 

system: a 180m3 greenhouse volume with 27 m2 of flat plate solar air collectors. The 

facility uses 27 m2 of flat plate solar air collectors with 6000 kg of paraffin wax (melt 

range: 48-60 ° C) as phase change material and 5.2 m long tank as latent heat storage 

unit with 1.7m in diameter. Result shows an increase in energy efficiency, but a low 

exergy efficiency. 

Although domestic thermal energy storage applications do not offer significant benefits 

compared to large-scale solar energy, they do allow for more efficient use of energy. In 

these systems, the phase change materials of choice are paraffin wax and calcium 

chloride hexahydrate, which have melting points in the relatively low temperature 

range. 

 

1.5.4. Phase change materials in the heat exchanger 

  

In many phase change materials, heat cannot be absorbed immediately due to low 

thermal conductivity. To compensate for this shortcoming, the heat transfer area is 

increased, resulting in efficient heat exchange. To increase the heat transfer area, pipes 

or spherical capsules can be filled with the phase change material and dispersed. 

Various techniques to increase the heat transfer area are discussed as follows: 

 

 

1.5.4.1. Phase change materials in spherical capsules 

  

In this method, the spherical capsule is placed in a tank and the heat carrying fluid flows 

around the capsule causing heat exchange (Figure.7). During heat storage, the hot fluid 

gives energy to the phase change material as the fluid passes through the tank. On the 

contrary, when releasing the energy, the fluid flow is reversed and the low temperature 

fluid absorbs the energy from the phase change material, thus allowing the phase 

change material to recover the stored energy. Thus, in the charging cycle, the hot fluid 

exchanges heat with the solid phase change material, and in the discharging cycle, the 

cold fluid exchanges heat with the liquid phase change material. The selection of the 

phase change material is important in these cycles. A study by Airker and Medved [21] 

shows that the rate of energy charge and discharge depends on the specific heat and 
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latent heat of the phase change material, namely the thermal properties of the fluid do 

not significantly affect the charge and discharge rate. 

 

 

Figure 7. Packed bed assembly [22] 

 

 

1.5.4.2. Phase change materials in shells 

  

Application of shells involves heat exchange by filling the shell with phase-change 

material and allowing the heat transfer fluid to flow through the channels inside the 

shell. As with the spherical capsule, the heat transfer area is increased and can be 

applied to different types of phase change materials. If molten salt is used, it is suitable 

for high temperature waste heat recovery, and if paraffin-based material is used, it can 

be applied to low temperature direct heating system. For more efficient heat exchange, 

it is necessary to reduce the thermal resistance of the pipe through which the heat 

transfer fluid flows. If the thermal resistance is high, heat transfer from the fluid to the 

phase change material will be hindered and thus heat will not be transferred efficiently. 

In melting phase, heat transfer becomes convection dominant outside the pipe because 

natural convection is induced on the shell side. On the other hand, in the solidification 

phase, heat transfer becomes conduction dominant, and heat is transferred from the 
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liquid phase change material to the heat transfer fluid. Longitudinally internally finned 

pipes have been considered to increase the thermal conductivity more [23]. The fins 

increase the heat transfer area and allow more heat to penetrate. Combining phase 

change materials with different melting points has also been considered [24]. By 

dividing the phase change material with a high melting point into the inlet side where 

the heat transfer fluid flows in, the material with an intermediate melting point into the 

middle of the pipe, and the material with a low melting point into the outlet side 

(Figure.8), the phase change material can absorb a more constant heat flux according 

to the temperature of the fluid. 

 

 

Figure 8. Combined phase change materials with different melting point 
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Chapter 2 

2. Method 

 
The simulation tool, geometry and the model used for simulating heat storage and 

recover process in the phase change material used in this study is discussed as follows: 

 
2.1. Ansys working tool 

 

The study uses ANSYS for simulating the heat absorption and dissipation process in 

phase change materials. ANSYS Workbench, a computer aided engineering (CAE) 

software, used for simulation analysis includes Design Modeler, Ansys Meshing, and 

Ansys Fluent, which are capable of creating geometries, meshing, and performing 

simulation for heat transfer and fluid flow analysis, respectively. 

CAE software is capable of theoretically calculating the physical properties of object 

behavior, stress, and fluid flow and heat transfer using computer calculations to test the 

intended function and performance of the designed product. By using this software, it 

is possible to visualize the simulation of various physical phenomena such as stress, 

heat transfer, electromagnetic field, and fluid flow, and is also possible to customize the 

existing models and parameters, if required. 

 

2.2. Heat exchanger geometry 

  

The heat exchanger assembly for storing the phase change material and geothermal 

water flow consists of a double-layer pipe with the geothermal water on the inside and 

the phase change material in the annulus. Figure. 9 shows the design of the heat 

exchanger assembly with straight pipe. The inner pipe diameter, through which the 

geothermal water flows, is 20 mm, the outer pipe diameter, which is filled with the 



１８ 

 

phase change material, is 60 mm, and the thickness of each pipe is assumed to be 1 mm. 

The length of the pipe is 5000 mm. The sectional view of the pipe along x-y plane is 

shown in Figure 10. The geometry parameters are listed in Table 4. 

 

 

Figure 9. Straight pipe diameter design drawing 

 

 

Figure 10. Straight pipe model with two layers (scale size, 10:1:10) 
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Table 4. Straight pipe parameters 

 

 

 

Another geometry of a heat exchanger with a bent pipe is shown in Figure 11. The side 

view of the complete geometry is shown is Figure 12 and Figure 13. The length from 

the pipe inlet to the elbow is 300 mm, the radius at the elbow is 60 mm, the distance 

between the elbows is 150 mm, and the width from the inlet to the outlet is 840 mm. 

The parameters for the geometry are listed in Table 5. 

 

Figure 11. Bent pipe diameter design drawing 
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Figure 12. Bent pipe flow path design drawing 

 

Figure 13. Bent pipe model with two layers 
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Table 5. Bent pipe parameters 

 

 

2.3. Meshing 

The CFD simulation using finite volume analysis requires dividing the geometry into a 

number of cell volumes, such that the conservation equations are solved for each cell 

during the simulation. The mesh generated for the straight pipe and bent pipe is shown 

in Figure 14 and Figure 19. The number of mesh elements of mesh for the straight pipe 

and the vented pipe is 247698 and 8716528, respectively. There are two important 

factors: skewness and orthogonal quality, that need to be considered in order to perform 

a correct simulation. Skewness is the factor that directly related to the quality of mesh 

structure. It shows how many the mesh structure is close to its ideal shape or form and  

takes values from 0 to 1, and the smaller the value, the more accurate the numerical 

analysis can be. While, orthogonal quality, is computed with vector mechanics. 

Calculations are done by using the face normal vector, the vector from the cell centroid 

to the centroid of each of the adjacent cells, and the vector from the cell centroid to 

each of the faces. It ranges from 0 to 1, and the larger the value, the better the accuracy 

of the calculation. It should be at least greater than 0.01. Figure 15, 17 and 20 show the 

meshes with the skewness values of the two geometries in different colors. Figure 16, 

18 and 21 show the meshing model with the orthogonal quality values in different 

colors. 
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Figure 14.Meshing design of straight pipe 
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Figure 15. Meshing model with the skewness values of straight pipe in different 

colors 

 

Figure 16. Meshing model with the orthogonal quality values of straight pipe in 

different colors 
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Figure 17. Meshing model with the skewness values of straight pipe at symmetry 

zone in different colors 

 

 

 

Figure 18. Meshing model with the orthogonal quality values of straight pipe at 

symmetry zone in different colors 
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Figure 19. Meshing design of bent pipe 

 

 

Figure 20. Meshing model with the skewness values of bent pipe in different 

colors 



２６ 

 

 

Figure 21. Meshing model with the orthogonal quality values of bent pipe in 

different colors 

 

 

2.4. Theoretical analysis 

 

The physical equations governing the processing of heat storage and recovery in the 

phase change material are described as follows: 

 

2.4.1. Solidification and Melting process  

 

Simulations for the phase change process of melting or solidification can be done using 

the available solver in Ansys Fluent. The solver uses the enthalpy-porosity formalism 

instead of tracking liquid-solid changes. The solid-liquid mushy zone is calculated as a 

porous area and its porosity is considered the same as the liquid fraction. The liquid 

fraction is calculated based on the enthalpy balance at each iteration. To account for the 

pressure-drop due to the presence of solid material, an appropriate momentum sink 

term needs to be added to the momentum equation, which is added by turbulence 

equations due to the reduced porosity of the solid area. When calculating the 

solidification or melting model, pressure-based solver must be used, and density-based 

solver cannot be applied. 

 

The enthalpy of a material, HE, is determined by the sum of its sensible HS and latent 

heat content HL given as: 
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HE = HS + HL (2.1) 

 

The sensible heat Hs is given as follows: 

𝐻𝑠 =  𝐻𝑟𝑒𝑓 + ∫ 𝐶𝑝𝑑𝑇
𝑇

𝑇𝑟𝑒𝑓 

 
(2.2) 

Where Href is reference enthalpy, Tref is reference temperature and Cpis specific heat at 

constant pressure. 

 

The liquid fraction, β, is defined as 

β=0    if T < Tsolidus (2.3) 

β=1    if T > Tliquidus (2.4) 

 

β =  
𝑇 − 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠

𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 − 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠
 

(2.5) 

 

The latent heat content of the material is then described in terms of latent heat L, as 

follows: 

 

HL =βL (2.6) 

 

The latent heat content varies from zero to L. The greater the latent heat content of a 

material, the greater the energy it can store. The energy equation can be expressed as 

follows: 

. 

 

𝜕

𝜕𝑡
 (𝜌𝐻𝐸) +  ∇・(𝜌�⃗�𝐻𝐸)   = ∇・(𝑘∇T)  +  𝑆 

(2.7) 

 

where ρ is the density, �⃗� is the fluid velocity, S is the source term and k is the thermal 

conductivity of the fluid. 
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2.4.2. Thermal analysis of the storage system 

  

When a phase change material changes from solid to liquid, it absorbs energy internally 

as latent heat. The energy storage potential of a material is obtained by multiplying the 

mass of the material, m, by the latent heat of fusion. 

 

𝐸 = 𝑚𝐿 (2.8) 

 

The ability of a material to maximize its energy storage capacity, and the rate at which 

energy is stored, however depends on the heat transfer rate of the phase change material 

relative to its mass. The heat transfer rate depends on the boundary conditions of the 

phase change material, the initial temperature and the temperature difference between 

the heat source and its melting point. The relation between the parameters are given by 

the following equations: 

 

𝑞𝑐𝑜𝑛𝑑 = −𝑘
𝜕𝑇

𝜕𝑥
 

(2.9) 

 

𝑞𝑐𝑜𝑛𝑣 = ℎ (𝑇𝑤 − 𝑇𝑓) (2.10) 

 

Where qcond is heat flux at conduction, qconv is heat flux at convection, h is heat transfer 

coefficient, Tw is temperature at surface of material and Tf is temperature at fluid. 

 

The charging process of the phase change material involves three steps. In the first step, 

the temperature rises by sensible heating until it reaches the melting point of the phase 

change material. In the second step, the latent heat absorption starts such that the 

temperature remains constant until all solid changes into the liquid phases. Once the 

complete melting occurs, energy is stored by sensible heating of the liquid and the 

temperature starts rises again. Melting process in phase change materials is highly 

dependent on the boundary conditions. The melting rate depends on the amount of heat 

given by the heat source and the amount of heat lost at the boundary. The initial melting 

process is dominated by natural convection. 
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2.4.3. Stefan number of the phase change materials 

  

The problem of partial differential boundary values in the processes of solidification 

and melting is governed by Josef Stefan's Stefan problem. The Stefan number is the 

ratio of sensible heat to latent heat, as given by equation 2.11. 

 

𝑆𝑡 =
𝐶𝑝∆𝑇

𝐿
 

(2.11) 

 

Higher the value of the Stefan number, more dominant the sensible heat becomes 

compared to the latent heat, which is generally unsuitable for the phase change 

materials. It is preferable to have phase change materials with a high latent heat to store 

high energy per unit mass. 

Figure 22 shows the difference in melting time for different Stefan numbers [25]. As 

seen from the Figure, the melting speed is faster for larger Stefan numbers and slower 

for smaller values. 

 

Figure 22. Changes in the liquid fraction at each time with different Stefan 

number [25] 

 

 

2.4.4. Heat transfer in the pipe section 
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The heat exchange model between hot water and the phase change material is shown 

in Figure 23 and Figure 24. Figure 23 shows the model for heat transfer between the 

hot water and the phase change material, and the heat flux between them is expressed 

using Equation 2.12. Figure 24 shows the heat transfer when the phase change material 

melts and the heat exchange with the outside air. 

 

Figure 23. Heat conduction between hot water and PCMs through the pipe wall 

 

 

The heat flux q between the hot water side and the PCM is expressed as: 

 

 𝑞 =  
𝑇𝐻 − 𝑇𝐿

𝑅𝑐1 +
𝐿

𝑘𝑝𝑖𝑝𝑒
+ 𝑅𝑐2 +

𝑙
𝑘𝑝𝑐𝑚

 
(2.12) 
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where TH is the hot water temperature, Tl is the PCM temperature, kpipe is thermal 

conductivity of pipe, kpcm is thermal conductivity of PCMs and Rc1 and Rc2 are the 

boundary resistances. 

As the phase change material begins to melt, thermal convection occurs within the 

liquid and solid phase change materials, as shown in Figure 24. Heat convection also 

occurs between outer pipe and outside air. The heat flux inner pipe and PCMs, outer 

pipe and outside air are described using Equation 2.13 and Equation 2.14, respectively, 

given as: 

 

Figure 24. Heat convection at the boundary 

 

𝑞𝑐𝑜𝑛𝑣 = ℎ (𝑇1 − 𝑇2 ) (2.13) 

 

𝑞𝑐𝑜𝑛𝑣−𝑎𝑖𝑟 = ℎ𝑎𝑖𝑟 (𝑇3 − 𝑇∞ ) (2.14) 

 

where h is heat transfer coefficient between solid and liquid PCMs and hair is heat 

transfer coefficient between pipe and atmosphere. 

 

The schematic of the solidification process is shown in Figure 25. during the 

solidification process, material undergoing a phase change is assumed to be at a 
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constant initial temperature. A three-dimensional thermal diffusion equation for the 

process is given as follows: 

 

(𝜌𝐶𝑝)
𝜕𝑇

𝜕𝑡
=

𝜕

𝜕𝑥
(𝑘

𝑇

𝜕𝑥
) +  

𝜕

𝜕𝑦
+ (𝑘

𝑇

𝜕𝑦
) +  

𝜕

𝜕𝑧
(𝑘

𝑇

𝜕𝑧
) + �̇� 

(2.15) 

 

For a simplified one dimensional process with no internal heat generation, Equation 

2.15 can be simplified as follows: 

(𝜌𝐶𝑝)
𝜕𝑇

𝜕𝑡
=

𝜕

𝜕𝑥
(𝑘

𝑇

𝜕𝑥
) 

(2.16) 

 

For position x along the solid and liquid phase, Equation 2.16 can be expressed for 

different phases as follows: 

 

(𝜌𝐶𝑝)𝑠

𝜕𝑇𝑠

𝜕𝑡
= 𝑘𝑠

𝜕2𝑇𝑠

𝜕𝑥2
 

(2.17) 

 

(𝜌𝐶𝑝)𝑙

𝜕𝑇𝑙

𝜕𝑡
= 𝑘𝑙

𝜕2𝑇𝑙

𝜕𝑥2
 

(2.18) 

 

The above equations assumes one-dimensional cooling condition such that the left-

hand boundary temperature Ti, is greater than the melting temperature, Tm. 

 

 

The solidification proceeds from left to right, such that the point S(t), shown in Figure 

25, defines the boundary interface at certain time t. 

Equations 2.19 and 2.20 are given by Stefan condition at the interface S(t) between the 

two phases. Equation 2.19 is an energy balance equation where the heat difference 

between the heat conduction in the solid phase and in the liquid phase is equal to the 

latent heat of fusion. Equation 2.20 shows that the temperatures of the solid and liquid 

at interface x at time t are equal to the solidification temperature. The velocity at the 

solidification front is given by Equation 2.21. 

 

𝑘𝑠

𝜕𝑇𝑠

𝜕𝑥
− 𝑘𝑙

𝜕𝑇𝑙

𝜕𝑥
= 𝐿𝜌𝑠

𝜕𝑆

𝜕𝑡
 

(2.19) 

 



３３ 

 

𝑇 (𝑥, 𝑡)𝑙 = 𝑇 (𝑥, 𝑡)𝑠 =  𝑇𝑚  (2.20) 

 

𝑢 =  
𝜕𝑆

𝜕𝑡
 

(2.21) 

 

 

The initial and boundary conditions used for solving the above equations are given 

below: 

 

𝑇 (𝑥, 0)𝑙 =  𝑇𝑚  (2.22) 

 

𝑇 (0, 𝑡)𝑠 =  𝑇𝑖 < 𝑇𝑚  (2.23) 

 

𝑇 (𝑥, 𝑡)𝑙 =  𝑇𝑚     𝑥 → ∞ 
(2.24) 

 

 

Figure 25. Schematic of the process during solidification 

 

2.5. Fluent conditions 

 

The boundary conditions and initial parameters for the numerical calculation are 

defined in Table 6. The charging process assumes initial phase change material 

temperature to be equal to the ambient temperature. 

The discharge cycle simulation is done for two different cases: A and B, as defined in 

Table 6. The discharge process A assumes, heat exchange of the phase change material 
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with that of the surrounding room, which is assumed at a constant temperature. The 

discharge process B, assumes heat exchange of the phase change material with that of 

the cold-water flow through the phase change material heat exchanger. Different cases 

of the discharging process are based on different applications of utilizing the heat 

recovered, such as room heating or heating the cold-water for other direct use. 

 

 

Table 6. Boundary conditions in charge and discharge cycle 

 

 

Materials properties 

Material selection for the phase heat storage and recovery system was made based on 

the optimum properties required for the heat exchange, storage, recovery, geothermal 

hot water temperature and the room temperature required. Common grade steel was 

assumed as the heat exchanger material. The phase change material selected was 

octadecane, with a melting point of 301 K. This corresponds to a temperature higher 

than the required room temperature of 293 K. Other thermophysical properties of the 

material are given in Table 7. 

 

Table 7. Thermal properties of the pipe, fluid and PCMs 
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Chapter 3 

3. Results and discussion 

 
 Charging cycle 

Simulation of the charging process with phase change material storing heat was done 

for the straight pipe. Hot water flows through a steel pipe 1 mm thick and 5000 mm 

long with an inlet temperature of 333 K and a mass flow rate of 0.001 kg/s. The 

simulation assumes heat transfer by the pipe section to the surroundings, assuming 

thermal emissivity and heat transfer coefficient of 0.75 and 15 W/m2 K. The simulation 

was done for a time of 6 hours.  

As shown by Figure 26 and Figure 27, the temperature of the phase change material 

increases rapidly at the top and the temperature at the lower end of the phase change 

material increases gradually until 360 minutes. The temperature at the lower end of the 

phase change material reaches 302 K after 360 minutes, showing the completion of the 

phase change process occurring at 301 K. Figure 28 shows the liquid fraction of the 

phase change material for different time periods during the process of charging. As seen 

from the Figure, the process of melting starts from the inlet section after 30 minutes of 

the fluid flow. Since the hot fluid temperature also decreases along the flow, the melting 

process at the bottom section of the phase change material starts with delay after 60 

minutes of the hot water flow. A complete phase change by heating at inner part of 

phase change material is achieved after a period of 360 minutes. However, at outside 

of phase change material is still in solid state due to its low thermal conductivity. Figure 

29 shows the graph of the maximum and minimum outlet temperature of hot water, and 

the average temperature after 360 minutes was 318 K. In case without heat storage in 

the phase change material, the hot water is discarded at 333 K. This clearly shows the 

effect of heat storage. The average temperature of the phase change material during this 

process was 308.5 K and 78.5 percent of the phase change material was in the liquid 

state. 
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Figure 26. Temperature contours of the straight pipe in the process of the phase 

change material absorbing heat from the hot water at different times 

 

 

 

Figure 27. Temperature contours of phase change material for the straight pipe 

in the process of the phase change material absorbing heat from the hot water at 

different times 
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Figure 28. Liquid fraction of the top area for the straight pipe in the process of 

the phase change material absorbing heat from the hot water at different times 

 

 

Figure 29. Outlet water temperature vs time during charge process.  
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Discharging cycle (utilization to room heating) 

Simulation of the discharging process with phase change material releasing heat was 

done for the straight pipe. Stored heat in the phase change material is released to the 

ambient through a steel pipe 1 mm thick and 5000 mm long. The initial temperature of 

phase change material is 308.5 K which is the average temperature during charge cycle. 

The simulation assumes heat transfer by the pipe section to the surroundings, assuming 

thermal emissivity and heat transfer coefficient of 0.75 and 15 W/m2 K respectively. 

The simulation was done for a time of 360 minutes.  

As shown by Figure 30, the temperature of the phase change material decreases rapidly 

at outside of the material. The phase change material is almost equal to the melting 

temperature at 30 minutes and remains at that temperature until 360 minutes. The 

temperature kept the same for long time due to change phase of the material. Figure 31 

shows the liquid fraction of the phase change material for different time periods during 

the process of charging. As seen from the Figure, the process of solidifying starts from 

the outside section after 30 minutes of the phase change material. From both Figures, 

the energy stored in the latent heat is larger than the energy in the sensible. As a result, 

the average temperature of the phase change material was 300 K and the liquid fraction 

rate was 48 percent releasing heat for 360 minutes. Half the amount of phase change 

material is still in liquid state which has much energy inside the material. 
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Figure 30. Temperature contours of the straight pipe in the radiation of the 

phase change material to the atmosphere at different times (scale size, 10:1) 

 

 

 

 

Figure 31. Liquid fraction of the straight pipe in the radiation of the phase 

change material to the atmosphere at different times (scale size, 10:1) 
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Discharging cycle (utilization to heat cold-water) 

Simulation of the discharging process with phase change material giving heat to cold 

water 273 K was done for the straight pipe. Stored heat in the phase change material 

released to water through a steel pipe 1 mm thick and 5000 mm long. The initial 

temperature of phase change material is 308.5 K which is the average temperature 

during charge cycle. The simulation assumes no heat transfer to the surroundings and 

the simulation was done for a time of 360 minutes.  

As shown in Figure 32, the temperature of the phase change material decreases rapidly 

at the inside of the material. The temperature at the top of the phase change material 

has dropped to 280 K after 6 hours while, the temperature at the bottom is still about 

300 K. Figure 33 shows the liquid fraction of the phase change material during the 

discharge process. Solidification started form the top and most of the phase change 

materials solidified after 3 hours. The outlet temperature of water for different time 

interval in the cycle of heating cold water is shown in Figure 34. In the first 5000 

seconds, cold water at 273 K can be heated up to 293 K.  

  

 

 

Figure 32. Temperature contours for the straight pipe in the heat transfer from 

the phase change material to cold water at different times (scale size, 10:1) 
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Figure 33. Liquid fraction for the straight pipe in the heat transfer from the phase 

change material to cold water at different times (scale size, 10:1) 

 

 

Figure 34. Outlet temperature profile during discharge cycle 
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Charging cycle (bent pipe) 

Simulation of the charging process with phase change material storing heat was done 

for the bent pipe. Hot water flows through a steel pipe 1 mm thick and 2819 mm long 

with a temperature of 333 K and a mass flow rate of 0.001 kg/s. The simulation assumes 

heat transfer by the pipe section to the surroundings, assuming thermal emissivity and 

heat transfer coefficient of 0.75 and 15 W/m2 K. The simulation was done for a time of 

6 hours. As shown in Figure 35, the temperature of the phase change material increases 

rapidly at the inlet area and the temperature at the lower area of the phase change 

material increases gradually until 6 hours. Figure 36 shows the liquid fraction of the 

phase change material for different time periods during the process of charging. As seen 

from the Figure, the phase change material is melting rapidly. However, at outside of 

phase change material is still in solid state in order to heat the outside air. 

 

 

 

Figure 35. Temperature contours for the bent pipe in the process of the phase 

change material absorbing heat from the hot water at different times 

 

 

 



４３ 

 

 

Figure 36.Liquid fraction for the bent pipe in the process of the phase change 

material absorbing heat from the hot water at different times 
 

 

 

Discharge cycle (bent pipe: heat cold-water) 

The simulation results of the heat stored phase change material heating cold-water (273 

K) in a bent pipe is shown in Fig. 37. The initial temperature of the phase change 

material is an average temperature of 313 K which is the temperature of phase change 

material after charging process. It can be seen that the temperature gradually decreases 

with the passage of time by supplying energy to the cold water. The stored energy is all 

used to heat the cold water in about 180 minutes, and its temperature is equal to the 

temperature of the inlet water. As seen from Figure 38, the liquid fraction of the phase 

change material inside the pipe is solidified in 60 minutes, and most of the phase change 

material is in a solid state in 90 minutes. When the length of the pipe is shortened, the 

temperature of the cold water is relatively high, including at the bottom of the pipe. It 

also means that the time required for all the phase change material to solidify is much 

shorter than in the long case.  
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Figure 37. Temperature contours for the bent pipe in the heat transfer from the 

phase change material to cold water at different times
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Figure 38. Liquid fraction for the bent pipe in the heat transfer from the phase 

change material to cold water at different times 
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Chapter 4 

4. Conclusion 

 

 
CFD simulation of the heat storage and recovery process for possible application to 

geothermal space heating system was studied. The purpose of the study was to analyze 

the scope of using phase change materials for improving the thermal efficiency of 

geothermal space heating systems. This can be achieved by recovering heat from the 

geothermal water from the space heating radiators, exiting at a significantly high 

temperature, during peak heating load period. The simulation study was done by 

assuming hot water at a given temperature and flow rate. The material selected as a 

phase change material was octadecane having a melting point of 301 K, which is higher 

than the assumed room temperature of 293 K and lower than the hot water inlet 

temperature 333 K. The simulation was done for both charging and discharging 

processes and for two different geometries. Results from the simulation shows phase 

change process occurring in the material due to heat exchange with the hot fluid and 

with the surrounding room. The time scale of the heat storage and recovery process is 

about a quarter of the day, thus signifying the compatibility of the heat storage and 

recovery system with that of the geothermal space heating, assuming, peak heating load 

for quarter of the day. The simulation of done for two simple geometries. A scope of 

improvement exists by possible application of improved design of heat storage and 

recovery system. The use of phase change materials for heat storage is effective way 

for the solution of energy loss. By selecting the appropriate material, it can be used for 

energy storage from low to high temperature ranges, and is expected to be used in a 

variety of situations. 
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