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Abstract 

 

Heat and fluid flow for the phase change assisted with high thermal conductive porous 
media is studied, computationally. The study focuses on the validation of volume average 
governing equations and the separation of the local thermal equilibrium and local non-
equilibrium problems. Two domains as 2D closed cell porous media and 3D open cell 
porous media whose voids filled with phase change material are studied. In the closed 
cell porous media, the PCM (phase change materials) in the voids is independent and 
fluid cannot move from one cell to other cells, while in the open cell porous media the 
flowing of PCM though cells is possible. In this study, the porous media is aluminum 
alloy and the water is used as the PCM. 
 

In general, one surface of the considered domain is maintained at constant temperature 
which is greater than melting point while the other surfaces are insulated. The initial 
temperature is considered the same as the melting point temperature. The effect of gravity 
is taken into account in this study causing the natural convection, however, it is found that 
its effect for the problems of 2D closed cell porous media is negligible. That is why that 
the pore scale governing equations for the problems of 2D closed cell porous media are 
continuity, momentum and energy equations while in the volume averaged analysis the 
governing equations have only two heat conduction equations for the solid and fluid phase 
domains. In the study of 3D open cell porous media, the governing equations are 
continuity, momentum and energy equations for the pore scale analysis and volume 
averaged continuity, momentum and energy equations for the volume average analysis. 
 
For the volume average analysis, the values of the effective thermal conductivity, 
convective heat transfer coefficient and permeability should be known, the commercial 
program COMSOL Multiphysics is used to calculate the governing equations and 
obtained the results of this study. The values of the effective thermal conductivity, 
interfacial heat transfer coefficient and permeability are calculated by numerical methods 
in COMSOL Multiphysics. In order to be ensure from the employed code and applied 
methods in the computational code, and validate our obtained results of this study, the 
results for 7 different studies reported in literature are obtained and compared with the 
reported results. Good agreement between the obtained results of this study and reported 
one were observed showing the correctness of the employed code and methods.  



VI 

 

 
The comparison of the pore scale and volume average results for 2D and 3D studies 
showed that a good agreement between the volume average and pore scale results exists 
for different time steps and Rayleigh number. Hence volume average method can provide 
sufficient accurate results for the solid/liquid phase change problems. For local thermal 
non-equilibrium problems, the interfacial heat transfer coefficient should be calculated, 
otherwise the solution of volume average equations is impossible. The interfacial heat 
transfer coefficient is calculated from the pore scale results. It is observed that the 
interfacial heat transfer coefficient is not constant during melting process, it increases to 
a maximum value at the initial of melting process and then it reduces to value which is 
equal to the value of the interfacial heat transfer coefficient of natural convection for the 
single phase flow. However, the time and space average of the interfacial heat transfer 
coefficient for the entire domain provides sufficiently accurate volume average results.  

Furthermore, it is found that Sparrow number is an effective number to distinguish the 
local thermal equilibrium problem from that of the local thermal non-equilibrium. 
Sparrow number shows the convection heat transfer to the conduction heat transfer 
through the cavity. Hence for the large value of Sparrow number, the propagation of heat 
by convection is strong referring to the possibility of local thermal equilibrium between 
the solid and fluid, while for low values of Sparrow number the propagation of heat by 
conduction is strong referring to the possibility of local thermal non-equilibrium between 
the solid and fluid. It is proved that Sparrow number is a governing parameter of the phase 
change problem in porous media and it is possible to make charts or diagrams for 
distinguishing of local thermal equilibrium and local thermal non-equilibrium state. To 
the best of our knowledge, these charts are reported into literature for the first time and it 
may take attentions of researchers to provide the same graphs for other configuration of 
the porous media. For the closed cell porous media these charts are established and 
presented. 
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Chapter 1 

Introduction 
 

1.1 Thermal energy storage 

By continuous increasing of the greenhouse gas emissions and demand of energy, the 

problem of energy becomes an important issue threating our world. Therefore, 

renewable energy sources become attractive, finding the methods for the utilization 

of renewable energy sources becomes a hot research topic, recently.  

 

One of the most important topics in analyzing of renewable energy sources is Thermal 

Energy Storage (TES). Many renewable energy sources such as solar energy or wind 

energy are intermittent. Hence the energy should be saved when the renewable energy 

sources exists and it should be consumed when renewable energy sources are not 

available. For example, if solar energy is request to be used for a 24 hours’ process, 

since the solar energy during the night is not available, it should be saved during the 

daytime and then consumed during the night to provide continuity of the process. 

Hence some innovative devices are required to store energy and provide its usage later.  

 

Thermal Energy Storage can play an important role in utilization of waste heat. Every 

day, a lot of gas and liquid with high temperature is thrown away in industry. All of 

us see many chimneys in which the hot gas is thrown to environment for many times 

in our life. The energy of those waste heat can be saved and transferred to another 

place where thermal energy is required. For example, in winter the heat of power plant 

can be saved and then carried to a big meeting hall in which HVAC system is not 

sufficient. Those kinds of applications are widely studied in these days. 

 

Even in space technology, thermal energy storage can be used. As it can be seen in 

Fig.1.1, when the satellite is in sunlight period it is imposed under high thermal 

radiation but in eclipse suddenly the temperature decreases dramatically and this high 

temperature difference may destroy some of electronic equipment in the satellite. 

Therefore, some methods are required to prevent the sharp change of temperature and 
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TES (Thermal Energy Storage) can be one of them. Thermal Energy Storage can store 

sun radiation and prevent its transfer to electronic equipment during sunlight period 

and can release it when the satellite is in the eclipse period. By this way, the 

temperature of electronic equipment remains in the operation range.  

 

 
Fig.1.1 The schematic view of the orbit of satellite 

https://corpblog.viasat.com/how-satellites-are-affected-by-the-spring-and-autumn-equinoxes/ 

 

There are many applications of thermal energy storage such as seasonal heating and 

cooling, balance of temperature of electronic equipment etc.  

 

Thermal energy storage can be classified to three parts as sensible, latent and 

thermochemical storage which is seen in Fig.1.2. All of them have advantages and 

disadvantages. For instance, the thermal storage power of sensible storage is not high 

but the design of those systems is very easy. Thermochemical energy storage is also 

attractive and have high thermal storage power but their design is difficult and many 

problems were reported for these systems (Demir et al. (2008)). 

 

Advantages of the solid/liquid thermal storage can be described as  

 

- Among different methods, the application and practical use of latent heat storage 

especially solid/liquid storage make them attractive. 

  

- They can store or release huge energy in a limited volume during the melting or 

https://corpblog.viasat.com/how-satellites-are-affected-by-the-spring-and-autumn-equinoxes/
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solidification period. 

 

 
Fig.1.2 The classification of thermal energy storage 

 

- They can allow the equipment working in any required temperature range to 

improve the performance. 

 

- The principle working of solid/liquid thermal storage system is very simple and 

cheap compared to the chemical thermal storage. It does not have any moving part 

and have a very long working life time. 

 

The disadvantages of the solid/liquid thermal storage can be described as   

 

- The thermal conductivity and thermal diffusivities of PCM are low and some 

methods are required to improve their thermal conductivity. 

  

- The performance of the thermal energy storage is not constant for entire process, 

it is very high at the beginning and then decreases by time. 

 

1.2 Heat transfer enhancement in solid/liquid phase change  

One of difficulties of solid/liquid phase change is the low thermal conductivity of PCM. 

Table 1.1 shows a list of some PCMs and their thermal conductivity and diffusivity values. 

As it can be seen, these values are very low for many phase change materials. The 
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definition of the energy storage is a device which can produce the energy at one time and 

use the energy for another later time. Thermal storage power depends on two parameters 

as solid/liquid latent heat and melting and freezing time. Latent heat of solid/liquid phase 

change of material is almost fix and it is not easy to change it while the time of the process 

can be changed. If the processing time is reduced, the power will increase.  

 

Table 1.1 A list of some PCMs and their thermal conductivity and diffusivity values 

PCM materials Thermal conductivity 
( mK/W  ) 

Thermal diffusivity 
( s/m2  ) 

Docosane (Feng 
et al. (2015)) 

0.4  -7101.76  

Sodium nitrate 
( Yang et al. 

(2015)) 

0.514  -7101.63  

Paraffin RT35 
(Esapour et al. 

(2018)) 

0.2  -7101.3  

Binary carbonate 
(Xu et al.(2018)) 

0.6  -7101.88  

Succinonitrile 
(Zhao et al. 

(2016)) 

0.223 -7101.15  

Lauric acid (Deng 
et al. (2017)) 

0.22  -7101.15  

Water (Li et 
al.(2018)) 

0.6  -7101.44  

 

In order to decrease the processing time, the thermal conductivity and thermal diffusivity 

of the PCM should be increased. Literature survey shows that the enhancement of heat 

transfer can be done by thee methods as using fin, nanoparticle and high conducive porous 

media (see Fig. 1.3). Many studies in literature on these methods have been done and 

reported. Each method has advantages and disadvantages. For instance, fin enhances heat 

transfer in PCM just for specific region, in other words heat transfer is enhanced only in 

the region around the fins. However, it is very simple and cheap method. Nanoparticle 

technology which is a new technology may be also attractive, but particles are not 

connected to each other and this reduces the heat transfer enhancement. That is why, the 

best method for enhancing of heat transfer might be consolidated porous media having 

high porosity and high thermal conductivity.  
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(a) (b) (c) 

Fig. 1.3 Three main methods for heat transfer enhancement of PCM (a)by using fins 

(Rozenfeld et al. (2015)) (b)by using Nano metal particles (Munyalo et al. (2018)) 

(c)by using high thermal conductive metal foam (Yao et al. (2018)) 

 

Consolidated high conductive porous media has many advantages such as:  

-Increasing thermal conductivity and diffusivity in the entire domain  

-Increasing the interface area between the solid and PCM 

-Recent technologies (laser printer) helps designer to produce 3D printer based on the 

requirement.  

 

Based on these advantages, recently a lot of studies have been done to enhance heat 

transfer in PCM by using porous media. The performed studies on this topic is discussed 

in Chapter 2.  

 

1.3 Heat and fluid flow in porous media  

A porous medium is a composite material containing voids and solid phase. The voids 

can be interconnected (open pore) or unconnected (closed pore, isolated pore). In the heat 

and fluid flow area, porous media can be used in many areas such as thermal insulation, 

heat transfer enhancement, biology material, underground water flowing and so on. 

There are two kinds of analyzing of heat and fluid flow in porous media as Pore Scale 

and Volume Average Method. Furthermore, an important assumption in heat and fluid 

flow in porous media is local thermal equilibrium assumption. Discussion about Pore 

Scale and Volume Average and also Local Thermal Equilibrium and Non-equilibrium are 
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done in this section.   

 

1.3.1 Pore scale and volume average methods 

There are two main approaches which can be used to find temperature distribution and 

consequently heat transfer rate through a porous medium. The first one is called as Pore 

Scale Method (PSM) in which the governing equations for the solid or fluid are solved 

directly. The velocity, temperature and pressure fields are obtained precisely. Practically, 

the application of PSM is difficult due to the large numbers of pores in a porous medium. 

Volume Averaged Method (VAM) can overcome this difficulty. The governing equations 

can be integrated over a representative volume of porous media and the volume averaged 

governing equations (i.e., macroscopic governing equations) can be obtained. 

Consequently, the discontinuity of phases can be removed. The solution of volume 

averaged governing equations requires the knowledge of volume averaged transport 

properties of porous media. The volume average transport properties for heat and fluid 

flow are permeability, inertia coefficient, effective thermal conductivity for the solid and 

fluid phases and interfacial heat transfer coefficient. These parameters can be calculated 

experimentally or computationally. The computational determination of these parameters 

are described in the studies of (Celik et al, 2019, 2020). In this study, computational 

method is used to calculate thermal conductivity of the PCM assisted porous media and 

permeability though the porous media.  

 

1.3.2 Local thermal equilibrium/ Local thermal non-equilibrium 

There are also two main methods for the analysis of solid/liquid phase change in a porous 

medium as local thermal equilibrium and local thermal non-equilibrium approaches. In 

the local thermal equilibrium, it is assumed that the difference of pore scale temperature 

between the solid and fluid is considerably smaller than macroscopic temperature 

difference, hence one heat transfer equation can be used to calculate temperature 

distribution in the entire domain. As it will be shown in literature survey, although the 

local thermal equilibrium assumption was widely used in literature, the obtained results 

may be questionable since the solid/liquid phase change is a transient heat transfer process 

in which the speed of heat propagation in the porous media and PCM may be considerable 

different. 
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There are difficulties in the volume average local thermal non-equilibrium approach such 

as determination of the effective thermal conductivities of the solid and fluid phases, 

interfacial heat transfer coefficient, thermal dispersion, porosity and inertia coefficient 

that should be known precisely. Although literature survey indicates that the use of 

volume average method for the phase change in a high conductive porous medium has 

many advantages, the accuracy of the results may be questionable since the results 

strongly depend on the volume average transport parameters. Hence, further studies are 

required to find out the mechanism of heat and fluid flow during phase change in a porous 

medium in order to obtain accurate results  

Two important volume average parameters for heat and fluid flow are effective thermal 

conductivity and interfacial heat transfer coefficient. Both of them can be calculated 

numerically and experimentally, however experimental determination of these parameters 

are very difficult, that’s why computational studies are used widely. These days, by 

development of computer technology and also computational methods, it is possible to 

calculate these parameters computationally.     

 

1.4 The aim of study 

Many studies have been performed on the solid/liquid phase change in porous media. A 

list of studies will be given in Chapter 2. Many reported studies are done by using the 

pore scale and volume average methods, but to the best of our knowledge no serious 

research on the validation of the results of volume average. Furthermore, the local thermal 

equilibrium and local thermal non-equilibrium approaches are used widely in the studies 

on the solid/liquid phase change in porous media, but again to the best of our knowledge 

no study explained how to separate the local thermal equilibrium and local thermal non-

equilibrium problem. If a wrong approach is used in a research study, the obtained results 

may be questionable. The convection interfacial heat transfer coefficient is an important 

parameter in the local thermal non-equilibrium approach. Most of the studies used single 

phase convective heat transfer correlation in porous media for determination of interfacial 

heat transfer coefficient, however to the best of our knowledge again no study has 

searched about the validity of these correlations or at least to analyze which one gives 

more accurate results.  
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As can be seen from the above paragraph, there are some gaps in the field of enhancement 

of heat transfer by using high conductive porous media. The aim of this study is to fill 

those gaps for the future researchers and to provide more accurate results for the 

optimization or innovative design of solid/liquid heat exchangers. Therefore, the aim of 

this study can be expressed as: 

  

(a) to compare the pore scale and volume averaged approaches in phase change problems 

in order to prove that the volume averaged method is an appropriate technique for 

solving solid/liquid phase change assisted with metal foam. 

 

(b) to prove Sparrow number is a governing parameter, and establish a new chart for the 

separation of local thermal equilibrium from non-equilibrium by using governing 

parameters. 

 

(c) to determine the change of interfacial heat transfer coefficient through the process and 

then compare with correlations reported in literature and discuss their accuracy.  

 

Based on those aims, this study has been done.  

 

1.5 The outline of thesis 

The thesis consists of 8 chapters. In the first chapter which is Introduction, the background 

and importance of the topic and the aim of study are explained. In the second chapter, 

some literature studies will be given in details. The chapter 3 is considered problem, the 

three considered problems will be explained. The thermo-physical properties of 

considered domain and materials are clarified in detail. In chapter 4, the general form of 

the governing equations for finding the velocity, pressure and temperature in 2D closed 

cell porous media and 3D cubic lattice metal frame are given. Assumptions for the 

problem is also given in the same chapter. The initial and boundary conditions and heat 

transfer between the solid and liquid phase also are discussed in this chapter. The 

dimensionless governing equations for the single phase flow and the problem of 

solid/liquid phase change are given for the closed and open cell porous media in chapter 

5. These equations are pore scale and volume average equations which are explained in 
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this chapter. All dimensionless parameters are presented and physical meaning of these 

parameters describe in the same section. Computational details and grid independency 

are given in chapter 6. Determination of effective thermal conductivity and porosity for 

the studied porous media are described. The solution method and mesh grid for slurry 

region both are also explained in this section. Then the results and discussion of this study 

will be shown in chapter 7. All results are supported by graphs and it has been tried to 

find concrete and usable results. Based on the performed 3 studies the conclusion is 

presented in chapter 8.  
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Chapter 2 

Literature survey  
 

There are many studies referring to the solid/liquid phase change in porous media in literature. 

Around 60 papers about the melting in the porous media were found. It is tried to classify them 

and discuss them. Table 2.1 shows the list of the found papers. In the first column, the name of 

researchers and publication year are written. As it was mentioned in the introduction part, there is 

an important assumption for researches who study on the phase change in porous media as local 

thermal equilibrium or local thermal non-equilibrium.  In the second column the employed 

assumption in the study is written. In the third column, the porous media and PCM material are 

written. The type of study (numerical or experimental) is described in column 4. Porosity is an 

important issue, that is why it is also found in the studies and mention in column 5. Finally, the 

solution method and a view if the studied domain is added in column 6 and 7 respectively. Based 

on the number of studies, diagrams are plotted and discussed.  

 

2.1 Classification of the studies respect to materials 

Fig. 2.1 shows the number of study employed PCM materials. As it can be seen, the paraffin wax 

is popular to be used as PCM. For instance, Mancin et al. (2015) did an experimental analysis of 

phase change phenomenon of paraffin waxes embedded in copper foams. A picture of their 

experiment is shown in Fig. 2.2.  Jin et al. (2017) did a visualized study at the pore-scale carried 

out to explore the pore size effects on melting heat transfer of a paraffin wax saturated in a copper 

foam and used. Buonomo et al. (2017) performed a numerical study on the thermal behaviors of 

two-dimensional latent thermal energy storage with PCM and aluminum foam and used Paraffin 

(paraffin RT58) as PCM. Zhao et al. (2010) did an experimental investigation on the solid/liquid 

phase change (melting and solidification) processes and Paraffin wax RT58 was used as PCM. 

Other studies can be found from the Table 2.1 and literature. Paraffin wax is a good PCM because 

it has wide range of freezing and meting temperature generally above the 0 ℃ (environment 

temperature). It can be used for solar application, air conditioning etc. 
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Fig. 2.1 The employed PCM materials 

It is a safe material and cheap. Paraffin can be frozen without super cooling.  For example, the 

paraffin wax RT35H, its latent heat is around 240 kJ/kg which is not bad value and the melting 

point temperature changes between 34 and 36 ℃. Ice is the second material used in the studies. 

The problem of ice is the melting (or freezing point is low) and it can be used for the specific 

application. Gallium is another PCM candidate because of its excellent thermal properties such as 

the low melting point, high thermal conductivity, large specific heat and small volume change. 

Cyclohexane, docosane, binary carbonate, n-eicosane and sodium nitrate are the other materials 

used in reported the studies. 

  

(a)  (b)  

Fig. 2.2 Two views of two different researchers used paraffin as PCM and copper foam as 

porous media for heat transfer enhancement, a) Mancin et al. (2015), b) Jin et al. (2017) 
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Fig. 2.3 shows the number of studies employed different porous materials. The Aluminum foam 

and Copper foam are used commonly since they have the high thermal conductivity which can 

accelerate the phase change process. For example, Yao et al. (2018) in Fig. 2.4 performed a direct 

numerical simulation of interfacial heat transfer coefficient between paraffin and high porosity 

open cell metal foam which is copper foam.  

 
Fig. 2.3 The employed porous media 

 

Feng et al. (2015) did a numerical work on Pore-scale and volume-averaged numerical simulations 

of melting phase change heat transfer in finned metal foam. They used Aluminum metal foam - 

Docosane as porous media and PCM, respectively. Li et al. (2012) did an experimental and 

numerical studies on melting phase change heat transfer in open-cell metallic foams filled with 

paraffin. The material of open cell metal foam was copper. Wang et al. (2020) studied on the 

numerical study on acceleration of melting process under forced convection by using high thermal 

conductive porous media and used aluminum foam –water in their studies. Jourabian et al. (2016) 

studied heat transfer enhancement of PCM melting in 2D horizontal elliptical tube using metallic 

porous matrix which was Nickel steel open foam. They performed their studies both numerically 

and experimentally. Other studies can be seen from Table 2.1.  
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Fig.2.4 Three metal foams with different material and Pore Per Inch (PPM) (Yao et al. 2018) 

 

The number of studies by using Aluminum foam is more than that of Copper foam, probably due 

to the price of copper that is more expensive compared to aluminum.  Besides, Ni-steel alloys and 

glass beds also are the options used as porous media material.  

In Fig. 2.5, the number of study employed the pair of porous media and PCM materials in literature 

is presented. As seen from this figure, the people preferred to use Paraffin wax /Aluminum foam 

and Paraffin wax /Copper foam in their studies. As we discussed before, the Paraffin wax is safety, 

cheap and easy to control during the phase change process. Furthermore, the Aluminum foam and 

Copper foam have the high thermal conductivity which can accelerate the phase change process. 

That is why, the couple of Paraffin wax /Aluminum foam and Paraffin wax /Copper foam are 

widely used for research. 

 
Fig. 2.5 The employed porous media and PCM materials 
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2.2 Classification respect to numerical and experimental studies 

The number of experimental and numerical studies are shown in Fig. 2.6.  For instance, Gao et al. 

(2017) performed a numerical study and proposed a modified lattice Boltzmann (LB) model for 

simulating melting of phase change materials in porous media with a conducting fin. Hu et al. 

(2015) investigated a numerical study of heat transfer in open cell micro foam with phase change 

material. Liu and He (2015) did a study on a double multiple relaxation time lattice Boltzmann 

model for solid/liquid phase change with natural convection in porous media numerically. Mancin 

et al. (2015) presented an experimental study of the solid/liquid phase change process of three 

natural paraffin waxes. 

As can be seen, the number of numerical studies are higher than experimental studies. The number 

of studies that used both numerical and experimental works are also limited. The reason for this 

trend of studies type is difficulties in experimental studies. The change of density by melting or 

freezing and consequently leakage problem is one of them. Due to observation in the domain, 

boundary conditions change since the sight glass part cannot be insulated. Furthermore, it is not 

easy to measure temperature inside the domain since thermocouples should be inserted and this 

make leakage problem. Although, the numerical studies seem easy, but finding accurate result is 

not easy and required to discuss many assumptions. As it was mentioned before, this is one of the 

aims this study.  

 
Fig. 2.6 The number of experimental and numerical studies    
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2.3 Classification respect to pore scale and volume average methods  

There are commonly two methods to solve the problem of solid /liquid phase change in porous 

media which are pore scale and volume average methods.  Just for example, for the pore scale 

study of Li et al. (2018) who did a pore scale investigation of gravity effects on phase change heat 

transfer characteristics using lattice Boltzmann method. For the volume average studies such as 

Buonomo et al. (2019) preformed a numerical study on latent thermal energy storage systems with 

aluminum foam by using the volume average method. Chen et al. (2010) also used the volume 

average method to do a heat transfer performance analysis of a solar flat-plate collector with an 

integrated metal foam porous structure filled with paraffin. 

In Fig.2.7, based on the literature survey we found, the number of volume average study is around 

5 times greater than pore scale study, which means the volume average method is more popular 

than pore scale method. Even though the pore scale method can provide the accurate result, when 

the size of domain is large, the use of pore scale approach is difficult and the volume average 

method is employed, that’s why that the volume average method is applied in many research 

studies. 

 
Fig. 2.7 The number of pore scale vs volume average studies 

 

2.4 Classification respect to local thermal equilibrium and local thermal non-equilibrium   

As it was mentioned in the introduction chapter, one of main assumption used in the heat and fluid 

flow in porous media is the assumption of local thermal equilibrium. In the study of Wu et al. 

(2017), they applied a local thermal equilibrium assumption for the phase change with convection 

heat transfer in porous media. Gopalan and Eswaran (2016) investigated the thermal performance 
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of PCM using porous media by applying a local thermal equilibrium assumption. There are also 

some studies which applied the local thermal non-equilibrium assumption. For instance, a local 

thermal non-equilibrium assumption is applied in the study of Li et al. (2017) who investigated the 

supergravity effects on charging process.  Joshi and Rathod (2019) performed a study on Thermal 

performance augmentation of metal foam infused phase change material using a partial filling 

strategy by using a local thermal non-equilibrium assumption. Fig. 2.8 shows number of studies 

who used local thermal equilibrium and local thermal non-equilibrium. As is seen, almost half of 

the researchers were used local thermal equilibrium without proving that local thermal equilibrium 

exists in their studies.  As the result, the correctness of the results for that case may be questionable. 

One of the aim of this study is to find a parameter or parameters to understands local thermal 

equilibrium or non-equilibrium at the beginning.   

 
Fig. 2.8 The number of Equilibrium and non-equilibrium studies 

 

2.5 Classification respect to the range of porosity 

Porosity is one important parameter in porous media. There is no doubt by decreasing of porosity, 

the amount of the PCM decreases and consequently the storage power decreases. Fig. 2.9 is 

adapted from the study of Ali et al. (2018), as it can be seen by changing of the porosity the 

permeability value is also changed for metal foam. For the high values of porosity (92%), the large 

voids exist and the fluid flows freely while for the low values of porosity (76%), the amount of 

metal is high and permeability becomes smaller. 
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That is why many studies have been done for high values of porosity between 0.8 to 1.0 as can be 

seen in Fig.2.10.  For instance, copper foam with a high porosity of 0.974 is used as porous media 

in the study of Yao et al. (2018), and the copper foam also is adopted in the experimental study of 

Guo et al. (2018), and the porosity of copper foam is 0.96. Studies on low porosity were done on 

special cases such as to develop mathematical formulations. For example, the study of Beckermann 

and Viskanta (1988) who did an experimental and numerical study of solid/liquid phase change in 

porous media with natural convection and used the gallium and glass beds as the fluid and porous 

matrix whose porosity is 0.385. Also in the study of Change and Yang (1996), they investigated 

the transient behavior and heat transfer for the melting of ice in porous media within a rectangular 

enclosure. The constant porosity of porous media is used by 0.4. 

 
Fig. 2.10 The range of porosity 

 

 
Fig. 2.9 The roughness of the four porous materials based on the measured porosity of the 

uncompressed metal samples 



18 

 

Table 2.1 The list of literature survey 
Name of 

researchers and 
publications year 

Equibrium / 
Non-

equilibrium 

Phase change / 
Porous media 

materials 

Numerical / 
Experimental 

Porosity Solution 
method 

Considered domain 

Buonomo et al. 
(2016) 

Non-
equilibrium 

Paraffin wax / 
Aluminum foam 

Numerical 0.8 and 
0.9 with 
20 PPI   

Enthalpy-
porosity 
method  

Gao et al. (2017) Equilibrium --- Numerical 0.9 Enthalpy-
based 
lattice 

Boltzmann 
method  

Yang et al. (2015) Equilibrium Sodium nitrate / 
Copper foam 

Numerical 0.9, 

0.92 

and 

0.88 

Enthalpy-
porosity 
method 

 

Jourabian et al. 
(2018a) 

Equilibrium Ice / Ni-Steel alloys 
porous matrix 

Numerical 0.6-0.8 Enthalpy-
based 
lattice 

Boltzmann 
method  
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Jourabian et al. 
(2018b) 

Equilibrium Ice / Nickel-Steel 
alloys porous matrix 

Numerical 0.9 and 

0.95 

Enthalpy-
based 
lattice 

Boltzmann 
method 

 

Al-Jethelah et al. 
(2016) 

Equilibrium Al2O3 nanoparticles-
Water/ Aluminum 

foam 

Numerical 0.98 --- 

 

Mesalhy et al. 
(2005) 

Non-
equilibrium 

--- Numerical 0.95, 

0.9 and 

0.85 

Enthalpy-
porosity 
method 

 

Liu and He (2015) Equilibrium --- Numerical --- Enthalpy-
based 

method 
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Hossain et al. 
(2015) 

Equilibrium Cyclohexane + CuO 
nanoparticle/ 

Aluminum solid 
matrix 

Numerical 0.95 

and 

0.85 

--- 

 

Feng et al. (2015) Non-
equilibrium 

Docosane/ Aluminum 
foam 

Numerical 0.97 Enthalpy-
porosity 
method 

 

Krishnan et al. 
(2007) 

Non-
equilibrium 

--- Numerical 0.8 Enthalpy 
method 

 

Tasnim et al. (2015) Equilibrium Cyclohexane +CuO 
nanoparticle/ 
Aluminum solid 
matrix 

Numerical 0.9 --- 
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Taghilou et al. 
(2018) 

Equilibrium RT28HC and RT35/ 
Aluminum foam 

Numerical 0.8 Enthalpy-
porosity 
method 

 

Zhao et al.(2010) Non-
equilibrium 

Paraffin wax 
RT58/Copper foam 

Both 0.95 Enthalpy 
method 

 

Li et al. (2012) Non-
equilibrium 

Paraffin wax /Copper 
foam 

Both 0.9, 
0.95 
and 
0.98 

Enthalpy-
porosity 
method 

 

Hu et al. (2015) Non-
equilibrium 

Docosane/ Aluminum 
foam 

Numerical 0.757 Enthalpy-
porosity 
method 
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Huang et al. (2016) Non-
equilibrium 

Paraffin wax / 
Aluminum foam 

Numerical 0.522 
and 

0.778 

Enthalpy 
method 

 

Li et al. (2018) Non-
equilibrium 

Water/metal foam Numerical 0.9 Enthalpy-
based 

method 

 

Xu et al. (2018) Equilibrium Binary 
carbonate/ Copper 

foam 

Numerical 0.95 
with 

10PPI 

Enthalpy 
method 

 

Xu et al. (2017) Equilibrium Binary 
carbonate/ Cu, SiC, 

Ni, Al2O3 metal foam 

Numerical 0.9486 
with 

10PPI 

Enthalpy 
method 
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Chen et al. (2010) Non-
equilibrium 

Paraffin wax / 
Aluminum foam 

Numerical 0.9 Apparent 
heat 

capacity 
method 

 

Deng et al. (2017) Equilibrium Lauric 
acid/ Aluminum 

Both 0.6, 0.7 
and 
0.75 

Enthalpy-
porosity 
method 

 

Li et al. (2017) Equilibrium --- Numerical --- Enthalpy 
method 

 

Zhang and He 
(2017) 

Non-
equilibrium 

Paraffin wax / 
Aluminum foam 

Both 0.966, 
0.934 
and 

0.884 

Enthalpy 
method 
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Wu et al. (2017) Equilibrium --- Numerical --- --- 

 

Yao et al. (2018a) Non-
equilibrium 

Paraffin /metal foam Numerical 0.929 
and 

0.974 

Enthalpy 
method 

 

Chen et al. (2014) Equilibrium Paraffin /metal foam Both 0.9 Enthalpy-
based 

method 

 

Zhang et al.(2017) Non-
equilibrium 

Paraffin wax / 
Aluminum foam 

Both 0.9 Enthalpy 
method 
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Gopalan and  
Eswaran (2016) 

Equilibrium N-eicosane/ 
Aluminum foam 

Numerical 0.85, 
0.9 and 

0.95 

Enthalpy-
porosity 
method 

 

Sundarram and Li 
(2014) 

Equilibrium Paraffin wax / 
Aluminum foam 

Numerical 0.75, 
0.8, 

0.84, 
0.88 
and 
0.94 

--- 

 

Zhang et al.(2015) --- Paraffin wax / 
Aluminum foam 

Numerical 0.65, 
0.7 and 

0.75 

--- 

 

Pourakabar and 
Darzi (2019) 

Non-
equilibrium 

N-eicosane/ Copper 
foam 

Numerical 0.7 Enthalpy-
porosity 
method 
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Wang et al.(2020) Equilibrium Ice/ Aluminum foam Numerical 0.9 Enthalpy 
method 

 

Wang and Mobedi 
(2020) 

Non-
equilibrium 

Ice/ Aluminum metal 
frame 

Numerical 0.7 and 
0.9 

Enthalpy 
method 

 

Mancin et al.(2015) --- Paraffin wax / 
Copper foam 

Experimental 0.95 --- 

 

Kumar and Saha 
(2016) 

Non-
equilibrium 

Organic material 
A164/Stainless steel 

Numerical 0.85, 
0.9, 
0.95 
and 
0.97 

Enthalpy 
method 
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Buonomo et 
al.(2019) 

Equilibrium Paraffin RT58/ 
Aluminum foam 

Numerical 0.80, 
0.85, 
0.90, 
0.95, 
0.97 
and 
0.99 

Enthalpy-
porosity 
method 

 

Righetti et al.(2019) --- Paraffin wax / 
Aluminum foam 

Experimental 0.92 --- 

 

Esapour et 
al.(2018) 

Non-
equilibrium 

Paraffin wax RT35 / 
Aluminum foam 

Numerical 0.7and 
0.9 

Enthalpy-
porosity 
method 

 

Shahsavar et 
al.(2019) 

Equilibrium Paraffin wax RT35 / 
Copper foam 

Numerical 0.95 Enthalpy-
porosity 
method 
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Jourabian et al. 
(2016) 

Equilibrium Paraffin wax/ Nickel 
steel porous matrix 

Numerical 0.85 
and 
0.95 

Enthalpy 
method 

 

Change and Yang 
(1996) 

Equilibrium Ice/Porous media Numerical 0.4 --- 

 

Beckermann and 
Viskanta(1988) 

Equilibrium Gallium/glass beds Both 0.385 Enthalpy-
porosity 
method 

 

Rattanadecho(2006) Equilibrium Ice/glass beds Numerical 0.38 --- 
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Sardari et al.(2019) Equilibrium Paraffin wax RT58 / 
Copper foam 

Numerical 0.95 Enthalpy-
porosity 
method 

 

Damronglerd and 
Zhang(2010) 

Equilibrium Gallium/glass beds Numerical 0.385 --- 

 

Wei et al.(2019) --- Paraffin wax RT35 / 
Copper foam 

Numerical 0.9, 
0.94 
and 
0.98 

--- 

 

Yang et al.(2018) Non-
equilibrium 

Paraffin wax / 
Aluminum foam 

Numerical 0.9 --- 
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Guo et al.(2018) Non-
equilibrium 

Paraffin wax / 
Copper foam 

Experimental 0.96 --- 

 

Jin et al.(2017) Non-
equilibrium 

Paraffin wax / 
Copper foam 

Experimental 0.95 --- 

 

Zhu et al.(2017) Non-
equilibrium 

Sodium acetate/ 
Aluminum foam 

Numerical --- Lattice 
Boltzmann 

method 

 

Mahdi and Nsofor 
(2018) 

Equilibrium Paraffin wax RT55 / 
Aluminum foam 

Numerical 0.95 Enthalpy-
porosity 
method 
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Yao et al. (2018b) Non-
equilibrium 

Paraffin wax / 
Copper foam 

Experimental 0.974 --- 

 

Han et al. (2012) Non-
equilibrium 

Paraffin wax / 
Copper foam 

Numerical 0.95 --- 

 

Giorgio et al. 
(2016) 

Non-
equilibrium 

Paraffin wax / 
Aluminum foam 

Both 0.85 
and 
0.95 

--- 

 

Hussain and Jasim 
(2017) 

--- Paraffin wax RT58 / 
Copper foam 

Experimental 0.9 --- 
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Li et al. (2019) Non-

equilibrium 
Gallium/ Copper 

foam 
Numerical 0.88 Enthalpy 

method 

 

Joshi and Rathod 
(2019) 

Non-
equilibrium 

Paraffin wax / 
Copper foam 

Numerical 0.9, 
0.92, 
0.95 
and 
0.97 

Enthalpy-
porosity 
method 

 

Zhao et al. (2016) Non-
equilibrium 

Succinonitrile/Copper 
foam 

Numerical 0.9 Enthalpy 
method 

 

Chen et al. (2019) Non-
equilibrium 

Paraffin wax RT58 / 
Copper foam 

Numerical 0.9 Enthalpy-
porosity 
method 
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Chapter 3 

The considered problems 
 

As it was mentioned before, in this thesis four problems were studied. These problems 

are explained in this chapter separately. The explanation for each problem is supported 

with schematic view.  

 

3.1 Studied problem 1 

The schematic views of the considered pore scale domain and volume averaged domain 

for the problem 1 are shown in Fig. 3.1.1. Both the pore scale and volume average 

domains are described below. Pore scale domain: The porous media is a square domain 

with length of L. The details of closed cells can be seen in the Fig. 3.1.1 (a). It consists of 

25 square closed cells with the length of l. The cells are not connected to each other while 

the solid phase (i.e. aluminum frame) interconnected in the entire domain. The top and 

bottom surfaces of the porous media are insulated and the left and right vertical surfaces 

are maintained at constant temperature of hT  and cT , respectively. The gravity affects 

in –y direction and the radiation heat transfer is neglected. The working fluids are water 

and air and their thermal properties are given in the Table 1. The density, specific heat 

capacity and thermal conductivity of the solid phase, which is aluminum alloy, are 

2700(kg/m 3), 900(J/kg K) and 203(W/m K), respectively. Based on the thermophysical 

properties and the geometry of the studied domain, the value of dimensionless parameters 

such as fPr , fRa and   are calculated for the studied cases with air and water and 

given in Table 1. Volume averaged domain: The volume averaged domain is also shown 

in Fig. 3.1.1 (b). A continuous domain exists for the volume averaged equations since the 

governing equations are volumetrically integrated. No velocity field exists in the volume 

averaged domain and the conduction heat transfer is the only mechanism of heat transfer. 

Volume averaged domain: The volume averaged domain is also shown in Fig. 3.1.1 (b). 

A continuous domain exists for the volume averaged equations since the governing 

equations are volumetrically integrated. No velocity field exists in the volume averaged 

domain and the conduction heat transfer is the only mechanism of heat transfer. The 
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volume averaged governing equations are non-dimensionalized and a parametric study is 

performed by changing the dimensionless governing parameters in the range of 0.01 <

s < 1, 0.01< s <1 and 1< Sp <1000. 

  

(a) (b) 

Fig. 3.1.1 The schematic view of the considered study (a) pore scale domain (b) 

volume averaged domain 

 

3.2 Studied Problem 2 

The schematic views of studied pore scale and volume average domains are shown in Fig. 

3.2.1 (a). The pore scale domain consists of 25 square closed cells in which PCM exists. 

All surfaces of the cavity are insulated, except the left vertical surface maintaining at the 

constant temperature. The gravity affects in –y direction and its effect is included in the 

pore scale study. The effect of radiation is neglected. The working fluid is water and the 

solid frame is aluminum with thermal conductivity of 237 W/mK. The occurrence of 

maximum density of water at 4 ℃ is not include in the formulation. Fig. 3.2.1 (b) shows 

the volume average domain for the solid and fluid phase, the domain is continuous since 

the independent parameters are integrated over the entire domain. The study is limited to  
4

f 10Ra  . 

 

3.3 Studied Problem 3 

Fig.3.3.1 shows the 3D schematic views of studied porous media and the computational 

domain. The porous media is a 3D cubic Lattice Metal Frame consisting of the 125 cells.  

The struts are perpendicular to each other and having the same size for all cells. The voids 
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of 3D cubic LMF are filled with PCM and the porosity of the porous media is 0.9. The 

length of the cavity is 18.7 mm, while the pore size and the strut size are 3 mm and 0.74 

mm, respectively.  

 

  

(a) (b) 

Fig. 3.2.1 The schematic view of the considered study (a) pore scale domain (b) 

volume averaged domain 

 

The PCM is water and the LMF material is aluminum. The thermophysical properties of 

frame, water (liquid PCM) and ice (solid PCM) are given in Table 3.1. It is assumed that 

melting occurs between 273.15 K and 274.15 K. The Stefan number is 0.6 for the entire 

study and Rayleigh number is changed from 1 to 610 . 

 

Table 3.1 Thermophysical properties of PCM and frame material  

Parameters Aluminum Water Ice 
 (Kg/m3) 2700 1000 1000 
k (W/ m K) 237 0.61 2.2 

pC (J/ kg K) 900 4180 2000 
 

All surfaces of the porous cavity are thermally insulated, except one surface (x = 0) 

maintained at the constant temperature. For the volume average study, two volume 

averaged domain exist, one refers to the solid region while the other one belongs to the 

fluid region. The volume averaged domain is continuous for both solid and fluid 

temperatures due to the application of the space volume average into the pore scale 

governing equations. The gravity affects in –y direction and its effect is included into both 
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the pore scale and volume averaged momentum equations.  

 

 

 

 
 

(a) (b) 

Fig. 3.3.1 The 3D schematic view of the studied domain, a) the employed 3D LMF 

for heat transfer enhancement, b) the considered porous cavity in which voids are 

filled PCM 
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Chapter 4  

General form of governing equations for studied 

problems  
 

In this chapter, the dimensional governing equations for the single phase heat and fluid 

flow for the porous media and dimensional solid/liquid phase change are given for the 

porous media. These equations can be classified into two groups as pore scale and volume 

average equations.    

 

4.1 Single phase flow in porous media 

4.1.1 Pore scale governing equations  

For the pore scale analysis, the continuity and momentum equations are solved to find the 

velocity and pressure distributions for fluid moving in the space between solid as shown 

in Fig. 4.1.1, while the energy equations for the solid and fluid phases are solved to find 

the temperature distributions for the entire domain. The dimensional form of the pore 

scale governing equations when the gravity also affect the flow can be written as follows: 

 

where   and refT   are the volumetric thermal expansion coefficient of working fluid 

and reference temperature, respectively. The last term in Eq. (4.2) shows the effect of the 

gravity on flow when the density of the fluid changes by temperature. It is written based 

on the Boussinesq approximation. In the above equations, it is assumed that 

thermophysical properties of the fluid does not change by temperature (except density), 
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the fluid is Newtonian and incompressible.   

 

Fig.4.1.1 The schematic view of the pore scale domain 

 

4.1.2 Volume average governing equations 

The pore scale analysis provides accurate results for heat and fluid flow in porous media. 

However, when the size of porous media is large, the use of the pore scale analysis 

becomes troublesome. That is why, researchers use Volume Average Method for 

analyzing heat and fluid flow in many porous media problems. For the volume average 

method, a scalar or vector quantity can be integrated in a representative discontinues 

space and consequently the continuity of that space can be provided as shown in Fig. 4.1.2.  

 

 
Fig.4.1.2 The schematic view of the volume average domain 

Since two phases as solid and fluid exist in the porous media, two volume averaged 

quantities can be defined: 


V

dV
V
1

  (4.5) 
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
xVx

x dV
V
1

  (4.6) 

which are called as the volume averaged and intrinsic volume averaged of   quantities, 

respectively. V  and xV  are the total volume and corresponding volume of solid or fluid 

phase. The schematic view of the volume average domains for fluid flow is shown in 

Fig.4.1.3. 

 

Fig.4.1.3 The schematic view of the volume average domains for fluid flow 
 

Taking volume average of the dimensional pore scale governing equations Eqs. (4.1- 4.4) 

yields the dimensional volume averaged governing equations. When the thermophysical 

properties of the fluid does not change by temperature (except density), the fluid is 

Newtonian and incompressible, the volume average transport equations for heat and fluid 

flow in porous media can be written as; 
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where   , K   and FC   shows porosity, permeability and inertia coefficient of the 

porous media. The third term in right hand side of Eq. (4.8) is Darcy term while the fourth 

term shows the effect of inertia. It is clear that the fifth term is Buoyancy term due to 

gravity and change of density with temperature. vh   is the volumetric interfacial heat 

transfer coefficient, s,effk   and f,effk   are the solid and fluid effective thermal 

conductivities, respectively. The effect of the heat transfer between the solid and fluid 

phases are shown by terms in Eqs. (4.9) and (4.10). s,effk  and f,effk can be defined as, 

s
*

s,eff k)1(k   
(4.11) 

f
*

f,eff kk   

The * is the effective porosity and it can be found from following equation. 

s
*

f
*

eff k)1(kk    (4.12) 

effk  can be calculated numerically. 

 

4.2 Solid/liquid phase change  

4.2.1 Pore scale governing equations 

The governing equations for the solid/liquid phase change under gravity are again 

continuity, momentum and energy equations. There are many approximations for solving 

solid/liquid phase change however the following equations are used in this study. Actually, 

in a solid/liquid phase change in a cavity there are three regions as fully melted region, 

slurry region and unmelted regions as shown in Fig. 4.2.1.  

 
Fig.4.2.1 The schematic view of the entire domain 
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The following equations are valid for entire domain including melted and unmelted region.   

 

It should be mentioned that the density and specific heat (   and pC ) for fluid and 

frozen PCM and also for solid particles (porous media) are constant. But for the fluid 

PCM, the properties such as the kinematic viscosity and thermal conductivity change by 

temperature due to phase change during the melting process. The details of those 

valuables will be discussed in Chapter 5. For instance, when the governing equations are 

solved for the fully melted region, the value of kinematic viscosity and thermal 

conductivity of PCM are the real values of melted PCM. However, if the governing 

equations are solved for the solid region, the kinematic viscosity is very high value such 

as 108 to eliminate the effect of continuity and momentum equations, consequently energy 

equations for the frozen PCM and particles (porous media) are solved. In the slurry region, 

the values of kinematic viscosity and thermal conductivity change linearly between the 

solid and fluid PCM.  

In the Eqs. (4.13-4.16),   is the liquid fraction and its value changes from 0 (no melted) 

to 1 (fully melted).  ,H and refT  are the latent heat, volumetric thermal expansion 

coefficient of working fluid and reference temperature, respectively. The values of 

viscosity and thermal conductivity of the PCM depend on the temperature and their 

variations are discussed in the next section. The reference temperature is the initial 

temperature in this study. 

 

4.2.2 Volume average governing equations 

Similarly, the volume average governing equations for the solid/liquid phase change 
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under gravity also include the continuity, momentum and energy equations. There are 

two domains in the volume average method as solid (particle or metal foam) and PCM 

(frozen or melted PCM) as can be seen in Fig. 4.2.2.  

 

Fig.4.2.2 The schematic view of the fluid and solid domains 

 

If a local thermal non-equilibrium assumption is used, there are two energy equations 

for fluid and solid phases. 
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Again the   is the liquid fraction and its value changes from 0 (no melted) to 1 (fully 

melted).  ,H and refT  are the latent heat, volumetric thermal expansion coefficient 

of working fluid and reference temperature, respectively. The value of s,effk  and f,effk

can be calculated by Eq. 4.11.  ,H and refT  are the latent heat, volumetric thermal 
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expansion coefficient of working fluid and reference temperature and vh  is the 

volumetric interfacial heat transfer coefficient. 

In the above equations (Eqs. (4.17-4.20), dynamic viscosity and effective thermal 

conductivity for the solid and fluids are function of temperature. They are calculated 

similar to what are explained in previous section. For instance, when the above volume 

average governing equations are solved for the frozen fluid the value of kinematic 

viscosity is very high (such as 108) providing a solid region but when they are solved for 

the fluid region, the value of  is the value of the fluid PCM.  

If the volume average temperature of the solid and fluids ( sT  and fT  ) are close to 

each other and if we add Eq. (4.19) to Eq. (4.20), the following energy equation is 

obtained,  
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The above equation is valid for a local thermal equilibrium. And there is only one energy 

equation which should be considered. 

It might be useful to mention that Eqs. (4.17-4.20) and Eq. (4.21) is valid for the PCM 

which are Newtonian, constant density and specific heat capacity. And many reported 

studies are applied the local thermal equilibrium, however, some studies may not be 

suitable to use the local thermal equilibrium.  
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Chapter 5 

Simplification and non-dimensionalization of 

governing equations for studied problems 
 

In this chapter, the dimensionless governing equations for the single phase flow and the 

problem of solid/liquid phase change are given for the closed and open cell porous media. 

These equations are pore scale and volume average equations which are explained in this 

section. 

 

5.1 Simplified dimensionless form of the governing equations for Problem 1 

The continuity and momentum equations are solved to find velocity and pressure 

distributions and the energy equations for fluid and solid phases are solved to obtain the 

solid and fluid temperatures. The equivalent thermal diffusivity can be employed to make 

the above equations dimensionless. 

5.1.1 Pore scale equations  

The pore scale equations include the continuity and momentum equations and energy 

equations for solid and fluid phases and they are given with Eqs. (4.1-4.4) in Chapter 4. 

If the equilibrium thermal diffusivity is employed for non-dimensionlization of those 

equations. The above governing equations can be written in dimensionless form as 

follows, 
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where V


, *P , f  and s  represent the dimensionless velocity vector, pressure and 

temperatures of the solid and fluid phases. The length of cavity and cells are L and l, 

separately.  , eRa and ePr  are the dimensionless time, Rayleigh number and Prandtl 
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number based on the equivalent thermal diffusivity, respectively. The sub index of “e” is 

very important in this study and it shows equivalent.   is the thermal diffusivity ratio 

for the fluid or solid phase with equivalent one. The employed dimensionless parameters 

can be mathematically expressed as,  
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where epee )C/(k    is the equivalent thermal diffusivity. It is defined as: 
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It should be mentioned that the following relations are valid for the Prandtl and Rayleigh 

numbers, 
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Where fPr  and fRa  are Prandtl and Rayleigh numbers based on the fluid thermal 

diffusivity. 

 

5.1.2 Volume average equations  

The volume average governing equations of Problem 1 are the same with Eqs. (4.7-4.10) 

given in Chapter 4, however, since the volume averaged velocity for the closed cell 

porous media is zero, the continuity and momentum Eqs.(4.7-4.8) disappear 

automatically.  
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That’s why there are only the energy equations of solid and fluid phases for the volume 

average equations in the closed cell porous media. Therefore, the dimension form of the 

volume average governing equations for Problem 1 can be written by. 
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As it can be seen from the above equations, the heat conduction equations for the solid 

and fluid phases are the only equations for the volume average approach in the closed cell 

porous media. vh  which is the volumetric interfacial heat transfer coefficient and it can 

be defined as vsv Ahh  , where sh  ( W / m 2 K ) is the surface interfacial heat transfer 

coefficient and vA  ( m 2 / m 3) is the volumetric heat transfer area. It is possible to write 

the volumetric heat transfer area as hv r/A  , where hr  is hydraulic diameter of the 

fluid phase. It can be defined as intfh A/Vr  𝑟 where intA  is the interface heat transfer 

area in the fluid volume of fV . Then, the Eqs. (5.9) and (5.10) become as: 
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The above equations can be non-dimensionalized by using dimensionless variables of Eq. 

(5.15) and the new parameter as Sparrow appears automatically in the following equations.   
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 ,  are the dimensionless thermal conductivity and thermal capacitance, respectively, 

and Sp  is the Sparrow number. The employed dimensionless parameters can be defined 

mathematically as 
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where e  is the dimensionless time for porous media,  eC  and e  are the thermal 

capacitance and thermal conductivity based on thermal equivalent properties. ef,eff k/k  

and es,eff k/k  are the thermal conductivity ratios for the volume average domain of fluid 

and solid phases with equivalent thermal conductivity. The parameter of   is the 
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thermal capacitance ratio between fluid and solid with equivalent thermal capacitance. 

The values of f,effk  and s,effk must be known to find out the solution. Discussion on the 

Sparrow number will be done later in Chapter 7. Both the solid and fluid phases are made 

in dimensionless form based on the equivalent thermal diffusivity which a value between 

the solid and fluid thermal diffusivities. The number of the governing parameters is 5 

which are s , f , s , f and Sp . It is possible to add two equations more and 

reduces the number of the governing parameters to 3. These equations are,  
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If the Eqs. (5.13) and (5.14) are considered with Eqs. (5.16) and (5.17), it is seen that the 

number of governing parameters decreases to four as solid (or fluid) dimensionless 

thermal conductivity and thermal capacitance, Sparrow number and porosity. In this study, 

the values of f  and f  are written in terms of s  and s . Hence the 

dimensionless governing parameters are s , s and Sp  while porosity is constant as 

0.9. Furthermore, for the thermal equilibrium case, s  and f  are close to each 

other ( fs   ), therefore Eqs. (5.13) and (5.14) take the following form, 




 2*

e




 
 (5.18) 

The above equation is valid for a local thermal equilibrium condition. Sparrow number 

plays an important role on the results of the governing equations, the details of Sparrow 

number will be discussed in Chapter 7. 

 

5.2 Simplified dimensionless form of the governing equations for Problem 2 

5.2.1 Pore scale equations  

For the pore scale study of Problem 2, the governing equations for the solid/liquid phase 

change under gravity include continuity and momentum equations are solved to find the 

velocity and pressure distributions and the energy equations for fluid phase and solid 

phase are solved to obtain the solid and fluid temperature distribution. These equations 

were given in Chapter 4 by Eqs. (4.17-4.20).  
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Again if the equilibrium thermal diffusivity is used in those governing equations, the 

above governing equation can be written in dimensionless form as follows, 
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where V


and *P are the dimensionless velocity vector and pressure. The dimensionless 

temperatures of solid and fluid phases are given by f  and s , respectively. oF , eRa

and ePr  are the Fourier number, Rayleigh number and Prandtl number based on the 

equilibrium thermal diffusivity, respectively.   is the thermal diffusivity ratio between 

the fluid or solid phase and equilibrium thermal diffusivity. The governing dimensionless 

parameters can be mathematically expressed as,  
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The values of functions of )( , )( and )( change by temperature, they are the 

necessary coefficients to describe PCM properties from frozen to melted state and defined 

as: 

f
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It should be mentioned that the following relations for the Prandtl and Rayleigh numbers 

exist.  
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5.2.2 Volume average equations  

Similarly, the volume average equations of problem 2 are same with the governing 
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equations for the solid/liquid phase change given by Eqs. (4.13-4.16) in Chapter 4. It 

should be mentioned that the volume averaged velocity in a cell is zero as shown by Eq. 

(4.5-4.6). Hence, no continuity and momentum equations exist for the volume averaged 

domain. The volume averaged heat conduction equations should only be applied to the 

solid and fluid volume averaged domains. The dimensional form of the equations for a 

closed cell porous medium are given as, 

H
t

-)TT(hT)T(k
t

T
)T(C f

fs
v

f2
f,eff

f

f 










 
 (5.25) 

)TT(hTk
t

T
C)1( fs

v
s2

s,eff

s

s 






  (5.26) 

The same as the volume average equations of problem 1, the heat conduction equations 

for the solid and fluid phases are the only equations for the volume average approach in 

the closed cell porous media. vh  which is the volumetric interfacial heat transfer 

coefficient can be defined as vsv Ahh  , where sh  ( W / m 2 K ) is the surface interfacial 

heat transfer coefficient and vA  ( m 2 / m 3) is the volumetric heat transfer area. It is 

possible to write the volumetric heat transfer area as hv r/A  A, where hr  is hydraulic 

diameter of the fluid phase. It can be defined as intfh A/Vr  𝑟 where intA  is the interface 

heat transfer area in the fluid volume of fV . 

Then, the Eqs. (5.25) and (5.26) become as:  
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The above equations can be non-dimensionalized based on the dimensionless parameters 

of Eq. (5.31): 
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  and   are the dimensionless thermal conductivity and thermal capacitance, 

respectively, and Sp  is the Sparrow number. The employed dimensionless parameters 

can be defined mathematically as 
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eC  and e  are the equilibrium thermal capacitance and thermal conductivity and they 

can be written as: 

  fse CC1C    (5.32) 

fse    (5.33) 

The values of )(  and )(  adjust thermal properties from the frozen to melted 

state and their values do not play important roles compared to other dimensionless 

parameters. For many PCMs, 
meltedffrozenf k~k  and 

meltedffrozenf C~C  hence 

1)(   and 1)(   leading Eq. (5-29) and (5-30) into: 
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Therefore, the dominant dimensionless parameters for the present study are s , f , 

s , f , Ste  and Sp . Our numerical experience shows that it is possible to combine 

four coefficients as s , f , s , f  by defining thermal diffusivity ratio as  
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Hence, the results of Eqs. (5.34) and (5.35) are controlled by three parameters which are 

,r Ste  and Sp .  

 

5.3 Simplified dimensionless form of the equations for Problem 3  



51 

 

5.3.1 Pore scale equations  

For the pore scale analysis, the heat and fluid flow for the entire domain including phase 

change in the cells and 3D Lattice Metal Frame is considered. The effect of gravity is 

taken into account and the buoyancy effect is involved by using Boussinesq 

approximation. The dimensional form of the pore scale governing equations for problem 

3 are described in Chapter 4 by Eqs. (4.13-4.16). The above governing equations can be 

written in the dimensionless form as follows, 
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where V


and *P are the dimensionless velocity vector and pressure. The dimensionless 

temperatures of solid and fluid phases are shown by f  and s , respectively. )(  

and )(  are the dimensionless functions for viscosity and thermal conductivity ratio 

during the melting period and    is the thermal diffusivity ration between solid and 

fluid, they are given as below,  
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These functions are discussed in the next section. The dimensionless governing 

parameters are, 
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where Ra , Fo  and Ste  represent Rayleigh, Fourier and Stefan numbers.  

 

5.3.2 Volume average equations 
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The dimensional form of volume average governing equations for the solid and fluid 

phases are the volume averaged continuity, momentum and energy equations for the fluid 

phase and energy equation for the solid phase. Compared with the Problem 2 which is 

closed cell porous media, the problem 3 is open cell porous media. That’s why that the 

problem of 3D lattice metal frame includes the continuity and momentum equations while 

Problem 2 does not include. The dimensional form of volume average governing 

equations for Problem 3 are given in Chapter 4 as Eqs. (4.17-4.20). The above equations 

can be non-dimensionalized based on the dimensionless parameters in Eq. (5.42). 
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  is the ratio between the characteristic length of a representative cell and porous media. 

The dimensionless parameters of   ,  and   are defined as, 
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For the volume averaged equations, the effective thermal diffusivities for the fluid and 

solid phases, and Nusselt number are, 
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where l  is the pore size. 
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Chapter 6 

 Computational details  
In this chapter, the solution method and grid independency are explained. The commercial 

program COMSOL 5.3a is used to solve all the governing equations in this study 

simultaneously. The validation studies of three problems are also shown. 

 

6.1 The computational code 

For the pore scale and volume average studies, a commercial software, COMSOL 

Multiphysics (V5.3a COMSOL Multiphysics), based on the finite element method is used 

to solve the coupled heat and fluid flow equations.  

For the pore scale domain, the Multiphysics module used to solve motion equation is 

“Laminar flow”, while for solving heat transfer equations for the solid and fluid the of 

Multiphysics module of the “Heat transfer in fluids” is used. In the momentum equations, 

the buoyancy term is added due to gravity. Fig. 6.1.1 shows the flow chart for pore scale 

analysis. As it can be seen, first the model is generated by the Comsol program, then the 

mesh is generated. In the most of cases a Custom mesh is generated in this study. After 

that, the necessary modules (explained before) is downloaded from the Multiphysics 

module. The necessary thermophysical properties of the solid and fluids such as thermal 

conductivity of the solid and fluid, viscosity of the fluid are assigned. The next step is 

that to assign boundary and initial conditions. For the problem 1 all thermophysical 

properties are constant while for the Problem 2 and 3, functions for the variation of 

viscosity and thermal conductivity are defined. Furthermore, the buoyancy term and also 

the heat source term due to the enthalpy of the phase change is added to the momentum 

and energy equations, respectively. The solution method is selected and tolerance is 

assigned to the program. The program starts to run and for each time step some iterations 

are done. The number of iteration for each time step is decided by the program. After 

finishing the assigned process time, the program stops and necessary post processing 

works can be done.  
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Fig 6.1.1 Flow chart for pore scale study in Comsol 

 

For the volume average domain, since the cavity for the problem 1 and 2 are the closed 

cell porous media, the module of “Heat transfer in fluids and solid” is used only for 

solving heat transfer equations in solid and fluid, and meanwhile the “local thermal non-

equilibrium” module is applied. In the problem 3, the Multiphysics module used to solve 

motion equation which is “Laminar flow” is added. And the of Multiphysics module of 

the “Heat transfer in fluids and solid” solved heat transfer equations for the solid and fluid. 
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Fig 6.1.2 Flow chart for volume average study in Comsol 

 

Similarly, in the momentum equations, the buoyancy term is added due to the effect of 

gravity. The flow chart for pore scale analysis can be seen in Fig. 6.1.2. Similar to the 

pore scale study, the first model is generated by the Comsol program, then the mesh is 

generated. After that, the necessary thermophysical properties of the solid and fluids such 

as thermal conductivity of the slid and fluid, viscosity of the fluid, initial and boundary 

conditions are assigned, at last the program start running. One point should be mentioned 

that in the problem 3 the heat generation term should be added in the energy equation of 

fluid phase due to the phase change. 

The software was run in a workstation with Intel(R) Xeon(R) CPU E5-2630 v3, 32G 
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RAM. Commonly, for the problem 1 and 2, each run takes around 8 hours and for the 

problem 3, the running time is almost 2 days due to the 3D melting problem. Besides, 

during the computational period, there are some difficulties to converged. Maybe the 

reasons are the number of mesh, unavailable initial and boundary conditions or others. It 

always takes long time to solve those difficulties. So the Comsol is a not easy program to 

catch the results we need. 

 

6.2 Computational determination of macroscopic parameters  

6.2.1 Macroscopic parameters for Problem 1  

The solution of the volume averaged heat conduction equations for the solid and fluid 

Eqs. (5.13 and 5.14) requires to know the value of Sp (consequently, vh  should be 

known). Unfortunately, no study relating to the transient value of the interfacial heat 

transfer coefficient for the closed pores of porous media could be found. In this study, the 

value of interfacial heat transfer coefficient is obtained from the pore scale study. The 

employed definition for determination of the average interfacial heat transfer coefficient 

is, 
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"q  is the heat flux between solid and fluid phases at any point of the interface and at any 

instant such as t , and intA  is the total interfacial heat transfer area. t  is the required 

time for the system to become steady state ( fs TT  < 0.05 is the condition for the 

steady state in this study). As it can be seen from Eq. (6.2), the average of interfacial heat 

transfer coefficient is obtained by integration of the local interfacial heat transfer 

coefficient both in time and space. The average of the solid and fluid temperatures of the 

entire domain for the solid and fluid phases are found at any time step to compare the 

solid and fluid phase temperatures. 
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where )(f
m   and )(s

m   are the solid and fluid phase mean (i.e., surface average 

for the entire domain) temperatures. Finally, in order to understand the order of local 

thermal non-equilibrium, the parameters of 𝜎is defined as following: 

)()( f
m

s
m    (6.3) 

The above equation shows that the temperature difference between the mean solid and 

fluid phases for the whole domain during the entire heat transfer process. 

 

6.2.2 Macroscopic parameters for Problem 2  

As it was mentioned before, in order to handle the slurry region, the values of viscosity, 

thermal conductivity and thermal capacitance changed from solid to fluid by using the 

following formula, 
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T
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()T( solidfluid
m
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mT  is the melting point and T  is the phase change temperature range. In this study,  

these values are K15.273Tm   and K1T  . The parameter of )T(  can be thermal 

conductivity, thermal capacitance or dynamics viscosity whose values changes in the 

phase change temperature range.  

One of the important parameters influences the volume average results is the effective 

thermal conductivities of the solid and fluid phases (i.e., s,efff,eff k,k ). In order to obtain 

the effective thermal conductivities, a representative cell of pore scale domain is 

considered. The representative cell is shown in Fig. 6.2.1. A temperature gradient is 

imposed horizontally while other surfaces are insulated. Pure heat conduction equations 

are solved for the cases of ice and water (without phase change) and effective thermal 

conductivity (i.e., * ) of the cell consisting of the solid and fluid phases are obtained. 

Then, by using Eq. (4.12) the value of *  is found and finally the values s,efff,eff k,k are 

calculated by using Eq. (4.11).  
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Fig.6.2.1 Temperature distribution and boundary conditions for a 

cell of pore scale domain for determination of the effective 

thermal conductivity 

 

Many attempts are done in this study to find out a criterion for distinguishing of local 

thermal equilibrium from non-equilibrium. Our numerical results showed that actually, 

always there is a local thermal non-equilibrium at the beginning of the phase change 

process particularly in the region close to the hot surface (surface in which rapid 

temperature change occurs). However, for some cases this initial period of local thermal 

non-equilibrium is very short and almost the entire process is in local thermal equilibrium 

state, while for other cases the period of local thermal non-equilibrium is very long and 

those cases should be accepted as local thermal non-equilibrium. In this study the pore 

scale domain is divided into five equal columns and the first column touching the hot wall 

is excluded, and therefore the condition for the local thermal equilibrium can be assumed 

as  

1.0
0oF,2.0*x

fs



  (6.5) 

 

6.2.3 Macroscopic parameters for Problem 3  

The method to handle the slurry region is very similar to what was used in Problem 2. 

The values of viscosity, thermal conductivity and thermal capacitance changed from solid 

to fluid by using (6.4).  In order to calculate the value of effective thermal conductivities, 

a representative cell of pore scale domain (which is an isotropic domain) can be 

considered (Fig. 6.2.2). A temperature gradient is imposed in x direction and other 

surfaces are insulated.  
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Fig. 6.2.2 Temperature distribution in the representative cell for determination of effk  

The pure heat conduction equation is solved for the cases of ice and water separately 

(without any phase change) and the effective thermal conductivity of the studied 3D cubic 

LMF is obtained. Then, by using Eq. (4.12) the value of  *  is found and finally the 

values of s,effk , f,effk  are calculated easily by using Eq. (4.11) (Wang and Mobedi 

(2019)). 

The value of permeability and inertia coefficient are also required for calculation of the 

volume average temperature, pressure and velocity. Based on the methods described in 

the study of Ozgumus et al. (2014) and Celik et al. (2019), a uniform velocity is imposed 

at the inlet of the computational domain, the pore scale continuity and momentum 

equations are solved and the pressure drop through the 3D Lattice Cubic structure is 

obtained for the specified velocity (i.e., Reynolds number). The same computation is done 

for different inlet velocities. The change of the dimensionless pressure with pore scale 

Reynolds number is plotted and the value of permeability and inertia coefficient are 

obtained. 

In general, the interfacial heat transfer coefficient can be obtained numerically or 

experimentally, however the recent developments in the computational technologies 

allow easier determination of the heat transfer coefficient. Details about the 

computational calculation of heat transfer coefficient can be found in the papers of 

Ozgumus and Mobedi (2015) and Celik et al. (2018). Briefly, the heat transfer rate 

between the solid and fluid phases can be calculated computationally, then it can be 

divided into the volume averaged temperature difference between the solid and fluid 

phases and also cell volume (or all cells) of the computational domain in order to 
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determine volumetric interfacial heat transfer coefficient. The local and instant interfacial 

heat transfer coefficient can be defined as,  
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where A  is the total interfacial area in the studied cell and V is the volume of the cell.   
sT and fT are the volume average solid and fluid temperatures of the cell. )t("q is 

the local heat flux between the solid and fluid phases at the interface at any time step (i.e., 

t ). The average of )t(hv , calculated for all cells in the domain, yields the average instant 

interfacial heat transfer coefficient:  
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1n vv )t(h
125

1)t(h   

(6.7) 

The time average of the instant interfacial heat transfer coefficient yields the average 

interfacial heat transfer coefficient of the porous media.  


t

vv dt)t(h
t

1h


 (6.8) 

where t is the total melting period. Similarly, the local and instant Nusselt number, 

average instant Nusselt number and average interfacial Nusselt number can be defined as, 

f

2
v

v k
l)t(h

)oF(Nu   

 

(6.9) 
 

f

2
v

v k
lhuN   

where l  is the pore scale characteristic length, which is the cell size in this study. In this 

study, the melting fraction is also used to discuss the results. Melting fraction is defined 

as the volume of the melted PCM to the volume of the entire domain. 

 

6.3 Validation studies  

For the validation of the numerical results, 7 validation study were done and all 

of  those  studies  proved  that  the  employed  method  and  performed 

computational studies are correct.  

f

v
v k

l)t(h
)Fo(uN

2


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6.3.1 The first validation study  

For validation of our numerical results, the study of Antoniadis et al. (2012) performed a 

wall with the hollow brick (two dimensional porous media with closed cell) was selected 

and done for different values of thermal conductivity ratio. The top and bottom sides are 

insulated and there is a temperature difference between the left and right walls. The 

thermal conductivity of the solid part of the clay brick is 0.91 mK/W , and the thermal-

conductivity value of air is 0.0255 mK/W . On the right-hand side of the brick, a 

boundary temperature of 293.15 K is considered, while on the left-hand side, a 

temperature of 323.15 K is imposed. The porosity of the domain is 0.55. 

Fig. 6.3.1 shows both sample of comparison of temperature distribution and the 

comparison of the change of effective thermal conductivity with solid thermal 

conductivity. As it can be seen, an excellent agreement (below 1 per cent absolute 

difference) exits between their results and our study. 

 
(a) 

 
(b) 

Fig. 6.3.1 (a) Temperature distribution (b)Effective thermal conductivity changing by 

solid thermal conductivity 
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6.3.2 The second validation study 

The second validation was done for one dimensional melting problem under pure 

condition heat transfer as shown in Fig. 6.3.2.  

 
Fig. 6.3.2 Illustration of melting in a semi–infinite slab with initial temperature of 

mT  

. The temperature for fluid phase can be found as Carslaw and Jaeger (1959):      

)(erf
)t2/x(erf

TT
T)t,x(T

hm

h








  (6.10) 

where f  is the thermal diffusivity of fluid phase and the value of   can be found from 

following relation, 


  Ste)(erfe

e
  (6.11) 

It should be mentioned that the initial temperature in this problem is equal to melting 

temperature. The comparison of the results of present computational study and analytical 

solution is shown in Fig. 6.3.3 for water melting at 009t   and 2000t   sec. A good 

agreement between our computational study and analytical results is perfect for 1D 

melting problem.    

  
900s 2000s 

Fig. 6.3.3 Validation studies, comparison of the present study results 

with the reported studies for pure analytical solution (Carslaw and 

Jaeger (1959)) 
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6.3.3 The third validation study 

The third comparison was done between the results of our program and the results of 

Beckrmann and Viskanta (1988) for the melting in a square cavity filled with porous 

media under natural convection.  

The height of cavity is H and the length is L, the constant temperatures hT  and cT  are 

applied to the right and left wall of the cavity, and the top and bottom wall are insulated. 

The porous domain is saturated with a fluid. During the melting period, there are three 

regions as melt region, slurry region and solid region. 

The Fig. 6.3.4 shows the comparison of melting interface positions for different 

dimensionless time step. A perfect agreement between our results and the results of 

Beckrmann and Viskanta (1988) can be observed.  

 

 
 

Fig. 6.3.4. Validation studies, comparison of the present study results with the reported 

studies for Beckrmann and Viskanta (1988) 

 

6.3.4 The fourth Validation study  

A comparison between our results and the results of Huber et al. (2008) for the melting 

of clear ice without metal foam are done.  

In the considered domain, the left vertical wall is maintained at constant temperature 1T  

and the initial temperature is equal to melting temperature mT , other walls are adiabatic 

and no-slip. 

An excellent agreement between our study and their reported study (below 7% difference 

for the third validation and below 1% for the fourth validation) was observed.  
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Fig. 6.3.5 The comparison between our results and the results of Huber et al. (2008) 

 

6.3.5 The fifth validation study  

The next validation study is similar to the second validation study, but initial temperature 

is less than melting temperature. That is why a heat transfer also exists in the solid phase 

and a temperature equation for the solid phase also exists. Analytical solution of 1D phase 

change and 3D melting in a cavity reported in literature are done. Fig. 6.3.6 shows 1D 

model of a melting process when the initial temperature of the solid is less than melting 

temperature. The governing equation and the analytical solution for this process are given 

by Alexiades and Solomon (1993).  

 
Fig. 6.3.6 Illustration of melting in a semi–infinite slab with initial temperature of iT

( mi TT  ) 

Melting occurs in the x direction and the position of melting front and temperature of the 

solid and fluid can be obtained from the following equations. 

  t2tX f
 

(6.12) 
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where  tX  is the location of the solid-fluid interface, and   is the square root of 

thermal diffusivity ratio of fluid and solid phases (i.e., sf /   ). The value of   

in the above equations can be determined by solving the following equations,  

       




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22

s
2

f  (6.15)
 

sf SteandSte are the Stefan number of fluid and solid phases, respectively.  

   
H

TTCpSte,
H

TTCp
Ste inms

s
mhf

f






  (6.16)

 

sf CpandCp represent the specific heat capacitance of fluid and solid phases, 

respectively. Fig. 6.3.7 shows the dimensionless temperature of the solid and fluid regions 

with dimensionless time obtained from the Eqs. (6.15) and (6.16) and our computational 

results. There is an excellent agreement between the analytical and numerical solution 

showing our established model in the employed software and computational results for 

the simulation of a melting process of a PCM is correct. 

 

 
Fig. 6.3.7 Comparison of the numerical results with the results of the analytical 

solution by Alexiades and Solomon (1993) for 1D melting process 
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6.3.6 The sixth validation study  

Furthermore, a comparison between the results of Li et al. (2017) and our obtained 

numerical results can be seen in Fig. 6.3.8. The problem is 3D melting of a PCM in a 

cavity whose upper and lower parts are insulated and left and right walls are at constant 

at different temperatures. The initial temperature is constant, which is equal to the melting 

temperature 0Tm   and left wall temperature is also 0. The density, specific heat, and 

thermal conductivity of the solid phase and those of the liquid phase are equal. Similarly, 

an excellent agreement exists between our numerical results and the reported results.  

 

The present study 

    

2.0Fo   4.0Fo   8.0Fo   

The study of Li et al. (2017) 

    
2.0Fo   4.0Fo   8.0Fo   

Fig. 6.3.8 Comparison between the present numerical results and the reported results in 

literature (Li et al. (2017)) when 4.0Ste  , 4105.2Ra  , 10Pr   
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6.4 Grid Independency   

6.4.1 Grid Independency for problem 1 

Furthermore, the grid independency for the solution of both pore scale method and 

volume average method is done. Fig. 6.4.1 shows a sample of grid (element) refinement 

test for Problem 1. The change of temperature in the center line of the pore scale cavity 

for dimensionless time step of 0.0016  and 5
maxl 01Ra 

, 9.0  is shown. The 

number of mesh used in this study is 61,440, which is sufficient to obtain accurate result. 

 

 
Fig. 6.4.1 The changes of pore scale temperature in the pore scale domain with 

number of mesh with 0.0016  and 5
maxl 01Ra 

, 9.0  

 

6.4.2 Grid Independency for problem 2 

A grid refinement analysis is done for Problem 2 and the results are shown in Fig. 6.4.2 

in which the temperature at the horizontal center line )5.0Y( *   for the cavity with 

9.0 , 3
f 10Ra   and 1Ste   is shown. The program did not converge for small 

number of element and that is why the mesh independency started from 17058 total 

elements. Hence, the results for different number of grids are close to each other. It is 

found that 41684 total elements (37708 number of domain elements (triangular), 3840 

edge elements, and 136 vertex elements) are sufficient to obtain the accurate results for 

this problem.  
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Fig. 6.4.2 A sample of grid independency for a closed cell cavity 

with 9.0 , 3
f 10Ra  and 1Ste   

 

6.4.3 Grid independency for Problem 3  

The another grid refinement analysis for the Problem 3 was performed. The melting 

fraction in the cavity with Fourier number for 9.0 , 6
f 10Ra  and 0.6Ste  can be 

seen by using the 4 different mesh grid in Fig. 6.4.3. As it can be found that the larger 

number of mesh elements smoother curve can be obtained, and the result of 891850 total 

elements is very close to the 2492220 total elements. 891850 total elements are enough 

to catch the accurate results for this problem.  

 
Fig. 6.4.3 A sample of grid independency for the melting fraction with 9.0 , 

6
f 10Ra  and 0.6Ste   
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Chapter 7 

 Result and Discussions 
 

In this chapter, the result and discussions of three problems will be explained. The volume 

average and pore scale methods will be used and the obtained results of two methods are 

compared for each problem.  

 

7.1 Result and discussions for problem 1  

7.1.1 Results for the volume averaged parametric analysis 

A parametric study is performed to investigate the effects of dimensionless numbers as 

thermal conductivity ratio, thermal capacitance ratio and Sparrow number ( ss ,   and 

Sp ) on the temperatures of the solid and liquid phases. Since the transient behavior of 

temperature is important, the average of solid and fluid temperatures for the entire domain 

are calculated (i.e., Eq. (6.3)) and plotted. 

Fig. 7.1.1 shows the change of mean temperature of solid and fluid for the case of 

01.0s  , 1s  , 1000and250,50Sp  . As it can be seen from Fig. 7.1.1 (a), there is 

an obvious temperature difference between the solid and fluid mean temperatures before 

they become steady state. Since the value of Sparrow number is low (referring to high 

convection thermal resistance), the heat exchange between the solid and fluid is weak and 

a non-equilibrium heat transfer in the porous media is expected. By increasing the 

Sparrow number from 50 to 250, the heat exchange between the solid and fluid phases 

increases and the temperatures of the solid and fluid phases approach to each other. 

Further increase in Sparrow number (from 250 to 1000) causes the fluid and solid phase 

mean temperatures become considerably close to each other and almost a local thermal 

equilibrium can be observed. The difference between the dimensionless temperature of 

solid and fluid (i.e., ) can be a good parameter to show the magnitude of local thermal 

non-equilibrium. This difference for four Sparrow number is shown in Fig. 7.1.1 (d). As 

can be seen for 1000Sp  , the maximum temperature difference between the solid and 

liquid is 0.016 showing almost an equilibrium state, while the maximum value of   for 

50Sp   is 0.13 indicating a local thermal non-equilibrium state. 
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(a) (b) 

  
(c) (d) 

Fig. 7.1.1 The change of dimensionless mean temperatures of solid and fluid and the 

difference between them with dimensionless time when 1s  , 01.0s   (a) 

50Sp   (b) 250Sp   (c) 1000Sp   (d)  value for 

1000and25010050Sp ，，，  

 

The parameter values of Fig. 7.1.2 are the same with Fig. 7.1.1 except the solid 

dimensionless thermal conductivity 5.0s  . The values of *
s  (i.e., ss

*
s /   ) and 

*
f (i.e., ff

*
f /   ) can be calculated by using Eqs. (5.15-5.17). By decreasing the solid 

dimensionless thermal conductivity from 1 to 0.5, the value of *
f

*
s /   decreases from 

991 to 91 causing heat propagation in the solid and fluid phases becomes closer to each 

other and the temperature difference between the solid and fluid phases becomes smaller. 

This fact can be seen by the comparison of Figs. 7.1.1(a) and 7.1.2(a). Similar to the Fig. 

7.1.1, by increasing Sp  from 50 to 100, and from 100 to 1000, the solid and fluid 

dimensionless mean temperatures become closer due to the increase of heat exchange 
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between the solid and fluid phases. The temperature differences between the solid and 

fluid are shown in Fig. 7.1.2(d) to observe the magnitude of local thermal non-equilibrium. 

The comparison of 2(d) and 3(d) indicates the effect of s  on the local thermal 

equilibrium condition. By decreasing the value of s  from 1 to 0.5, the difference 

between the solid and fluid temperatures decreases.  

 

  
(a) (b) 

  
(c) (d) 

Fig. 7.1.2 The variation of dimensionless mean temperatures of solid and fluid 

phases and the difference between them with dimensionless time when 5.0s  , 

01.0s   (a) 50Sp   (b) 250Sp   (c) 1000Sp   (d)  value for 

1000and25010050Sp ，，，  

 

The change of solid and fluid phases temperature for further decrease of s  from 0.5 to 

0.01 is shown in Fig. 7.1.3. Further decrease in s  from 0.5 to 0.01 causes the value of 

*
f

*
s /   decreases from 91 to 1. An equal heat propagation in the solid and fluid phases 
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exists for Fig.7.1.3. Therefore, for the all studied Sparrow number ( 1000,250,50Sp  ), 

a local thermal equilibrium can be observed. The results of Figs. 7.1.1, 7.1.2 and 7.1.3 

clearly show that the heat exchange between the solid and fluid phases increases by 

increasing Sparrow number however, the critical Sparrow number (can be defined to 

distinguish the local thermal equilibrium from non-equilibrium) strongly depends on s .   

 

 
Fig. 7.1.3 The variation of dimensionless mean temperatures of solid and fluid 

phases with dimensionless time when 01.0s  , 01.0s   for 

1000and25050Sp ， (two curves overlap) 

 

A parametric study on the various values of ss ,   and Sp  was done to separate the 

region of local thermal equilibrium from non-equilibrium. The results of the parametric 

study is shown in Fig. 7.1.4 for 500and100,50Sp  . The x axis of Fig. 7.1.4(a) shows 

s while the y axis refers to s . It is assumed that a local thermal equilibrium for the 

heat transfer in the closed cell porous media exits if 05.0 . This is the assumption of 

present study and it might be changed based on the application. Fig. 7.1.4(b) is presented 

in order to interpret the results of Fig. 7.1.4(a). It shows the value of *
f

*
s /   for the 

studied case of Fig. 7.1.4(a). For the studied cases of Fig. 7.1.4(a), the value of *
f

*
s /   

changes from the large value of 991 to small value as 0.001. Fig. 7.1.4 provides important 

information for the prediction of a local thermal non-equilibrium heat transfer process in 

a cavity with closed cell as follows;  
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- For the value of 1/ *
f

*
s  , the propagation of heat in the solid and fluid is close to 

each other causing local thermal equilibrium state becomes independent of Sparrow 

number.  

- Further increase or decrease in the value of *
f

*
s /    (such as 991 or 0.001), the 

possibility of local thermal non-equilibrium increases due to different speed of heat 

propagation in the solid and fluid phases. For instance, when Sp =50, a local thermal 

non-equilibrium exists for the points of 01.0s    and 1s    due the large 

difference in heat propagation of solid and fluid (Faster heat prorogation exists in the 

solid , 991/ *
f

*
s  ).   

- In addition to s   and s  , the Sparrow number plays an important role on the 

character of heat transfer through the closed cell porous media. By increasing the 

value of Sp  , the source terms in qqs. (3)) and (31) becomes more active, and 

consequently the heat exchange between the solid and fluid increases. This increase 

of heat exchange increases the possibility of occurrence of local thermal equilibrium 

state. That is why, number of unfilled markers in the Fig. 7.1.4(a) for 100Sp  is more 

than 50Sp   , or number of unfilled markers for 500Sp    is greater than 

100Sp  . 

- For 500Sp  , all markers are unfilled showing considerable heat transfer between 

the solid and fluid phases despite of extremely high or low values of *
f

*
s /   (such 

as 991 or 0.001).  

- It seems that *
f

*
s /   and Sp  are two important parameters for the prediction of 

local thermal non-equilibrium for the onset of a heat transfer in closed cell of porous 

media. .  

 

7.1.2 The pore scale and volume average results for real cases 

A pore scale and a volume average study are done for a closed cell porous medium and 

the obtained results are used to support the comments of parametric study explained in 

previous section. 
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(a) 

 
(b) 

Fig. 7.1.4 Occurrence of local thermal equilibrium for the studied cases (a) local 

thermal equilibrium map according to s  and s (assumption for the local thermal 

equilibrium is 05.0 ) (b) the variation of thermal diffusivity ratio ( *
f

*
s /  ) with 

respect to s  and s  

 

7.1.2.1 Results for the porous media with water in cells  

Fig. 7.1.5 shows the temperature and velocity distributions for both the pore scale and 

volume averaged domains when 068.0s  , 06.1s  , 7.46Sp  and 5
f 10Ra  , as given 

in Table 7. 1. The value of Sparrow number is calculated from the pore scale results when 
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5
f 10Ra  . The values of fluid thermal capacitance and thermal conductivity are found as 

068.0s   and 06.1s  , and the thermal diffusivity ratio is calculated as 300 (i.e. 

300/ *
f

*
s  ). This value of *

f
*
s /   is considerably larger than 1 and furthermore the 

Sparrow number is low ( 7.46Sp  ). Based on the previous section comments, the 

possibility of the existence of local thermal non-equilibrium under this condition is high 

and this fact is investigated below.  
 

Table 7.1. Thermophysical properties and dimensionless governing parameters for 

water and air in the pore scale and volume averaged studies 

Parameters Water Air 
k (W/m K) 0.61 0.026 
 ( kg/m3)  996 1.177 

pC ( J/ kg K) 4180 1005 
 ( Pa.s) 8.544e-4 1.86e-5 

f,effk (W/m K) 0.58 0.025 

fPr  5.85 0.71 
fRa  210 , 510  210 , 510  

ePr  0.30 0.34 
eRa  5.066, 5065.9 48, 47996.1 

  28.88 1.82 
*
s  15.60 0.98 

s  0.068 1.11 
*
f  0.053 0.50 

f  1.04 0.0048 

Sp  
46.75 for 5

f 10Ra    
39.28 for 2

f 10Ra   
1.91 for 5

f 10Ra     

1.74 for 2
f 10Ra   

 

From Fig. 7.1.5(a), it is seen that the solid phase temperature is faster than the fluid phase 

due to the faster propagation of heat in the solid at the starting period ( 032.0 ). By 

increasing the time to 16.0  and 32.0 , the pore scale temperatures of both solid 

and fluid phases become closer to each other. The volume averaged temperatures (middle 

and bottom cavities of Fig. 7.1.5) also show the same behavior of the pore scale one. It 

should be mentioned that heat conduction equations for the solid and fluid phases are 

solved and that is why no velocity is seen in the results of the volume averaged domains. 
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Fig. 7.1.6 shows the comparison of solid and fluid dimensionless mean temperatures 

( s
m , f

m ) obtained from the pore scale and volume averaged analysis for 2
f 10Ra 

and 510 , respectively. 

 

 
Pore Scale Analysis 

   
Volume averaged Analysis 

Volume averaged temperature for fluid phase f  

   

Volume averaged temperature for solid phase s  

   

(a) (b) (c) 

Fig. 7.1.5 The temperature and velocity distributions of the water in the cells of 

domain with 5
f 10Ra   and the same domain for volume averaged when 068.0s  , 
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06.1s   and 7.46Sp  for three different time steps (a) 0320.0  (b) 1602.0  

(c) 3205.0  

 

A good agreement between the volume averaged and pore scale analysis can also be 

observed proving the correctness of our volume average study. The small differences 

between the pore scale and the volume averaged results may be due to the definition of 

interfacial heat transfer coefficient (Eq. (6.1)) in which the average of local heat transfer 

coefficient both in time and space was considered. A local thermal non-equilibrium for a 

large period at the beginning of the heat transfer process can be seen, supporting the 

comments of the parametric volume averaged study. Large difference in heat 

propagations due to the high value of *
f

*
s /   (i.e. 300) and weak heat exchange 

between the solid and fluid phases causes a local thermal non-equilibrium exist.  

 

  

(a) (b) 

Fig. 7.1.6 The comparison of pore scale and volume averaged results for the 

centerline of the porous media in which voids filled with water for 068.0s  , 

06.1s   (a) 2.39Sp   (for 210fRa )  (b) 7.46Sp  (for 510fRa ) 

 

7.1.2.2 Results for porous media filled with air in cells 

Fig. 7.1.7 shows the temperature and velocity distributions of a closed cell porous media 

when the voids are filled with air for 111.s  , 081.s  , 911.Sp   and 5
f 10Ra  , as 

given in Table 7.1. The value of thermal conductivity ratio ( *
f

*
s /  ) is calculated as 2.09. 

The value of thermal diffusivity ratio takes the attention since it is around 1. Although the 
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Sparrow number is extremely low, a local thermal equilibrium can be expected due to 

almost equal propagation of heat in the solid and fluid.  

 

Fig. 7.1.7 indicates that the propagation of heat in the solid and fluid are the same for the 

solid and fluid phases. This fact can be clearly seen from both pore scale and volume 

average temperature distributions. Fig. 7.1.8 shows the solid and fluid dimensionless 

mean temperatures ( s
m , f

m ) for 52
f 10and10Ra  at the center of the domain for 

different time steps. Almost, a local thermal equilibrium state can be seen from this figure 

both from volume average and pore scale results. 

 

The values of s  and s  are known and the location of the above two cases in the 

local thermal equilibrium map (Fig. 7.1.4) can be found. The location of two cases are 

marked in Fig. 7.1.4(a) for the case of air ( 11.1s  , 08.1s  , 91.1Sp  ) and for the 

case of water ( 068.0s  , 061.s  , 6.48Sp  ). The location of marker for air case is in 

right place validating Fig. 7.1.4. A local thermal equilibrium exists for the case of air due 

to the small values of 09.2/ *
f

*
s   referring to almost identical heat propagation in 

solid and fluid in spite of low value of Sparrow number ( 91.1Sp  ). Similar to the case 

of air, the location of marker for water case is correct, and a local thermal non-equilibrium 

must exist for the water case due to faster propagation of heat in the solid comparing to 

fluid phase ( 300/ *
f

*
s  ). 

 

7.2 Result and discussions for Problem 2 

The mechanism of heat transfer in closed cell cavities with different shapes such as right 

angle porous trapezoidal enclosure, triangular enclosure and even partially opened cavity 

were discussed in literature (Varol et al. (2009) , Oztop et al. (2009) (2011) ). In all of 

those studies there is one Rayleigh number defined based in two temperatures in the 

domain. But, in the closed cell porous media there are two kinds of cavity as pore scale 

cavity and the entire domain cavity. Hence two kinds of Rayleigh number as pore scale 

Rayleigh number and the entire cavity Rayleigh number can be defined. In this study, the 

Rayleigh number (i.e., fRa ) refers to the entire cavity Rayleigh number. 

https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=E2ejQeW84vebGj7Fff5&author_name=Varol,%20Yasin&dais_id=435565&excludeEventConfig=ExcludeIfFromFullRecPage
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Fig. 7.2.1 (a) shows the temperature and velocity distributions of the studied domain for 

9.0  and 3
f 10Ra  at 670.Fo  .  

 

 
Pore Scale Analysis 

   
Volume averaged Analysis 

Volume averaged temperature for fluid phase f  

   

Volume averaged temperature for solid phase s  

   
(a) (b) (c) 

Fig. 7.1.7 The temperature and velocity distributions of air in the cells of domain with 
5

f 10Ra   and for the same domain for volume averaged when 11.1s  , 08.1s   and 

91.1Sp   for three different time steps (a) 0510.0  (b) 1275.0  (c) 

2550.0  
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(a) (b) 

Fig. 7.1.8 The comparison of pore scale and volume averaged results for the 

centerline of the porous media in which voids filled with air for 11.1s  , 08.1s   

(a) 74.1Sp   (for 2
f 10Ra  )  (b)  91.1Sp   (for 5

f 10Ra  ) 

 
Fig. 7.2.1 (b) shows the temperature profile in the center line of the second row in studied 

cavity for different Rayleigh number as 432
f 10,10,10,10,0Ra   at the same time 

step. All temperature profiles overlap each other showing that Rayleigh number does 

not have significant effect on the heat and fluid flow in the present problem when it is 

less than 410 . That is why, the continuity and momentum equations are discarded in the 

pore scale study and only the conduction heat transfer equations for the solid and fluid 

phases are taken into account. 

 

7.2.1 Comparison of Pore scale and volume average results 

In this study many runs were done to validate the VAM results based on the new 

formulation for phase change process assisted with closed cell porous media. 

In general, a good agreement between the VAM and PSM was observed. In this section, 

two examples of the preformed studies are presented. Fig.7.2.2 shows the temperature 

distributions of PSM and VAM for the closed cell porous media when 9.0  and 

1Ste   for the pore scale analysis and 35Sp  , ,668r  and 1Ste   for the 

volume average equations. These figures represent the temperature distributions for the 
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solid and liquid phases at the different dimensionless time of 13.0Fo  , 34.0Fo   

and 67.0Fo  . For the Fig. 7.2.2(a), the melting is rapid in the first column while in the 

last column no melting can be observed. By increasing time, the melted area expands and 

the melting fraction increases in the cavity. High speed heat propagation in the solid phase 

(frame) can be seen clearly in dimensionless time steps of 13.0Fo  , 34.0Fo  . Fig. 

7.2.2 (b) shows the results of VAM for the solid and liquid phases. The domain is 

continuous since the independent parameters are integrated over the whole domain. The 

temperature increases by passing time in both solid and fluid phases, however it seems 

the heat transfer in the solid phase is the faster compared to the fluid phase. In order to 

show the consistence of the PCM and VAM results, Fig. 7.2.2(c) is presented in which 

the temperature profiles in the middle line of the cavity ( 5.0Y*  ) for the solid and 

fluid phases at the same time step are plotted. The cell average of temperatures calculated 

from PSM results is also shown in the same figure. At the initial stages the heat transfer 

in the solid phase is the faster, however the temperatures become equilibrium at the end 

of melting process. 

 

 

 

 

 
(a) 

 
(b) 

Fig. 7.2.1 Domination of heat conduction for the phase change in a closed cell porous 

medium (a) Temperature and velocity distributions for 3
f 10Ra   in cavity with 

9.0 . (b) The temperature profile in the center line of the second row of cavity for 

four different values of Ra number at 67.0Fo   
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The same comparisons between the pore scale and volume average results under the same 

condition of Fig. 7.2.2 but for porosity of 0.7 is shown in Fig. 7.2.3. Good agreement 

between the PSM and VAM can be observed when 7.0 . The values of the Sparrow 

number and thermal diffusivity ratio for the volume average equations are 17 and 668, 

respectively. The melting period is shorter due to the larger amount of solid phase 

distributed in the entire domain. The faster heat transfer in the solid phase in initial stages 

can be observed more clearly due to the increase of cross section of the solid frame and 

reduction of thermal resistance in the solid phase. 

 

 
13.0Fo   34.0Fo   67.0Fo   

   
Pore scale 

   
fluid phase 

   
solid phase 

Volume Average 
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Temperature profiles 

Fig. 7.2.2 The comparisons of the pore scale and volume average temperatures of 

solid and fluid phases at different time steps with 9.0  and 1Ste   for the pore 

scale equations and 35Sp  , 668r   and 1Ste   for the volume average 

equations 

 

Both Fig.7.2.2 and 7.2.3 show the good agreement between PSM and VAM results 

proving the validation of VAM for analyzing of heat and fluid flow for melting in the 

closed cell porous media.  

 

The comparisons of melting fraction of PSM and VAM approaches for the three different 

porosities shown in Fig. 7.2.4. The melting fraction is shown in two diagrams both for 

the dimensional and dimensionless time. In both figures, a good agreement between the 

VAM and PSM can be seen. It should be mentioned that the melting fraction curves in 

Fig. 7.2.4(a) are different since the closed cell porous media with 7.0  has more metal 

amount compared to the porous media with 9.0 . 

 

 
22.0Fo   43.0Fo   65.0Fo   
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Pore scale 

   
fluid phase 

   
solid phase 

Volume average 

   
Temperature profiles 

Fig. 7.2.3 The comparisons of the pore scale and volume average temperatures of 

solid and fluid phases at different time steps for 7.0  and 1Ste   for pore scale 

equations, and 17Sp  , 668r   and 1Ste   for the volume average equations 

 

However for the Fig. 7.2.4(b), the curves overlap each other since the value of 668r   

and 1Ste   are the same for three cases and the values of Sp  are close to each other 

for three cases ( 17Sp  , 22Sp  , 35Sp  ) .   
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Fig. 7.2.4 Comparisons of the melting fraction between the pore scale and volume 

average results for three different porosities as 9.0,8.0,7.0  when 1Ste   

 

7.2.2 Effective thermal conductivity and local Sparrow number  

Effective thermal conductivity and interfacial heat transfer coefficient are two parameters 

which should be known to obtain the VAM results shown in the previous section. The 

change of effective thermal conductivity and the effective porosity is calculated and 

shown in Fig.7.2.5 for the different porosity value when 0093.0k/k sf   for the cavity 

with no melted PCM and 0026.0k/k sf   for the cavity with melted PCM. There is 

small differences between effk  and *  of melted PCM (water) and no melted PCM (ice) 

cavities. The value of effk  decreases with the increase of porosity due to the decreasing 

of metal amount while the value of *  increases. It should be mentioned that f,effk  and 

s,effk  are calculated in terms of effk  and *  by using Eqs (4.11) and (4.12). 

The interfacial heat transfer coefficient is an important parameter in the volume average 

method, unfortunately the number of studies on the interfacial heat transfer coefficient 

for the closed cell porous media is limited (Wang et al. (2019)). 

In this study, the value of the interfacial heat transfer coefficient is determined from the 

pore scale results and used for calculation of the Sparrow number. Fig. 7.2.6 shows one 

sample of the obtained diagrams in which the change of local heat transfer coefficient 

with dimensionless time for 9.0 , 1Ste  and 668r   for five different columns 

of the pore scale cavity is drawn. 



86 

 

 

 
Fig. 7.2.5 The change of effective thermal conductivity 

and effective porosity with the different porosity for ice 

and water 

 

 

 
Fig. 7.2.6 The change of local heat transfer coefficient and Sparrow number for five 

different columns of the pore scale cavity when 1Ste   and 668r   

 

As can be seen from the figure, the interfacial heat transfer coefficient is not constant 

during the melting process and it changes by time. If the change of interfacial heat transfer 

coefficient with time for the second column is only considered, three different regions 

can be observed as no melted region (pure conduction heat transfer) in which the value 
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of vh  is almost constant, slurry region in which the value of vh  suddenly increases due 

to the phase change and then it decreases by the melting of PCM and finally fully melted 

region in which the value of vh  refers to the single phase pure convective heat transfer 

and the value of vh  is constant. Furthermore, the change rate of vh  not only depends 

on time but also varies with the location of cells. For the closest cell to the hot wall, the 

value of vh  rapidly increases and decreases while for the last cell the increase or 

decrease rate of vh  is the slower. The change trend of vh  with time is almost the same 

for all cells however a time lag exists between different columns. The increase of vh  in 

the first column is observed just after starting of the melting period while after a long time 

lag the same trend is seen for the last column. The final value of vh  is very close to each 

other after the melting process in the entire PCM referring to the value of vh  for the 

pure convective heat transfer. 

As it can be seen, the change of vh  with dimensionless time is complicated to be 

formulized, however in this study the time and space average value of vh  is calculated 

and used in the volume average energy equations for the solid and fluid phases. The good 

agreement between the volume average and pore scale results is shown in the previous 

section proving that the time and space average of vh  provides sufficiently accurate 

volume average results.  

 

7.2.3 Analysis of local thermal equilibrium and non-equilibrium assumptions 

In this section, a parametric study is performed to investigate the effects of three 

dimensionless parameters as r , Ste  and Sp  on the local thermal equilibrium state. 

The volume average equations (Eqs. 5.29 and 5.30) are solved for different values of three 

dimensionless parameters in the range of  5001 r   , 500Sp1   and 

3.0Ste   and 1 .  

Fig. 7.2.7 shows the change of the volume average temperatures for the solid and fluid 

phases with 500r   and 500,100,10,1Sp   when 1Ste  . Fig. 7.2.7 (a) 
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shows the volume average solid and fluid temperature profiles at 5.0Y*   when 

500r   and 1Sp   for  different time steps as 68.1,67.0Fo   and 08.2 . In this 

study a parameter as   ( fs
  ) is defined to show the level of local thermal 

equilibrium. As it can be seen, there is big difference between s
 and f

 showing an 

obvious local thermal non-equilibrium condition. In the same Figure (Fig. 7.2.7 (a)), the 

change of   for three different time is shown. The maximum difference between s


and f
 belongs to the initial stage ( 67.0Fo  ). By increasing of time, the degree of 

local thermal non-equilibrium also decreases. The main reason of the high degree of local 

thermal non-equilibrium in Fig. 7.2.7 (a) is the considerable high speed of heat 

propagation in the solid phase compared to the fluid phase due to high value of thermal 

diffusivity ratio ( 500r  ) and the convection thermal resistance between the solid 

and fluid phases due to low value of Sparrow number ( 1Sp ). The same diagram of Fig. 

7.2.7 (a) is plotted for the same value of r  (i.e., 500r  ) and 10Sp   and  

presented in Fig.11(b). As it can be seen, still a local thermal non-equilibrium state 

between the solid and fluid phases and the same trend of variation of s
 and f

 exist, 

however the values of   become smaller compared to Fig. 7.2.7 (a). The increase of 

Sparrow number increases the heat interaction between the solid and fluid phases and that 

is why the degree of local thermal non-equilibrium becomes smaller. The Fig. 7.2.7 (c) 

and 7.2.7 (d) show the change between s
 and f

  and also   in three different time 

steps of the same thermal diffusivity ratio when 100Sp   and 500 , respectively. By 

increasing the value of Sparrow number, the maximum value of   becomes the smaller 

and its value is 0.3 for 300Sp   when 27.0F0   and 1.0  for 500Sp  when 

07.0F0  . As it can be seen from Fig. 7.2.7, a perfect local thermal equilibrium can be 

observed for 500Sp  in the entire melting period. Fig. 7.2.7 clearly shows that Sparrow 

number plays an important role on the melting process and by increase of value of 

Sparrow number, a local thermal equilibrium can be achieved.  

The same runs for different values of r  as 1.7, 10, 100 and 300 are done and based 

on the definition of local thermal equilibrium condition given by Eq. (6.5), a chart is  
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obtained and shown in Fig. 7.2.8 when 1Ste  . This chart clearly shows the effects of 

thermal diffusivity ratio and sparrow number. 

 

  
(a) Sp = 1 

  
(b) Sp = 10 

  
(c) Sp = 100 
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(d) Sp = 500 

Fig. 7.2.7 The change of the solid and fluid volume average temperatures and   for 

different values of Sparrow number when 500r  and 1Ste   

 

By decreasing of the value of r  the possibility of the local thermal equilibrium 

increases since the rate of propagation of heat in the solid and fluid phases becomes closer 

to each other. Similarly, the local thermal equilibrium can exist for the high value of 

Sparrow number such as 500Sp  . 

 

 
Fig. 7.2.8 Local thermal equilibrium condition in terms of different values of Sparrow 

number and thermal diffusivity ratio when 1Ste   

 

7.2.4 Validation of the thermal equilibrium condition chart  
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As it can be seen from the chart of Fig. 7.2.8, the regions for the local thermal equilibrium 

and non-equilibrium can be separated. A pore scale study is performed to support and to 

validate the results of chart presented in Fig. 7.2.8. The pore scale results for Case 1 (Ti-

6Al-4V-water) and Case 2 (Al 2024-T6-water) are obtained. The thermophysical 

properties of the two metals are given in Table 7.2. Before doing the pore scale study, the 

interfacial heat transfer coefficient can be calculated roughly from the study of Wang et 

al. (2019). The values of vh  are calculated as Km/W53917 3 and Km/W180226 3  

for the Case 1 and Case 2. Based on these values of interfacial heat transfer coefficients, 

the values of Sparrow number for the Case 1 and 2 are calculated as 367Sp  and 

18Sp  , respectively. Furthermore, the values of thermal diffusivity ratio for the Case 

1 and Case 2 are 22r   and 499r  .The positions of two studied cases are 

shown in Fig. 7.2.8. It can be clearly seen that Case 1 is in the local thermal equilibrium 

region while Case 2 is in the local thermal non-equilibrium region.  

Fig. 7.2.9 shows that the pore scale results for the studied cases. The pore scale results 

for two cases are obtained and shown in Fig. 7.2.9 (a) and 7.2.9 (b). Fig. 7.2.9 (a) shows 

the temperature distribution and temperature profile of the solid and fluid phases at 

5.0Y *   for Case 1 at 15.0Fo  and Fig. 7.2.9 (b) shows the same temperature 

distribution and temperature profiles at 5.0Y*   for the Case 2 at 36.0Fo  . A clear 

local thermal non-equilibrium can be seen for Case 1 while a perfect thermal equilibrium 

exists for Case 2. These two examples validate the presented results in the chart of Fig. 

7.2.8 and show that just knowing of Sparrow number and thermal diffusivity ratio may 

be sufficient to determine the state of local thermal equilibrium for phase change in a 

closed cell porous medium in which melting occurs. 

 

7.3 Result and discussions Problem 3  

7.3.1 Comparison of pore scale and volume average results 

As it was mentioned before, the PCM is water and the solid frame is aluminum 3D LMF 

in the present study. In order to determine the volume average solid and fluid temperatures, 

the values of permeability, the effective thermal conductivity for the solid and fluid 

phases and also interfacial heat transfer coefficient should be known. 
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(a) 

 

 
(b) 

Fig. 7.2.9 Temperature distribution and temperature profile at 5.0Y*  , 

(a)Case 1, 15.0Fo   (b) Case 2, 36.0Fo   

 

These values are obtained in this study based on the pore scale results. Discussion on the 

values of permeability, effective thermal conductivity and interfacial heat transfer 

coefficient is given in the next section.  

Fig.7.3.1 shows the pore scale and volume average solid and fluid temperature 

distributions in the domain for 3D LMF with porosity of 9.0  at different time step 

when 1Ra  . As it can be seen from the figure, the ice melts through 3D LMF by time. 

 

Table 7.2 The thermophysical parameters of the porous media for Case 1 and 2 
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Parameters Case 1 Case 2 

W/mK)(k  7.6 177 

)kg/m( 3  4420 2780 
K) kg J/(Cp  537 875 

W/mK)(keff  0.779 87.69 

K) m J/(C 3  2373540 2432500 

  0.659 1.98 

  0.068 0.72 

/s)m( 2  9.61 2.74 

  0.9 0.5 

 

Heat transfer through the solid frame is faster than heat transfer through PCM since the 

solid frame thermal conductivity and diffusivity are higher. The high speed of heat 

propagation in the solid frame can be easily seen by comparison of the volume average 

temperature distributions of PCM and solid frame. A good agreement between the pore 

scale and volume average results can also be observed.    

In order to have concrete comparison between the pore scale and volume average results, 

the temperature profiles in the center line of pore scale cavity and also volume average 

cavities ( 0.5*  , 0.5Z*  , 1X0 *  ) are plotted and shown in Fig. 7.3.2 for the 

same melting fraction shown in Fig. 7.3.1. 

 

Pore scale 

   

 

Volume average (PCM) 
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Volume average (Solid Frame) 

   
25.0MF  ( 0052.0Fo  ) 5.0MF  ( 017.0Fo  ) 75.0MF  ( 033.0Fo  )  

Fig. 7.3.1 The comparison of temperature distributions between the pore scale and 

volume average results when 1Ra   at three different melting fractions 

 

A good agreement between the pore scale and volume average results for the solid and 

fluid phases can be seen proving that volume average approach can represent a melting 

process in the studied 3D LMF. In all of these figures, it is seen that the solid temperature 

is above or equal the fluid temperature. Fig. 7.3.2 clearly shows that a local thermal non-

equilibrium condition exists in the region under melting. Hence, the use of the two 

temperatures model (solid and fluid temperatures) for obtaining the volume averaged 

results is unavoidable. By increasing of the melting ratio and time, the fluid temperature 

approaches to the solid temperatures and a local thermal equilibrium occurs in wide 

region of the cavity as can be seen from temperature profile of 75.0MF  . 

 

Fig. 7.3.3 shows the pore scale and volume average temperature for the same parameters 

of Fig. 7.3.1, except Rayleigh number which is 106. The convection effect can be seen if 

Figs. 7.3.1 and 7.3.3 are compared. A good agreement between the pore scale and volume 

average results can also be seen for 610Ra   . If the temperature distributions of the PCM 

and solid frame are compared, it seems that the PCM temperature is higher than frame 

temperature in the middle and top regions for 5.0MF   and 75.0MF  . The volume 
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average of fluid temperature may be higher than solid temperature due to strong 

convection heat transfer and a reverse heat transfer from fluid to the solid may exists. 

 

   
25.0MF  ( 0052.0Fo  ) 5.0MF  ( 017.0Fo  ) 75.0MF  ( 033.0Fo  ) 

Fig. 7.3.2 The comparison of temperature profile between the pore scale and volume 

average approaches at 0.5*  , 0.5Z*  , 1X0 *   when 1Ra   

 

In order to understand the mechanism of heat transfer in the middle and top regions of the 

cavity, the temperature profiles of the cells in the middle line ( 0.5*  , 0.5Z*  , 

1X0 *  ) and top line ( 0.9*  , 0.5Z*  , 1X0 *  ) of the cavities are plotted and 

presented in Figs. 7.3.4 and 7.3.5. 

 

Pore scale 

   

 

 

 

Volume average (PCM) 

   
Volume average (Solid Frame) 
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25.0MF  ( 0054.0Fo  ) 5.0MF  ( 017.0Fo  ) 75.0MF  ( 035.0Fo  )  

Fig. 7.3.3 The pore scale velocity and temperature distributions of the cavity with 
610Ra   at three different melting fractions 

 

As expected, at the initial stages, the solid frame temperature is considerably higher the 

PCM temperature. However, by increasing of melting ratio and the occurrence of free 

space for motion of the melted PCM, the situation changes. Fig. 7.3.4 shows that when 

the melting fraction is 0.6 and 0.75 (i.e., 6.0MF   and 75.0MF  ), the fluid 

temperature in the middle of cavity is higher than solid temperature and the heat may flow 

from the solid to the fluid. This fact can be seen from the results of both pore scale and 

volume average approaches.  

 

   
25.0MF  ( 0054.0Fo  ) 6.0MF  ( 025.0Fo  ) 75.0MF  ( 035.0Fo  ) 

Fig. 7.3.4 The comparison of temperature profiles between the pore scale and volume 

average when 610Ra    at the center line of cavity ( 0.5*  , 0.5Z*  , 1X0 *  ) 

 

More clear reverse heat transfer can be seen if the same temperature profile is plotted for 

the top region of the cavity. Convection in the top region of the cavity is stronger and the 

fluid temperature may be much more above the solid temperature. Again, the solid 

temperature is lower than the fluid temperature in the initial stage, however by increasing 

of time, the fluid temperature becomes higher than the solid temperature even at the cell 
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of 25.0MF   for both volume average and pore scale results. By further increase of time, 

the convection becomes stronger (since further free space occurring for the motion of 

melted PCM). Almost in the half part of the top region, the fluid temperature is higher 

than solid and a reverse heat transfer exists. The comparison of Fig. 7.3.1 (for 1Ra  ) and 

Figs. 7.3.4 and 7.3.5 (for 610Ra  ) clearly shows the effect of the convection on the 

mechanism of heat transfer in the cavity and proves a reverse heat transfer in the middle 

and top regions of the cavity when the convection is strong. 

  

7.3.2 Determination of the volume average transport parameters using pore scale 

results  

In order to obtain the volume average results, the volume average transport parameters 

which are permeability, effective thermal conductivity for the solid and fluid, and 

interfacial heat transfer coefficient for the present PCM-3D LMF should be known. 

Precise value of these parameters yields precise results. The definition of these parameters 

are explained in the section 5 and the obtained values for the volume averaged parameters 

are explained in this section.   

   
25.0MF  ( 00540.Fo  ) 5.0MF  ( 017.0Fo  ) 6.0MF  ( 025.0Fo  ) 

Fig. 7.3.5 The comparison of temperature distributions between pore scale and 

volume average when 610Ra   at the top row of cavity ( 0.9*  , 0.5Z*  , 

1X0 *  ) 

 

7.3.2.1 Permeability and inertia coefficient 

The continuity and momentum equations are solved for a unit cell of 3D LMF and also 

for the different inlet velocities. The change of the dimensionless pressure drop with pore 

scale Reynolds number is plotted in Fig. 7.3.6. The values of permeability and inertia 
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coefficient are obtained as 27 m1013.5   and 0246.0  from the obtained diagram (for 

details see Ozgumus et al. (2014) and Celik et al. (2019)). Our numerical results showed 

that the pore scale Reynolds number is less than 100 for the all cases of this study (i.e. 

100Re  ) , hence the Forchheimer term is not included into the volume average 

momentum equation.  

 
Fig. 7.3.6 The change of dimensionless pressure with pore scale Reynolds number for 

a unit cell of 3D LMF 

 

7.3.2.2 Effective stagnant thermal conductivity of the solid and fluid phases  

The effective stagnant thermal conductive for solid (i.e., frame) and fluid (i.e., PCM) 

phases can be found by solving the heat conduction equation for a unit cell as explained 

in the section 6. The change of effective thermal conductivity and the effective porosity 

with the porosity value for the studied 3D LMF are calculated and shown in Fig. 7.3.7 for 

pure ice with 7.107k/k fs   and also for the pure water with 5.388k/k fs  . The 

ratio of effective stagnant thermal conductivity to thermal conductivity of PCM decreases 

by increasing the value of porosity due to the decreasing of metal amount while the value 

of  *  increases. For our problem, the values of feff k/k  are found as 16.74 for water 

and 19.39 for ice , respectively and * is 0.96. Based on these values, the stagnant 

thermal conductivity for the ice and water are found as mK/W2.34  and mK/W56.0  

by using Eqs. (4.11) (Wang and Mobedi (2019)).   

 

7.3.2.3 Interfacial heat transfer coefficient 

One of the important parameters requiring for the volume average analysis is the 

interfacial heat transfer coefficient. Determination method of the interfacial heat transfer 

coefficient employed in this study is explained in the section 6. Fig. 7.3.8(a) shows the 
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change of interfacial heat transfer rate between the solid frame and PCM and also the 

temperature difference of the solid frame and PCM in the center cell of the cavity when 

1Ra  . 

 
Fig. 7.3.7 The change of feff k/k  and  *  with  porosity for the studied 3D LMF 

 

For the melting period, the heat transfer rate between the solid frame and PCM is very 

high and a big difference between the solid frame and PCM temperatures exists. After the 

melting period, the heat transfer rate decreases since just fluid is circulated in the cavity. 

The local instant Nusselt number is also calculated by Eq. (6.7) and (6.10), and plotted in 

Fig.7.3.8(b). The value of )Fo(uN v  is very small and it increases dramatically during 

melting (considering latent heat of PCM) and it becomes constant after the fully melting 

since only the fluid is circulated  in the cell under the natural convection.   

The conditions of Fig. 7.3.9 is the same with Fig. 7.3.8, except Rayleigh number which 

is 610 . By increasing of Rayleigh number value, the convection effect in the cavity 

increases. Due to the strong convection effect, the behavior of volume average 

temperatures and interfacial heat rate between the solid frame and PCM, and local instant 

Nusselt number for the center cell completely change if Fig. 7.3.9 is compared with Fig. 

7.3.8. 

The temperature difference between solid frame and PCM, and also heat transfer rate 

between them is high during the melting process, but after finishing of the melting process, 

the heat transfer rate becomes negative and the PCM temperature in the cell becomes 

greater than solid frame temperature, that is why fs TT   takes negative value. Higher 

temperature of PCM in the cell can also be observed from the temperature distribution of 

the center cell shown in Fig. 7.3.9. 
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This is an interesting result shows that after melting, the temperature of the PCM under 

strong convection becomes greater than solid frame touching ice in the neighbor cell. But 

this situation does not continue for long time since the melting front moves and the solid 

PCM region becomes far from the center cell and again the solid frame temperature 

becomes greater than PCM temperature. Our numerical observation shows that the 

change of sign of heat transfer rate and volume average temperature does not occur 

simultaneously. There is small time lag causing the appearance of two discontinuity 

regions in the variation of )Fo(uN v  with time as seen in Fig. 7.3.9 (b). The same 

changes of fs TT  and )Fo(uN v were also observed for the cells  in the top region 

for high Rayleigh number.   

 

 
 

(a) (b) 

Fig.7.3.8 The change of volume average temperature difference, interfacial heat rate 

and local instant Nusselt number in the center cell of cavity during melting process 

when 1Ra  , a) volume average temperature difference and heat transfer rate assisted 

with temperature distributions in the center cell, b) local instant interfacial Nusselt 

number 
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7.3.3 Accuracy of the reported interfacial heat transfer correlations 

The change of local instant Nusselt number with time of Figs. 7.3.8 and 7.3.9 is obtained 

from the pore scale results. However, in many volume average studies the suggested 

correlations in literature are used. Hence, it might be useful to compare the local Nusselt 

number of the present study with correlations suggested in literature for the phase change 

in porous media.  

Table 7.3 shows the list of some correlations by researchers in the literature. All of these 

correlations are suggested for the single phase flow (liquid or gas) but they are used by 

researchers for the melting/freezing process of the PCM in porous media. The first 

equation was originally suggested by Zhukauskas (1972) and Calmidi and Mahajan 

(2000) applied it to the exchange of heat transfer between fluid and solid for a metal foam. 

As it can be seen, it is valid when the pore scale Reynolds number is greater than 1. Our 

numerical results showed that  the value of pore scale Reynolds number changes 

 

 
 

(a) (b) 

Fig. 7.3.9 The change of volume average temperature difference, interfacial heat rate 

and local instant Nusselt number in the center cell of the cavity during melting 

process when 610Ra  , a) volume average temperature difference and heat transfer 

rate assisted with temperature distributions in the center cell, b) local instant 

interfacial Nusselt number 
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between -19102.26   and -61028.6    for the cavity with 1Ra   and -13102.17   

and 3.07  for the cavity with 610Ra  . Hence, the use of this correlation may not be 

suitable for phase change in a cavity assisted with a 3D LMF. The other three correlations 

(Churchill and Chu (1975) and Yao et al. (2018)) are used for solving the volume average 

governing equations (Eqs.4.17-4.20) for the present problem. Among them, the 

correlation of Yao et al. (2018) cannot be used for the cavity with high Ra number (for 

instance 610Ra  ) since they limited the validation of their correlation to 1Re  .  

 

Fig. 7.3.10 shows the comparison of the pore scale Nusselt number of the center cell and 

the Nusselt number calculated by the suggested correlations. It is obtained from the 

volume average temperature difference between the PCM and solid frame in the center 

cell during the melting process. Fig. 7.3.10 (a) shows the comparison for 1Ra  . As it 

can be seen, the value of )Fo(uN v of the reported correlations by Churchill and Chu 

(1975) is not far from the pore scale results except the initial stage (which is the melting 

stage). However, a big difference exists between our results with Yao et al. (2018). The 

value of )Fo(uN v of the present study is higher than the values of correlations. A big 

difference can be seen during the initial stage which is the melting stage. Due to high 

value of the latent heat and small change of fluid temperature during the melting period, 

)Fo(uN v takes large value. It takes constant value after fully melted since only natural 

convection exists. 

Table 7.3 The interfacial Nusselt number used by researchers 

Zhukauskas (1972) 

(Improved by Calmidi and 

Mahjan (2000)) 
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convection exists in the cell. The same behavior can also be seen for the cavity with 
610Ra  . In addition to the big difference in the initial stage, the discontinuity of 

)Fo(uN v is another difference that cannot be observed by the correlation suggested in 

literature.  

The volume average equations (Eqs.4.17-4.20) are solved by using the correlations 

suggested in literature. Fig. 7.3.11 compares the obtained results of the present study and 

the results based on the correlations of Table 7.3. 
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(a) 

 
(b) 

Fig. 7.3.10 The comparison of local instant Nusselt number obtained in the present 

study with correlations in literature for the center cell during the melting process, a) 

1Ra  , b) 610Ra   

 

It shows the temperature profile at the center line of the cavity from the hot to the end 

wall ( 0.5*  , 0.5Z*  , 1X0 *  ) for two different Rayleigh numbers. The pore 

scale results are also shown in this figure. For Ra = 1, there is no big difference between 

our pore scale and volume average results with the results of two correlations suggested 

by Churchill and Chu (1975).  However, it is a big difference between our results with 

the results of correlation suggested by Yao et al. (2018). The same behavior is valid for 
610Ra  . Good agreement between our results and the results based on correlation of 

Churchill and Chu (1975) can be observed.  
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25.0MF  ( 0052.0Fo  ) 5.0MF  ( 017.0Fo  ) 75.0MF  ( 033.0Fo  ) 

 (a)  

   

25.0MF  ( 0054.0Fo  ) 55.0MF  ( 021.0Fo  ) 75.0MF  ( 035.0Fo  ) 

 (b)  

Fig. 7.3.11 The comparison of temperature profile between our results and correlation 

results at the middle row of cavity ( 0.5*  , 0.5Z*  , 1X0 *  ), a) 1Ra  , b) 
610Ra   

 



106 

 

Chapter 8 

Conclusions 
 

In general, the present study caught the aims of the study,  

- The results of the pore scale and volume average methods are compared for two 

kinds of the porous media as closed cell porous media and open cell porous media. 

It has been done both for the single phase and also solid/liquid phase change 

problems. Good agreement between the pore scale and volume average methods was 

observed for the both problems showing that volume average method can provide 

sufficient correct results. Particularly, the second problem which is phase change in 

the closed cell porous media took the attentions of researchers in the conference and 

also attentions of the reviewers.  

- For separation of local thermal equilibrium and local thermal non-equilibrium states, 

charts for the problems of 2D closed cell porous media are established in terms of 

effective thermal diffusivity ratio, Sparrow number and Stefan number. The 

accuracy of the established chart is proved by giving two real examples. To the best 

of our knowledge, this is the first time these charts are reported to the literature.  

- A special attention was given to the interfacial heat transfer coefficient. It was 

observed that interfacial heat transfer coefficient is not constant during the melting 

process and at the beginning the value of interfacial heat transfer coefficient reaches 

to a maximum point and the decreases to the value of interfacial heat transfer 

coefficient of single phase. However, the space and time average of the heat transfer 

coefficient is sufficient to obtain the volume average results. Unfortunately, no 

correlation for interfacial heat transfer coefficient in the closed cell porous media 

was found, that is why no comparison could be done with literature. But, this 

comparison was done in problem 3 and it was found that the results of some 

correlations are far from the pore scale results which are accurate.     

 

In this Chapter, the conclusions of three studies done on three problems are summarized 

separately based on the obtained results discussed in Chapter 7.  
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Problem 1 

A numerical study on the local thermal non-equilibrium state for the transient heat transfer 

through the closed cell porous media is performed. Based on the obtained results and 

performed discussions, the following remarks can be concluded.  

- If the governing equations are non-dimensionalized according to the equilibrium 

thermal diffusivity, the dimensionless parameters as porosity, the solid and fluid 

thermal diffusivities and thermal capacitance ratio and Sparrow number are obtained. 

Sparrow number appears automatically showing it is a governing parameter. 

- Two relations between the dimensionless solid and fluid thermal diffusivity and 

thermal capacitance are found resulting in the decrease of dimensionless governing 

parameters.  

- The Sparrow number is interpreted as the ratio of conduction to convection thermal 

resistance through the porous media. High value of Sparrow number (such as 

1000Sp     referring to the higher convection in the pores compared to heat 

conduction through the porous media while low values ( 50Sp    refers to a large 

convection resistance in the pores and consequently a weak heat exchange between 

the solid and fluid phases.  

- When the value of Sparrow number is low (such as 50 , a local thermal non-

equilibrium heat transfer occurs for the cases in which the thermal diffusivity ratio is 

considerably greater or smaller than 1 (such as 100 or 0.01 . A local thermal 

equilibrium independent of the value of Sparrow number exists if the thermal 

diffusivity ratio is around 1. 

- For high values of Sparrow number (such as 500 , a local thermal equilibrium state is 

observed for the all studied parameters due to the considerable heat exchange between 

the solid and fluid phases.    

- The results of parametric study are supported by the pore scale of two real cases of 

closed cell porous media. For closed cell porous media when the solid is aluminum 

and working fluid is water, a local thermal non-equilibrium is seen due to large value 

of thermal diffusivity ratio ( 300/ *
f

*
s    and small Sparrow number ( 38Sp   . 
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For the closed cell porous media with air a local thermal equilibrium is observed 

because almost the same propagation of heat in the solid and fluid ( 2/ *
f

*
s   . 

 

Problem 2 

A new formulation is suggested in terms of Sparrow number. Both the pore scale and 

volume average equations are solved and the obtained results are compared to validate 

the suggested volume average formulations. Based on the obtained results following 

remarks can be concluded.  

-  The good agreement between the pore scale and volume average results shows the 

suggested volume average formulation can represent heat transfer during the melting of 

PCM in a porous medium.  

- The suggested formulation is based on three dimensionless parameters as the Stefan 

number, thermal diffusivity ratio and Sparrow number. Sparrow number plays an 

important role on heat transfer between the solid and fluid phases and appears 

automatically if the dimensionless governing equations are derived by using equilibrium 

thermal diffusivity. 

- Based on the pore scale results, the interfacial heat transfer coefficient is not constant 

during the phase change process. During the phase change process, the interfacial heat 

transfer coefficient takes the maximum value and it becomes almost constant after the 

phase change in the cells. However, the time and space average of the interfacial heat 

transfer coefficient can be used in the volume average equations to provide sufficiently 

accurate volume average results. 

- The Sparrow number and thermal diffusivity ratio are used and a thermal equilibrium 

condition chart is established to predict the local thermal equilibrium state of the phase 

change process, if the values of Sparrow number and thermal diffusivity ratio are known.  

- The established local thermal equilibrium chart is validated by giving two examples of 

different closed cell porous media having different sparrow number and thermal 

diffusivity ratio. The obtained pore scale results validated the suggested thermal 

equilibrium chart. 

- It is found that the possibility of local thermal non-equilibrium is high for the low values 

of Sparrow number (such as 1Sp    and high values of thermal diffusivity ratio (such as 
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500r   .  

 

Problem 3 

Based on the obtained results of present study, the following remarks can be concluded,  

- The pore scale and volume average governing equations are solved for the phase 

change in the 3D LMF cavity and a good agreement is observed between their results.  

- The pore scale governing equations are solved for the single phase in a representative 

cell and the values of the effective thermal conductivity for the PCM and solid frame, 

permeability and interfacial heat transfer coefficient are calculated successfully.   

- The change of interfacial heat transfer coefficient during melting process are obtained 

by using pore scale results. For the initial stage (melting period , the interfacial heat 

transfer coefficient takes high values however for the fully melted period, it becomes 

constant since only natural convection condition of heat transfer exists in the cells.  

- For the high values of Rayleigh number, a reverse heat transfer from fluid PCM to 

solid frame is observed in the center and top cells due to the strong convection. Pore 

scale and volume average results showed that the fluid temperature becomes higher 

than the solid temperature. However, when the melting front moves away from the 

considered cell, the reverse heat transfer disappears.  

- The sign of heat transfer and temperature difference between the solid frame and fluid 

do not change simultaneously and this causes the appearance of two discontinuities 

for the local instant interfacial Nusselt number.  

- The volume average results for the correlations by researchers in literature are also 

obtained and compared with the pore scale of this study. It is observed that for wide 

values of Rayleigh number ( 610Ra1   , there is no big difference between our pore 

scale and volume average results and the results based on the Churchill and Chu 

correlations. 

 

Future works 

The study should be continued and the same separation charts found for the closed cell 

porous media should be determined for the open cell porous media. Although the number 

of governing parameters is many but the possibility of the combining of some governing 
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parameters and reducing the total number of the governing parameters is possible. By this 

way, before starting a numerical method it is possible to determine the governing 

parameters and decide whether solid/liquid phase change is local thermal equilibrium for 

3D problem or not. Furthermore, the studies on the interfacial heat transfer coefficient for 

the solid/liquid phase change should be continued. The interfacial heat transfer coefficient 

should be found from the pore scale results and it should be compared with available 

correlation in literature for different values of the governing parameters and a general 

correlation should be suggested to the literature.    



111 

 

REFERENCES 
 
A. Amiri and K. Vafai, Analysis of dispersion effects and non-thermal equilibrium, non- 
Darcian, variable porosity incompressible flow through porous media, International 
Journal of Heat and Fluid Flow 37 (6) (1994) 939-954. 
 
A. Arbak, N. Dukhan, Ö.Bagcı, M. Özdemir, Influence of pore density on thermal 
development in open-cell metal foam, Experimental Thermal and Fluid Science 86 
(2017) 180-188. 
 
A. Ejlali, A. Ejlali, K. Hooman, H. Gurgenci, Application of high porosity metal foams 
as air-cooled heat exchangers to high heat load removal systems, International 
Communications in Heat and Mass Transfer 36 (2009) 674–679. 
 
A.G. Agwu Nnanna, A. Haji-Sheikh, Kendall T. Harris, Experimental study of local 
thermal non-equilibrium phenomena during phase change in porous media, 
International Journal of Heat and Mass Transfer 7 (2004) 4365-4375. 
 
A. Haji-Sheikh and W.J. Minkowycz, Heat transfer analysis under local thermal non-
equilibrium conditions, Emerging Topics in Heat and Mass Transfer in Porous Media 
(2008) 39-62. 
 
A. Kuma, S. K. Saha, Energy and exergy analyses of medium temperature latent heat 
thermal storage with high porosity metal matrix, Applied Thermal Engineering 109 
(2016) 911–923. 
 
A. Pourakabar, A. Ali R. Darzi, Enhancement of phase change rate of PCM in 
cylindrical thermal energy storage, Applied Thermal Engineering 150 (2019) 132–142. 
 
A. Shahsavar, A. A.A.A. Al-Rashed, S. Entezari, P. T. Sardari, Melting and 
solidification characteristics of a double-pipe latent heat storage system with sinusoidal 
wavy channels embedded in a porous medium, Energy 171 (2019) 751-769. 
 
A. Zhukauskas, Heat transfer from tubes in cross flow, Advances in Heat Transfer. 
Academic, New York (1972). 
 

https://www.sciencedirect.com/science/journal/0142727X
https://www.sciencedirect.com/science/journal/0142727X


112 

 

B. Alazmi and K. Vafai, Constant wall heat flux boundary conditions in porous media 
under local thermal non-equilibrium conditions, International Journal of Heat and Mass 
Transfer 45 (2002) 3071-3087. 
 
B. Buonomo, D. Ercole, O. Manca and S. Nardini, Thermal behaviors of latent thermal 
energy storage system with PCM and aluminum foam, International Journal of Heat 
and Technology 34 (2) (2016) S359–S364. 
 
B. Buonomo, O. Manca, G. Lauriat, Forced convection in porous micro-channels with 
viscous dissipation in local thermal non-equilibrium conditions, International 
Communications in Heat and Mass Transfer 76 (2016) 46-54. 
 
B. Buonomo, D. Ercole, O. Manca, S. Nardini, Numerical analysis on a latent thermal 
energy storage system with phase change materials and aluminum foam, Heat Transfer 
Engineering (2019). 
 
B. Buonomo, H. Celik, D. Ercole, O. Manca, M. Mobedi, Numerical study on latent 
thermal energy storage systems with aluminum foam in local thermal equilibrium, 
Applied Thermal Engineering 159 (2019) 113980. 
 
C. Beckrmann, R. Viskanta, Natural convection solid/liquid phase change in porous 
media, International Journal of Heat and Mass Transfer 29 (1988) 35-46. 
 
C. Huber, A. Parmigiani, B. Chopard, M. Manga, O. Bachmann, Lattice Boltzmann 
model for melting with natural convection, International Journal of Heat and Fluid 
Flow 29 (2008) 1469-1480. 
 
C. Ohsenbrugge, W. Marth, I. Navarro y de Sosa, W. G. Drossel, A. Voigt, Reduced 
material model for closed cell metal foam infiltrated with phase change material based 
on high resolution numerical studies, Applied Thermal Engineering 94 (2016) 505-512. 
 
C.Y. Wang, M. Mobedi, F. Kuwahara, Analysis of local thermal non-equilibrium 
condition for unsteady heat transfer in porous media with closed cells: Sparrow 
number, International Journal of Mechanical Sciences 157 (2019) 13-24. 
 
C.Y. Wang, M. Mobedi, F. Kuwahara, Simulation of heat transfer in a closed-cell 

https://hal-upec-upem.archives-ouvertes.fr/search/index/q/*/authFullName_s/B.+Buonomo
https://hal-upec-upem.archives-ouvertes.fr/search/index/q/*/authFullName_s/O.+Manca
https://hal-upec-upem.archives-ouvertes.fr/search/index/q/*/authFullName_s/G.+Lauriat
https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=D5Zrv4WyNsE3otUfk37&author_name=Wang,%20Chunyang&dais_id=30369321&excludeEventConfig=ExcludeIfFromFullRecPage
https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=D5Zrv4WyNsE3otUfk37&author_name=Mobedi,%20Moghtada&dais_id=947557&excludeEventConfig=ExcludeIfFromFullRecPage
https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=D5Zrv4WyNsE3otUfk37&author_name=Kuwahara,%20Fujio&dais_id=1118817&excludeEventConfig=ExcludeIfFromFullRecPage
https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=D5Zrv4WyNsE3otUfk37&author_name=Wang,%20Chunyang&dais_id=30369321&excludeEventConfig=ExcludeIfFromFullRecPage
https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=D5Zrv4WyNsE3otUfk37&author_name=Mobedi,%20Moghtada&dais_id=947557&excludeEventConfig=ExcludeIfFromFullRecPage
https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=D5Zrv4WyNsE3otUfk37&author_name=Kuwahara,%20Fujio&dais_id=1118817&excludeEventConfig=ExcludeIfFromFullRecPage


113 

 

porous media under local thermal non-equilibrium condition, International Journal of 
Numerical Methods for Heat and Fluid Flow (2019). 
 
C.Y. Wang, M. Mobedi, F. Kuwahara, A. Nakayama, A numerical study on acceleration 
of melting process under forced convection by using high thermal conductive porous 
media, Heat Transfer Engineering 41 (8) (2020) 723-738. 
 
C.Y. Wang and M. Mobedi,  A new formulation for nondimensionalization heat 
transfer of phase change in porous media: An example application to closed cell porous 
media, International Journal of Heat and Mass Transfer 149 (2020) 119069. 
 
C.Y. Zhao, W. Lu, Y. Tian, Heat transfer enhancement for thermal energy storage using 
metal foams embedded within phase change materials (PCMs), Solar Energy 84 (2010) 
1402–1412. 
 
C. Zhao, M. Opolot, M. Liu, F. Bruno, S. Mancin, K. Hooman, Numerical study of 
melting performance enhancement for PCM in an annular enclosure with internal-
external fins and metal foams, International Journal of Heat and Mass Transfer 150 
(2020) 119348. 
 
C. Zhang, F. Zhu, H. Badreddine, X. Gong, A Modified Kelvin Model for Thermal 
Performance Simulation of High Mechanical Property Open-Cell Metal Foams, Journal 
of Materials Science and Chemical Engineering 3 (2015) 113-118 
 
D.A. Nield and A.V. Kuznetsov, Local thermal non-equilibrium effects in forced 
convection in a porous medium channel: a conjugate problem, International Journal of 
Heat and Mass Transfer 42 (1999) 3245-3252. 
 
D.A. Nield, A.V. Kuznetsov and M. Xiong, Effect of local thermal non-equilibrium on 
thermally developing forced convection in a porous medium, International Journal of 
Heat and Mass Transfer 45 (2002) 4949-4955. 
 
D. Gao, Z. Chen, D. Zhang, L. Chen, Lattice Boltzmann modeling of melting of 
phase change materials in porous media with conducting fins, Applied Thermal 
Engineering 118 (2017) 315–327. 
 

https://www.emerald.com/insight/publication/issn/0961-5539
https://www.emerald.com/insight/publication/issn/0961-5539
https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=D5Zrv4WyNsE3otUfk37&author_name=Wang,%20Chunyang&dais_id=30369321&excludeEventConfig=ExcludeIfFromFullRecPage
https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=D5Zrv4WyNsE3otUfk37&author_name=Mobedi,%20Moghtada&dais_id=947557&excludeEventConfig=ExcludeIfFromFullRecPage
https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=D5Zrv4WyNsE3otUfk37&author_name=Kuwahara,%20Fujio&dais_id=1118817&excludeEventConfig=ExcludeIfFromFullRecPage
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=DaisyOneClickSearch&qid=18&SID=D5Zrv4WyNsE3otUfk37&page=1&doc=2
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=DaisyOneClickSearch&qid=18&SID=D5Zrv4WyNsE3otUfk37&page=1&doc=2
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=DaisyOneClickSearch&qid=18&SID=D5Zrv4WyNsE3otUfk37&page=1&doc=2
https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=D5Zrv4WyNsE3otUfk37&author_name=Wang,%20Chunyang&dais_id=30369321&excludeEventConfig=ExcludeIfFromFullRecPage
https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=D5Zrv4WyNsE3otUfk37&author_name=Mobedi,%20Moghtada&dais_id=947557&excludeEventConfig=ExcludeIfFromFullRecPage


114 

 

D. Li, Z. X. Tong, Q. Ren, Y. L. He, W. Q. Tao, Three-dimensional lattice Boltzmann 
models for solid-liquid phase change, International Journal of Heat and Mass Transfer 
115 (2017) 1334-1347. 
 
F. Bayrak, H. F. Oztop, A. Hepbasli, Energy and exergy analyses of porous baffles 
inserted solar air heaters for building applications, Energy and Buildings 57 (2013) 
338–345. 
 
F. Iachachene., Z. Haddad., H. F. Oztop, E. Abu-Nada, Melting of phase change 
materials in a trapezoidal cavity: Orientation and nanoparticles effects, Journal of 
Molecular Liquids 292 (2019) 110592. 
 
F. Kuwahara, C. Yang, K. Ando, A. Nakayama, Exact solutions for a thermal non-
equilibrium model of fluid saturated porous media based on an effective porosity, 
Journal of Heat Transfer-ASME 133 (11) (2011) 112602. 
 
F. Zhu, C. Zhang, X. Gong, Numerical analysis on the energy storage efficiency of 
phase change material embedded in finned metal foam with graded porosity, Applied 
Thermal Engineering 123 (2017) 256–265. 
 
G. H. Bagheri, M. A. Mehrabian, K. Hooman, Numerical study of the transient 
behaviour of a thermal storage module containing phase-change material, Proceedings 
of the Institution of Mechanical Engineers Part A Journal of Power and Energy 224 
(2010) 505-516. 
 
G. Hoghoughi, M. Izadi, H. F. Oztop, N. Abu-Hamdeh, Effect of geometrical 
parameters on natural convection in a porous undulant-wall enclosure saturated by a 
nanofluid using Buongiorno's model, Journal of Molecular Liquids 255 (2018) 148–
159. 
 
G. Imani and K. Hooman, Lattice Boltzmann pore scale simulation of natural 
convection in a differentially heated enclosure filled with a detached or attached 
bidisperse porous medium, Transport in Porous Media 116 (2017) 91–113. 
 
G. Righetti, R. Lazzarin, M. Noro, S. Mancin, Phase change materials embedded in 
porous matrices for hybrid thermal energy storages: Experimental results and 

http://heattransfer.asmedigitalcollection.asme.org/solr/searchresults.aspx?author=F.+Kuwahara&q=F.+Kuwahara
http://heattransfer.asmedigitalcollection.asme.org/solr/searchresults.aspx?author=C.+Yang&q=C.+Yang
http://heattransfer.asmedigitalcollection.asme.org/solr/searchresults.aspx?author=K.+Ando&q=K.+Ando
http://heattransfer.asmedigitalcollection.asme.org/solr/searchresults.aspx?author=A.+Nakayama&q=A.+Nakayama


115 

 

modeling, International Journal of Refrigeration 106 (2019) 266–277. 
 
H. Celik, M. Mobedi, A. Nakayama, U. Ozkol, A numerical study on determination of 
volume averaged thermal transport properties of metal foam structures using X-ray 
microtomography technique, Numerical Heat Transfer, Part A: Applications, 74 (7) 
(2018) 1368–1386. 
 
H. Celik, M. Mobedi, A. Nakayama, U. Ozkol, A study on numerical determination of 
permeability and inertia coefficient of aluminum foam using x-ray microtomography 
technique: focus on inspection methods for reliability (permeability and inertia 
coefficient by tomography), Journal of Porous Media 22 (5) (2019), 511-529. 
 
H. Demir,M. Mobedi, S. Ulku, A review on adsorption heat punp: problems and 
solutions, Renewable and Susrainable Energy Reviews 12 (9) 2008 2381-2403. 
 
H.F. Oztop, Y. Varol, I. Pop, Investigation of natural convection in triangular enclosure 
filled with porous media saturated with water near 4 °C, Energy Convers. Manage. 50 
(6) (2009) 1473-1480.  
 
H.F. Oztop, K. Al-Salem, Y. Varol, I. Pop , Natural convection heat transfer in a partially 
opened cavity filled with porous media, Int. J. Heat Mass Transf. 54 (11–12) (2011) 
2253-2261. 
 
H. S. Carslaw, and J. C. Jaeger, Conduction of Heat in Solid, Oxford University Press: 
London, UK, 1959. 
 
H. Jin, L. Fan, M. Liu, Z. Zhu, Z. Yu, A pore-scale visualized study of melting heat 
transfer of a paraffin wax saturated in a copper foam: Effects of the pore size, 
International Journal of Heat and Mass Transfer 112 (2017) 39–44. 
 
H. Wang, X.Y. Zhou, B. Long, J. Yang and H.Z. Liu, Thermal properties of closed-cell 
aluminum foams prepared by melt foaming technology, Transactions of Nonferrous 
Metals Society of China 26 (12) (2016) 3147−3153. 
 
I. Y. Hussain and M. A.Jasim, Thermal Performance Enhancement of Phase Change 
Materials (PCMs) by Using Metal Foams, Al-Nahrain Journal for Engineering Sciences 

https://www.tandfonline.com/doi/full/10.1080/10407782.2018.1494936
https://www.tandfonline.com/doi/full/10.1080/10407782.2018.1494936
https://www.tandfonline.com/doi/full/10.1080/10407782.2018.1494936
https://www.tandfonline.com/toc/unht20/current
https://www.tandfonline.com/toc/unht20/74/7
https://www.tandfonline.com/toc/unht20/74/7
https://www.sciencedirect.com/science/journal/10036326
https://www.sciencedirect.com/science/journal/10036326


116 

 

(NJES), 20 (1) 2017 235 – 249. 
 
J. M. Mahdi, E. C. Nsofor, Multiple-segment metal foam application in the shell-and-
tube PCM thermal energy storage system, Journal of Energy Storage 20 (2018) 529–
541. 
 
J. Kovacik, J. Spanielka, T. Dvorak, Peter Oslanec Jr., J. Jerz, Closed cell aluminium 
foams with phase change material, Metallic foams, 1 (1) (2017) 42-48. 
 
J. Yang, L. Yang, C. Xu, X. Du, Numerical analysis on thermal behavior of solid–liquid 
phase change within copper foam with varying porosity, International Journal of Heat 
and Mass Transfer 84 (2015) 1008–1018. 
 
K. D.Antoniadis, M. J.Assael, Chr. A. Tsiglifisi, S. K. Mylona, Improving the Design 
of Greek Hollow Clay Bricks, International Journal of Thermophysics 33 (12) (2012) 
2274-2290. 
 
K. Lafdi, O. M. Mesalhy, S. Shaikh, Experimental study on the influence of foam 
porosity and pore size on the melting of phase change materials, Physics, 2007. 
 
K. S. Gopalan, V. Eswaran, Numerical investigation of thermal performance of PCM 
based heat sink using structured porous media as thermal conductivity enhancers, 
International Journal of Thermal Sciences 104 (2016) 266-280. 
 
L. H. Alva S., J. E. Gonzalez, N. Dukhan, Initial analysis of PCM integrated solar 
collectors, Journal of Solar Energy Engineering-ASME 128 (2) (2006) 173-177. 
M. Alipanah, X. Li, Numerical studies of lithium-ion battery thermal management 
systems using phase change materials and metal foams, International Journal of Heat 
and Mass Transfer 102 (2016) 1159-1168. 
 
M. A. Sheremet and Ioan Pop, Effect of local heater size and position on natural 
convection in a tilted nanofluid porous cavity using LTNE and Buongiorno's models, 
Journal of Molecular Liquids 266 (2018) 19–28. 
 
M. Esapour, A. Hamzehnezhad, A. A. Darzi, M. Jourabian, Melting and solidification 
of PCM embedded in porous metal foam in horizontal multi-tube heat storage system, 

https://link.springer.com/journal/10765
https://www.semanticscholar.org/author/Khalid-Lafdi/6915910
https://www.semanticscholar.org/author/Osama-Mesalam-Mesalhy/93627065
https://www.semanticscholar.org/author/Shadab-Shaikh/93107799
https://solarenergyengineering.asmedigitalcollection.asme.org/solr/searchresults.aspx?author=L.+H.+Alva+S.&q=L.+H.+Alva+S.
https://solarenergyengineering.asmedigitalcollection.asme.org/solr/searchresults.aspx?author=J.+E.+Gonz%c3%a1lez&q=J.+E.+Gonz%c3%a1lez
https://solarenergyengineering.asmedigitalcollection.asme.org/solr/searchresults.aspx?author=N.+Dukhan&q=N.+Dukhan


117 

 

Energy Conversion and Management 171 (2018) 398–410. 
 
M. Izadi, S.A.M. Mehryan, M.A. Sheremet, Energy and exergy analyses of porous 
baffles inserted solar air heaters for building applications, Energy and Buildings 57 
(2013) 338–345. 
 
M. Jourabian, M. Farhadi, A. Ali Rabienataj Darzi, Heat transfer enhancement of PCM 
melting in 2D horizontal elliptical tube using metallic porous matrix, Theor. Comput. 
Fluid Dyn. 30 (2016) 579–603. 
 
M. Jourabian, M. Farhadi, A. Ali Rabienataj Darzi, Constrained ice melting around 
one cylinder in horizontal cavity accelerated using three heat transfer enhancement 
techniques, International Journal of Thermal Sciences 125 (2018) 231–247. 
 
M. Jourabian, A. Ali Rabienataj Darzi, D. Toghraie, O. ali Akbari, Melting process in 
porous media around two hot cylinders: Numerical study using the lattice Boltzmann 
method, Physica A: Statistical Mechanics and its Applications 509 (2018) 316-335. 
 
M. Rahimi A.A. Ranjbar, D.D. Ganji, K. Sedighi, M.J. Hosseini, R. Bahrampoury, 
Analysis of geometrical and operational parameters of PCM in a fin and tube heat 
exchanger, International Communications in Heat and Mass Transfer 53 (2014) 109–
115. 
 
M. S.M. Al-Jethelah, S. H. Tasnim, S. Mahmud, A. Dutta, Melting of nano-phase 
change material inside a porous enclosure, International Journal of Heat and Mass 
Transfer 102 (2016) 773–787. 
 
M. Sözen and K.Vafai, Analysis of oscillating compressible flow through a packed bed, 
International Journal of Heat and Fluid Flow 12 (2) (1991) 130-136. 
 
M. Taghilou, A. M. Sefidan, A. Sojoudi, S. C. Saha, Solid-liquid phase change 
investigation through a double pipe heat exchanger dealing with time-dependent 
boundary conditions, Applied Thermal Engineering 128 (2018) 725–736. 
 
M. Vesenjak, Z. Zunic, A. O. chsner, M. Hribersek and Z. Ren, Heat conduction in 
closed-cell cellular metal, Mat. -wiss. u. Werkstofftech 36 (10) (2005) 608–612. 

https://www.sciencedirect.com/science/article/pii/0142727X9190039X#!
https://www.sciencedirect.com/science/article/pii/0142727X9190039X#!
https://www.sciencedirect.com/science/journal/0142727X
https://www.sciencedirect.com/science/journal/0142727X


118 

 

 
N. Dukhan, K. Hooman, Comments on two analyses of thermal non-equilibrium 
Darcy–Brinkman convection in cylindrical porous media, International Journal of Heat 
and Mass Transfer 66 (2013) 440-443. 
 
Nadezhda S. Bondareva, Mikhail A. Sheremet, Conjugate heat transfer in the PCM-
based heat storage system with finned copper profile: Application in electronics 
cooling, International Journal of Heat and Mass Transfer 124 (2018) 1275-1284. 
 
N. S. Bondareva, B. Buonomo, O. Manca, M. A. Sheremet, Heat transfer performance 
of the finned nano-enhanced phase change material system under the inclination 
influence, International Journal of Heat and Mass Transfer 135 (2019) 1063–1072. 
 
O. Cekmer, M. Mobedi, B. Ozerdem, I. Pop, Fully developed forced convection heat 
transfer in a porous channel with asymmetric heat flux boundary conditions, Transport 
in Porous Media 90 (2011) 791–806. 
 
O. Mesalhy, K. Lafdi, A. Elgafy, K. Bowman, Numerical study for enhancing the 
thermal conductivity of phase change material (PCM) storage using high thermal 
conductivity porous matrix, Energy Conversion and Management 46 (2005) 847–867. 
 
P. Damronglerd and Y. Zhang, Numerical Simulation of Melting in Porous Media via 
a Modified Temperature-Transforming Model, Journal of Thermophysics and Heat 
Transfer 24 (2) (2010). 
 
P. Di. Giorgio, M Iasiello, A. Viglione, M. Mameli, S. Filippeschi, P. Di. Marco, A. 
Andreozzi, N. Bianco, Numerical Analysis of a Paraffin/Metal Foam Composite for 
Thermal Storage, Journal of Physics: Conference Series, 2017 
 
P. Rattanadecho, Simulation of melting of ice in a porous media under multiple constant 
temperature heat sources using a combined transfinite interpolation and PDE methods, 
Chemical Engineering Science 61 (2006) 4571 – 4581. 
 
P. T. Sardari, G. Walker, M. Gillott, D. Grant, D. Giddings, Numerical modelling of 
PCM Melting process embedded in porous media: Effect of heat storage size, 
Proceedings of the Institution of Mechanical Engineers Part A Journal of Power and 

https://www.sciencedirect.com/science/article/pii/S0017931013005358#!
https://www.sciencedirect.com/science/article/pii/S0017931013005358#!
https://www.sciencedirect.com/science/article/pii/S001793101830200X#!
https://www.sciencedirect.com/science/article/pii/S001793101830200X#!


119 

 

Energy, 2019. 
 
P. Vadasz, Explicit Conditions for Local thermal equilibrium in porous media heat 
conduction, Transport in Porous Media 59 (2005) 341–355. 
 
P. Wei, H. Cheng, W. Liu, C. Ma, H. Li, X. Yang, L. Jin, Numerical study on thermal 
energy storage tube filled by metal foam with gradient porosities, International 
Conference on Sustainable Energy and Green Technology 2018. 
 
Q. Liu, Y.L. He, Double multiple-relaxation-time lattice Boltzmann model for solid–
liquid phase change with natural convection in porous media, Physica A 438 (2015) 
94–106. 
 
R. Hossain, S. Mahmud, A. Dutta, I. Pop, Energy storage system based on nanoparticle-
enhanced phase change material inside porous medium, International Journal of 
Thermal Sciences 91 (2015) 49–58. 
 
S. A. S. Ali, M. Azarpeyvand, M. Szoke and C. R. I. d. Silva, Boundary layer flow 
interaction with a permeable wall, Physics of Fluids 30, (2018) 085111. 
 
S. Feng, M. Shi, Y. Li, T. Lu, Pore-scale and volume-averaged numerical simulations 
of melting phase change heat transfer in finned metal foam, International Journal of 
Heat and Mass Transfer 90 (2015) 838–847. 
 
S. H. Tasnim, R. Hossain, S. Mahmud, A. Dutta, Convection effect on the melting 
process of nano-PCM inside porous enclosure, International Journal of Heat and Mass 
Transfer 85 (2015) 206–220. 
 
S. Krishnan,J. Y. Murthy,S V. Garimella, Analysis of Solid-Liquid Phase Change 
under Pulsed Heating, Journal of Heat Transfer 129 (2007) 395-400. 
 
S. Mancin, A. Diani, L. Doretti, K. Hooman, L. Rossetto, Experimental analysis of 
phase change phenomenon of paraffin waxes embedded in copper foams, International 
Journal of Thermal Sciences 90 (2015) 79–89. 
 
S. S. Sundarram and W. Li, The effect of pore size and porosity on thermal management 
performance of phase change material infiltrated microcellular metal foams, Applied 
Thermal Engineering 64 (2014) 147-154. 
 
S.W. Churchill, H.H.S. Chu, Correlating equations for laminar and turbulent free 
convection from a horizontal cylinder, International Journal of Heat and Mass Transfer 

https://link.springer.com/journal/11242


120 

 

18 (9) (1975) 1049–1053. 
 
S.W. Churchill, H.H. Chu, Correlating equations for laminar and turbulent free 
convection from a vertical plate, International Journal of Heat and Mass Transfer 18 
(11) (1975) 1323–1329. 
 
T. Ozgumus, M. Mobedi, U. Ozkol, Determination of Kozeny constant based on 
porosity and pore to throat size ratio in porous medium with rectangular rods, 
Engineering Applications of Computational Fluid Mechanics 8 (2) (2014) 308–318. 
 
T. Ozgumus, M.  Mobedi, Effect of pore to throat size ratio on interfacial heat transfer 
coefficient of porous media, Journal of Heat Transfer ASME, 137 (1) (2015) 012602.  
 
T. Rozenfeld, Y. Kozak, R. Hayat, G. Ziskind, Close-contact melting in a horizontal 
cylindrical enclosure with longitudinal plate fins: Demonstration, modeling and 
application to thermal storage, International Journal of Heat and Mass Transfer 86 
(2015) 465–477. 
 
V. Alexiades and A.D. Solomon, Mathematical modelling of melting and freezing 
processes. hemisphere publishing corporation, Washington DC (1993). 
 
V. Joshi, M. K. Rathod, Thermal performance augmentation of metal foam infused 
phase change material using a partial filling strategy: An evaluation for fill height ratio 
and porosity, Applied Energy 253 (2019) 113621. 
 
V.V. Calmidi and R. L. Mahajan, Forced convection in high porosity metal foams, 
Journal of Heat Transfer ASME 122 (3) (2000) 557-565. 
 
W. J. Chang and D. F. Yang, Natural convection for the melting of ice in porous media 
in a rectangular enclosure, International Journal of Heat and Mass Transfer 39 (11) 
(1996) 2333-2348. 
 
W. J. Minkowycz, A. Haji-Sheikh, K.Vafai, On departure from local thermal 
equilibrium in porous media due to a rapidly changing heat source: the Sparrow 
number, International Journal of Heat and Mass Transfer 42 (18) (1999) 3373-3385. 
 
W.Q. Li, Z.G. Qu, Y.L. He, W.Q. Tao, Experimental and numerical studies on melting 
phase change heat transfer in open-cell metallic foams filled with paraffin, Applied 
Thermal Engineering 37 (2012) 1-9. 
 
W. P. Ma and S.C. Tzeng, Heat transfer in multi-channels of closed cell aluminum 
foams, Energy Conversion and Management 48 (3) (2007) 1021–1028. 
 
W. Q. Li, Z. G. Qu, Y.L. He, W.Q. Tao, Experimental and numerical studies on melting 
phase change heat transfer in open-cell metallic foams filled with paraffin, Applied 
Thermal Engineering 37 (2012) 1-9. 

http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=V1pc6jMHNyAanbPEq7k&page=1&doc=1
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=V1pc6jMHNyAanbPEq7k&page=1&doc=1
https://www.sciencedirect.com/science/article/pii/S0017931099000435#!
https://www.sciencedirect.com/science/article/pii/S0017931099000435#!
https://www.sciencedirect.com/science/article/pii/S0017931099000435#!


121 

 

 
W. Wu, S. Zhang, S. Wang, A novel lattice Boltzmann model for the solid–liquid phase 
change with the convection heat transfer in the porous media, International Journal of 
Heat and Mass Transfer 104 (2017) 675-687. 
 
X. Chen, X. Li, X. Xia, C. Sun and R. Liu, Thermal Performance of a PCM-Based 
Thermal Energy Storage with Metal Foam Enhancement, Energies, 2019. 
 
X. Han, Y. Tian, C. Zhao, A phase field model for heat transfer in ametal foam-
embedded latent thermal energy storage (ltes) system, Proceedings of the 8th 
International Symposium on Heat Transfer, 2012. 
 
X. Huang, Z. Chen and J. Shi, Simulation of Solid-Liquid Phase Transition Process in 
Aluminum Foams Using the Lattice Boltzmann Method, International Journal of Heat 
and Technology 3 (2016) 694-700. 
 
X. Hu, H. Wan, S. S. Patnaik, Numerical modeling of heat transfer in open-cell micro-
foam with phase change material, International Journal of Heat and Mass Transfer 88 
(2015) 617–626. 
 
X. Li, Z. Zhu, Z. Xu, T. Ma, H. Zhang, J. Liu, X. Wang, Q. Wang, A three-dimensional 
pore-scale lattice Boltzmann model for investigating the supergravity effects on 
charging process, Applied Energy 254 (2019) 113507. 
 
X. Li, T. Ma, J. Liu, H. Zhang, Q. Wang, Pore-scale investigation of gravity effects on 
phase change heat transfer characteristics using lattice Boltzmann method, Applied 
Energy 222 (2018) 92-103. 
 
X. Yang, Q. Bai, Z. Guo, Z. Niu, C. Yang, L. Jin, T. J. Lu, J. Yan, Comparison of direct 
numerical simulation with volume-averaged method on composite phase change 
materials for thermal energy storage, Applied Energy 229 (2018) 700–714. 
 
Y. Varol, H.F. Oztop, I. Pop, Conjugate heat transfer in porous triangular enclosures 
with thick bottom wall, International Journal of Numerical Methods for Heat and Fluid 
Flow 19 (5) (2009) 650-664. 
 
Y. Varol, H.F. Oztop, I. Pop, Natural convection in right-angle porous trapezoidal 
enclosure partially cooled from inclined wall, Int. Commun. Heat Mass Transfer. 36 
(1) (2009) 6-15. 
 
Y. Xu, Q. Ren, Z. J. Zheng, Y. L. He, Evaluation and optimization of melting 

https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=E2ejQeW84vebGj7Fff5&author_name=Varol,%20Yasin&dais_id=435565&excludeEventConfig=ExcludeIfFromFullRecPage
https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=E2ejQeW84vebGj7Fff5&author_name=Oztop,%20Hakan%20F.&dais_id=64624&excludeEventConfig=ExcludeIfFromFullRecPage
https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=E2ejQeW84vebGj7Fff5&author_name=Oztop,%20Hakan%20F.&dais_id=64624&excludeEventConfig=ExcludeIfFromFullRecPage
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitationReport&qid=5&SID=E2ejQeW84vebGj7Fff5&page=3&doc=23
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitationReport&qid=5&SID=E2ejQeW84vebGj7Fff5&page=3&doc=23


122 

 

performance for a latent heat thermal energy storage unit partially filled with porous 
media, Applied Energy 193 (2017) 84-95. 
 
Y. Xu, M. J. Li, Z.J. Zheng, X.D. Xue, Melting performance enhancement of phase 
change material by a limited amount of metal foam: Configurational optimization and 
economic assessment, Applied Energy 212 (2018) 868–880. 
 
Y. Yao, H. Wu, Z. Liu, Direct simulation of interstitial heat transfer coefficient between 
paraffin and high porosity open-cell metal foam, Journal of Heat Transfer ASME 140 
(3) (2018) 032601. 
 
Y. Yao, H. Wu, Z. Liu, Z. Gao, Pore-scale visualization and measurement of paraffin 
melting in high porosity open-cell copper foam, International Journal of Thermal 
Sciences 123 (2018) 73-85. 
 
Y. Zhao, C.Y. Zhao, Z.G. Xu, H.J. Xu, Modeling metal foam enhanced phase change 
heat transfer in thermal energy storage by using phase field method, International 
Journal of Heat and Mass Transfer 99 (2016) 170–181. 
 
Z. Chen, D. Gao and J. Shi, Experimental and numerical study on melting of phase 
change materials in metal foams at pore scale, International Journal of Heat and Mass 
Transfer 72 (2014) 646–655. 
 
Z. Chen, M. Gu, D. Peng, Heat transfer performance analysis of a solar flat-plate 
collector with an integrated metal foam porous structure filled with paraffin, Applied 
Thermal Engineering 30 (2010) 1967-1973. 
 
Z. Deng, X. Liu, C. Zhang, Y. Huang, Y. Chen, Melting behaviors of PCM in porous 
metal foam characterized by fractal geometry, International Journal of Heat and Mass 
Transfer 113 (2017) 1031–1042. 
 
Z.G. Qu, W.Q. Li, W.Q. Tao, Numerical model of the passive thermal management 
system for high-power lithium ion battery by using porous metal foam saturated with 
phase change material, International Journal of Hydrogen Energy 39 (8) (2014) 3904–
3913. 
 
Z.G. Wu, W.C. Sheng, W.Q. Tao, Z. Li, A novel experimental-numerical method for 
studying the thermal behaviors of phase change material in a porous cavity, Solar 
Energy 169 (2018) 325–334. 
 
Z. Guo, Q. Bai, J. Hou, X. Yang, Y. Liu, Y. Sun, Experimental investigation on the 
melting behavior of phase change materials in open-cell metal foams in an inclined 
rectangular enclosure, Energy Procedia 152 (2018) 215–220. 



123 

 

 
Z. Zhang, X. He, Three-dimensional numerical study on solid-liquid phase change 
within open-celled aluminum foam with porosity gradient, Applied Thermal 
Engineering 113 (2017) 298–308. 
 
Z. Zhang, J. Cheng, X. He, Numerical simulation of flow and heat transfer in composite 
PCM on the basis of two different models of open-cell metal foam skeletons, 
International Journal of Heat and Mass Transfer 112 (2017) 959–971. 
 

 
 
 



124 

 

VITA 
 
Education: 
2009-2014    Lyceum Northwestern University (Philippines)    Bachelor 
2015-2017    Shizuoka University (Japan)                   Master 
2017-2020    Shizuoka University (Japan)                   PhD 
 
The list and explanations of his academic achievements till now are given as below,  
 
Research Articles (SCI Journals) 
1. Chunyang Wang, Moghtada Mobedi, Fujio Kuwahara, Akira Nakayama, A numerical 

study on acceleration of melting process under forced convection by using high 
thermal conductive porous media, HEAT TRANSFER ENGINEERING, 2020, 
Impact Factor: 1.703 , Quartile in Category: Q2 
 

2. Chunyang Wang, Moghtada Mobedi, Fujio Kuwahara, Analysis of local thermal non-
equilibrium condition for unsteady heat transfer in porous media with closed cells: 
Sparrow number, INTERNATIONAL JOURNAL OF MECHANICAL SCIENCES, 
2019, Impact Factor: 4.134, Quartile in Category: Q1 

 
3. Chunyang Wang, Moghtada Mobedi, Fujio Kuwahara, Simulation of heat transfer in 

a closed-cell porous media under local thermal non-equilibrium condition, 
INTERNATIONAL JOURNAL OF NUMERICAL METHODS FOR HEAT & 
FLUID FLOW, 2019, Impact Factor: 1.958 , Quartile in Category: Q2 

 
4. Chunyang Wang, Moghtada Mobedi, A new formulation for nondimensionalization 

heat transfer of phase change in porous media: an example application to closed cell 
porous media, INTERNATIONAL JOURNAL OF HEAT AND MASS TRANSFER, 
2019 (in press), DOI: 10.1016/j.ijheatmasstransfer.2019.119069, Impact Factor: 
4.346, Quartile in Category: Q1 

 

5. Chunyang Wang, Moghtada Mobedi, A comprehensive pore scale and volume 
average study on solid/liquid phase change in a porous medium, INTERNATIONAL 
JOURNAL OF HEAT AND MASS TRANSFER, Impact Factor: 4.346, Quartile in 
Category: Q1 

https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=D1tPF98D6qQLSmXDpfv&page=1&doc=3
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=D1tPF98D6qQLSmXDpfv&page=1&doc=3
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=D1tPF98D6qQLSmXDpfv&page=1&doc=3
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=D1tPF98D6qQLSmXDpfv&page=1&doc=1
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=D1tPF98D6qQLSmXDpfv&page=1&doc=1
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.ijheatmasstransfer.2019.119069?_sg%5B0%5D=TNNLy3NHgnanhg2z23FoAxK3-1JFITF58Qb5iGlNLdvGblHcjlYoHL_3mGZRLC4bRR3e0pWlB9miUACADtK7xd9u9g.dH-qwS3osYSc4ZrExNFXtu7ikJKpT2PapACTqpBmzfNIdoSk-nOxE447AoNaVrLSFvRywO3bTRujEf1FXDFJtA


125 

 

 
International academic conferences (Peer reviewed) 
1. Chunyang Wang, Moghtada Mobedi, Fujio Kuwahara, Akira Nakayama, A study on 

comparison of volume averaged and pore scale results of solid/liquid phase change 
assisted by porous media, 16th International Heat Transfer Conference, August 10-
15, 2018, Beijing, China 
 

2. Chunyang Wang, Moghtada Mobedi, Fujio Kuwahara, Akira Nakayama, Developing 
criteria for evaluation of solid/liquid phase change material heat exchangers, 15th 
Joint Symposium between Sister Universities, August 18-20, 2018, Shizuoka 
University, Japan 

 
3. Chunyang Wang, Moghtada Mobedi, Fujio Kuwahara, A numercal study on effect of 

size and number of cells of a porous medium on validation of volume averaged results, 
The 7th Asian Symposium on Computational Heat Transfer and Fluid Flow, Sep.3-7, 
2019, Tokyo, Japan 
 

4. Chunyang Wang, Moghtada Mobedi, Local thermal non-equilibrium model for 
analyzing heat transfer in a closed cell porous medium, The 30th International 
Symposium on Transport Phenomena, November 1-3, 2019, Halong Bay, Vietnam 

 
National academic conferences 
1. Wang Chunyang, Mobedi Moghtada, Kuwahara Fujio, Nakayama Akira, キャビテ

ィ内ＰＣＭの固液相転移を促進する多孔質の気孔率と局所体積平均近似法

の妥当性, 第 55 回 日本伝熱シンポジウム, 5 月 29 日〜31 日, 2018, 札幌

市   
 

2. Chunyang Wang, Moghtada Mobedi, Fujio Kuwahara, Pore scale modeling of melting 
of phase change materials in a 3D cubic Lattice Metal Frame, 第 56 回 日本伝熱シ

ンポジウム, 5 月 29 日〜31 日, 2019, 徳島市 
 

Awards 
Chunyang Wang, Award for the excellent presentation, 15th Joint Symposium between 
Sister Universities, August 18-20, 2018, Shizuoka University, Japan 
 

https://ascht2019.org/ASCHT2019/pdf/Paper-218.pdf
https://ascht2019.org/ASCHT2019/pdf/Paper-218.pdf

