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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.
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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
1



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.

: ng&gﬂf‘

Earth’s shadow

Sunlight

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

2
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solidification period.

’ Thermal energy storage

Latent heat Thermochemical
storage

Liquid/ Liquid/
Solid Gaseous

Sensible heat

Sorption Chemical
storage storage

!—‘ﬂ

Absorption| | Adsorption
storage storage

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



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 | Thermal diffusivity
(W/mK ) (m?/s )
Docosane (Feng 0.4 1.76 x 107
et al. (2015))
Sodium nitrate 0.514 1.63x107
( Yang et al.
(2015))
Paraffin RT35 0.2 1.3x107
(Esapour et al.
(2018))
Binary carbonate 0.6 1.88x 107
(Xu et al.(2018))
Succinonitrile 0.223 1.15%x107
(Zhao et al.
(2016))
Lauric acid (Deng 0.22 1.15%x 107
etal. (2017))
Water (Li et 0.6 1.44x107
al.(2018))

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.
4



Paraffin Copper foam

Nano fluid PCM

(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

5



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.



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.



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
8



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.



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 °C (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 °C. 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.

Paraffin
Paraffin
Strut of
Strut of metal foam
metal foam

15 ppi
(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.
25
20
15

10

Fig. 2.3 The employed porous media

Fenget 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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Copper foam
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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.

Ice/Ni-Steel alloys
Docosane/Aluminumfoam
Binary carbonate/Copper foam
Gallium/Glass beds
Ice/Aluminumfoam

Paraffin wax/Copper foam

Paraffin wax/Aluminumfoam
1 1 1 J

0 5 10 15 20

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.

50

40

30

20

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.

50

30 r
20

Wl [
0

Volume average Pore scale

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
15



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.

40

30

20

10

0
Local thermal Local thermal
equilibrium non-equilibrium

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

uncompressed metal samples

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.

50

40

30 |

20

10 I
o L |

0.2~0.4 0.4~0.6 0.6~0.8 0.8~1.0
Porosity

Fig. 2.10 The range of porosity
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Table 2.1 The list of literature survey
Name of Equibrium / Phase change / Numerical / | Porosity | Solution Considered domain
researchers and Non- Porous media Experimental method
publications year | equilibrium materials
Buonomo et al. Non- Paraftin wax / Numerical | 0.8 and | Enthalpy- i
(20106) equilibrium Aluminum foam 0.9 with | porosity &
20 PPI method ” =
Gao et al. (2017) | Equilibrium - Numerical 0.9 Enthalpy- N
based TH M P mets |
lattice e ] Ty | wewo
Boltzmann wl[T T i
method 0 Adubac aeme0 L ﬁ 7
Yang et al. (2015) | Equilibrium Sodium nitrate / Numerical 0.9, Enthalpy- Adgbe
Copper foam 0.92 porosity T
and method
088 i PN
Jourabian et al. Equilibrium | Ice/ Ni-Steel alloys Numerical | 0.6-0.8 | Enthalpy-
(2018a) porous matrix based
lattice
Boltzmann
method
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Jourabian et al. Equilibrium Ice / Nickel-Steel Numerical | 0.9 and | Enthalpy-
(2018b) alloys porous matrix 0.95 based
lattice
Boltzmann
method
Al-Jethelah et al. | Equilibrium | Al203 nanoparticles- | Numerical 0.98 -—- PR — T,
(2016) Water/ Aluminum r
foam
Mesalhy et al. Non- --- Numerical 0.95, Enthalpy-
(2005) equilibrium 0.9 and | porosity A
0.85 | method e
Qyiﬂiﬁﬁlmﬁ
PCM
Liu and He (2015) | Equilibrium - Numerical --- Enthalpy- :
based
method
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Hossain et al. Equilibrium | Cyclohexane + CuO Numerical 0.95 --- T W
(2015) nanoparticle/ and — e st
Aluminum solid 0.85 5
matrix Melting front ‘;/:’/f i"' 2 ’,",,7
Feng et al. (2015) Non- Docosane/ Aluminum | Numerical 0.97 | Enthalpy-
equilibrium foam porosity
method
Krishnan et al. | Non- - Numerical 0.8 Enthalpy ety 1
(2007) equilibrium method -
Te
H
Adiahatic
Tasnim et al. (2015) | Equilibrium | Cyclohexane +CuO | Numerical 0.9 --- of e T g N 1M
nanoparticle/ it
Aluminum solid 1. i

matrix

PCM l|IqIIIdP Porous matrix
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Taghilou et al. | Equilibrium | RT28HC and RT35/ Numerical 0.8 Enthalpy-
(2018) Aluminum foam porosity
method
Zhao et al.(2010) Non- Paraftin wax Both 0.95 Enthalpy x
equilibrium | RT58/Copper foam method .
g
Lietal. (2012) Non- Paraffin wax /Copper Both 0.9, Enthalpy- Adiabatic
equilibrium | foam 0.95 porosity S Paid
and method
0.98 :
2
Hu et al. (2015) Non- Docosane/ Aluminum | Numerical 0.757 | Enthalpy-
equilibrium | foam porosity
method
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Huang et al. (2016) Non- Paraffin wax / Numerical 0.522 Enthalpy
equilibrium Aluminum foam and method
0.778 I
Lietal. (2018) Non- Water/metal foam Numerical 0.9 Enthalpy- wo v=0 Lo
equilibrium based K
- liqui g & ]
method iy i
] * . o~ gL
Tl ‘kI’*I = diid "‘ T
- \‘ ‘:‘Jl :' ]
% IT’ u=0 v=0 %:0
Xu et al. (2018) Equilibrium Binary Numerical 0.95 Enthalpy .
Adiabatic )///'":“‘N\?\%
carbonate/ Copper with method Y _
y Isotl hermal | o : \\
foam 10PPI Arara i
Xuetal. (2017) Equilibrium Binary Numerical 0.9486 | Enthalpy a8
carbonate/ Cu, SiC, with method /’ - ,77/‘ %‘\ wall
Ni, ALO; metal foam 10PPI L e
</ "ei's;ihml /
Ya A | wall /
|

= o
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Chen et al. (2010) Non- Paraftin wax / Numerical 0.9 Apparent
equilibrium Aluminum foam heat
capacity
method
Deng et al. (2017) | Equilibrium Lauric Both 0.6,0.7 | Enthalpy- x .
acid/ Aluminum and porosity oo
0.75 method
adiabatc
B
adatatc
Lietal. (2017) Equilibrium - Numerical - Enthalpy
method
Zhang and He Non- Paraffin wax / Both 0.966, Enthalpy Adiabatic.
(2017) equilibrium Aluminum foam 0.934 method —
and P o [P
0.884 i o [

Adiabatic-
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Wu et al. (2017) | Equilibrium Numerical --- --- 4
Porous matrix
LiquidPPCM
Adiabatic
Yao et al. (2018a) Non- Paraftin /metal foam Numerical 0.929 Enthalpy Symmetry boundary
equilibrium and method
0.974
Outlet
Symmetry boundary
Chen et al. (2014) | Equilibrium | Paraffin /metal foam Both 0.9 Enthalpy- Adiabatic
based
method PCM
+ T
Metal foams
X Adiabatic L
Zhang et al.(2017) | Non- Paraffin Both 0.9 Enthalpy e
equilibrium | Aluminum foam method _T
:: Paraffin (PCM) filled

e
Ly aluminum frame

—_—

—_—

—_—

adiathermic
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Gopalan and Equilibrium | N-eicosane/ Numerical 0.85, Enthalpy-
Eswaran (2016) Aluminum foam 0.9 and | porosity
0.95 method / >
T Heater
£ ,
xa” T /
Heat sink PCIi/I
Sundarram and Li | Equilibrium | Paraffin ~ wax /| Numerical 0.75, - 220
(2014) Aluminum foam 0.8, 2 Cg‘a:;icr:g ’
0.84,
0.88
Metal Plate
and Phase Foam
Change
0.94 Brurce Material
Zhang et al.(2015) - Paraffin wax / Numerical 0.65, - e T
Aluminum foam 0.7 and . 5
0.75
—— /' , Nuﬂmymfiam
Pourakabar and Non- N-eicosane/ Copper | Numerical 0.7 Enthalpy-
Darzi (2019) equilibrium | foam porosity / ( O
method

\kO
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Wang et al.(2020) | Equilibrium | Ice/ Aluminum foam | Numerical 0.9 Enthalpy Hot w3
method = . m i =
=H e | —
= . =
— | L ==
X I
Wang and Mobedi | Non- Ice/ Aluminum metal | Numerical | 0.7 and | Enthalpy "
£
(2020) equilibrium | frame 0.9 method L2l
_ gl
- PCMregion
Th §
y £
golld frame
0 X Insulated
Mancin et al.(2015) - Paraffin wax / Experimental 0.95 -
Copper foam
Kumar and Saha | Non- Organic material Numerical 0.85, Enthalpy s
Opmeay Nomerleal domain
(2016) equilibrium | A1l64/Stainless steel 0.9, method i
0.95 \
and
0.97

Fins.
L@ *35 )
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Buonomo et Equilibrium Paraffin RT58/ Numerical 0.80, Enthalpy-

al.(2019) Aluminum foam 0.85, porosity
0.90, method
0.95,
0.97
and
0.99
Righetti et al.(2019) - Paraftin wax / Experimental 0.92 -
Aluminum foam
Esapour et Non- Paraffin wax RT35 / Numerical 0.7and | Enthalpy- 1000
al.(2018) equilibrium Aluminum foam 0.9 porosity //4///,// A//_:¢ W,
method f ]*— W Lom— — 3
7070
e
Shahsavar et Equilibrium | Paraffin wax RT35 / Numerical 0.95 Enthalpy-
al.(2019) Copper foam porosity
method
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Jourabian et al. Equilibrium | Paraffin wax/ Nickel Numerical 0.85 Enthalpy ——
(20106) steel porous matrix and method
0.95
Change and Yang | Equilibrium Ice/Porous media Numerical 0.4 - » T
(1996) o ,
W?///'///m{ui‘{‘////
Beckermann and | Equilibrium | Gallium/glass beds Both 0.385 | Enthalpy-
Viskanta(1988) porosity
method
Rattanadecho(2006) | Equilibrium Ice/glass beds Numerical 0.38 -
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Sardari et al.(2019) | Equilibrium | Paraffin wax RT58 / Numerical 0.95 Enthalpy- w
Copper foam porosity Porous-PCM e
method = lg é f
IEREEERESREREEE RN
Heat flux
Damronglerd and | Equilibrium | Gallium/glass beds Numerical 0.385 - ¥ Boundary condion: nslsed
Zhang(2010) ‘
Wei et al.(2019) - Paraffin wax RT35 / Numerical 0.9, - .
Copper foam 0.94
and
0.98 ]
Yang et al.(2018) | Non- Paraffin wax / Numerical 0.9 -
equilibrium Aluminum foam
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Guo et al.(2018) | Non- Paraffin wax / Experimental 0.96 - ST
equilibrium Copper foam
Jin et al.(2017) Non- Paraffin wax / Experimental 0.95 -
equilibrium Copper foam
Zhu et al.(2017) Non- Sodium acetate/ Numerical - Lattice
equilibrium Aluminum foam Boltzmann
method
Mahdi and Nsofor | Equilibrium | Paraffin wax RT55 / Numerical 0.95 Enthalpy- —
S e Foan POV
(2018) Aluminum foam porosity ‘
method e IE
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Yao et al. (2018b) Non- Paraftin wax / Experimental | 0.974 --- Frieapesswy SiBeareii
equilibrium Copper foam VGt
HD camera
¢Qr-vi§y
«  Temperature [signal
A
—>A B‘-’g:_‘ % 4
T ;l@ T -m
— :...D -l Data acquisition
Hot/co.ld water bath Styofai system
Han et al. (2012) Non- Paraftin wax / Numerical 0.95 --- '
—— e o o aa e ey
equilibrium Copper foam : 1
! Solid Liquid Ghost phase :
1
| .. . ____ |
' Melting front Sample boundary
Giorgio et al. Non- Paraffin wax / Both 0.85 - Metal fosm
Foam temperature Outlet
(2016) equilibrium Aluminum foam and ey
0.95
Velocity
Hussain and Jasim --- Paraffin wax RT58 / | Experimental 0.9 - 0 § AR
(2017) Copper foam i ) dgn ,
]
i —
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Lietal. (2019) Non- Gallium/ Copper Numerical 0.88 Enthalpy
equilibrium foam method
Joshi and Rathod Non- Paraffin wax / Numerical 0.9, Enthalpy-
(2019) equilibrium Copper foam 0.92, porosity
0.95 method
and
0.97
Zhao et al. (2016) Non- Succinonitrile/Copper | Numerical 0.9 Enthalpy  manam
equilibrium foam method ' T LA : 1 : 8!
Metatfoam + PO T | £
e
L
Chen et al. (2019) Non- Paraffin wax RTS8 / Numerical 0.9 Enthalpy- " 7 T ..
equilibrium Copper foam porosity v | _—
method i o
' 1
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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 /. 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 7, and T., 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 %), 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 Pr,, Ra,and y 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 0.0/ <

Q.<1,0.01<T,<I and 1< Sp<1000.

L L J L . L -

Insulated Insulated
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Solid frame

Insulated Insulated
(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 °C 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
Raf <107.

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 /25 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 /8.7 mm, while the pore size and the strut size are 3 mm and 0.74

mm, respectively.

L L | L l, L J

Insulated

Insulated

Solid frame

Insulated Insulated

(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 7 to /0%,

Table 3.1 Thermophysical properties of PCM and frame material

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

C,(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
35



the pore scale and volume averaged momentum equations.

Constant temperature
YRRXRXL

I

N

(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:

V.7 =0 (4.1)

O P =L Spav (T2 V4 gB(T~T,, )}

Eﬂ“( V) __p_f P+V(T)V . V+gB(T—-T,)j (4.2)
an R 2

(pCp)f(7+V'VTf):kf(T)v T, (4.3)
oT _

(PCy )y — = =k V7T, (4.4)

where Band T,, 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.
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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.
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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:
1
<¢>=;é¢dV (4.5)
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x_ 1L
(@) = Jpdv (4.6)

X

which are called as the volume averaged and intrinsic volume averaged of ¢ quantities,
respectively. ¥ and ¥V, 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 Eqgs. (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;

V<I7> -0 (4.7)

.\ f
I A s )
o %+8_§(<V>f.v)<”>f =-v(p) +—if Vi) - A;é[ vy (4.8)

oy =|P) )+ prepr -1, )7
a(r)’ I o ) |
S(pCp)f%+(pcp)f<V>f.V<T>f kg (T)VTY +h,(T) =(1)) 49)
o(Ty s s :
(I—e)(pcp)s%=kqf-,svz<T> ~h(T)" (1)) (4.10)
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where &, K and C, 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. 5, is the volumetric interfacial heat
transfer coefficient, &, . and £k, , 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 Egs. (4.9) and (4.10). % and k_, ,can be defined as,

eff s eff./

ks =(1—&" )k,

. (4.11)
The &7 is the effective porosity and it can be found from following equation.
ky =€k, +(1-& )k, (4.12)

ko 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.
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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.

V.7 =0 (4.13)
aa—f+(l7ﬁ)f7=—pifﬁp+vf(rﬁz. V+eB(T—T, )j (4.14)
(,DC,,)f(aaitijV.?Tf):kf(T)§2Tf_pfaa_at)AH (4.15)
(pC, ) aaT; =k, VT, (4.16)

It should be mentioned that the density and specific heat (p and C,) 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 10° 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 Egs. (4.13-4.16), @ is the liquid fraction and its value changes from 0 (no melted)

to 7 (fully melted). AH, Band T,, 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.

V-(7)=0 (4.17)

L\ f
olv A oA e o7 Dy
p?f%{—?((VYV)(VY R o (4] (4.18)

Crlia\//a\/ -
oy P NP) oy epT 07
o)’ s .
g(pC,,)f%Jr(pcp)f(VY.v(T)f = ko (TIVUTY +h,((T) —(T)) wio)
“Epy %_6: AH
a T ’ — N N
(z—a)(pcp)s%ﬁefﬁsv%m ~h, (1)’ ~(1)") (420)

Again the @ is the liquid fraction and its value changes from 0 (no melted) to / (fully

melted). AH, fBand T,, are the latent heat, volumetric thermal expansion coefficient

of working fluid and reference temperature, respectively. The value of k. and k,;

can be calculated by Eq. 4.11. AH, Band T, are the latent heat, volumetric thermal
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expansion coefficient of working fluid and reference temperature and 5, is the

volumetric interfacial heat transfer coefficient.

In the above equations (Egs. (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 10%) providing a solid region but when they are solved for

the fluid region, the value of . 1s the value of the fluid PCM.

If the volume average temperature of the solid and fluids (<T >S and <T >‘j ) are close to

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

obtained,

oT)

&(PCy ) —+(PCy )y (V) T) =k (T )V2(T) - gpaa—ctoAH (4.21)

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 Eqgs. (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 Eqgs. (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,
VP =0 (5.1)
6[7* ok %k K = %k * it Bt} 3 -
a—+(V N W =V'P +Pr,VV" +Ra,E Pr,0,] (5.2)

T .

agf ok =k = %)
—L 47"V, =y V7, (5.3)
or
DGs _y 920, (5.4)
or

where 7*, P, 91 and 9s represent the dimensionless velocity vector, pressure and
temperatures of the solid and fluid phases. The length of cavity and cells are L and /,

separately. 7, Ra,and Pr, 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,

-V 7 L ta . P’ ,
vV =— , V* = Vi 5 g = - 5 T= ; , P = > 5 Pr :Q H (5'5)
L «, l L p/‘ae ‘ a,
3
pfgﬂ(Th_Tc)l T-T. ar a,
Raez—, 6 = € yp=—"0 (//Yz—"
aevf Th _Tc a, » e

where o, =,/ pC, ). 1s the equivalent thermal diffusivity. It is defined as:

k gk, +(1- )k, (5.6)

e

“ T pC, ). E(pC, ) +(1-e)(pC, ),

It should be mentioned that the following relations are valid for the Prandtl and Rayleigh

numbers,

.

af
Pr, =Pr,
Ay

> Ra; = Ra, (5.7)

ay
Where pr, and ge, 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 Egs. (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.
=\ 1 =
V =— [V dV, =0
7Y 7, a9

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.

6Cf 8<T>f

e ko V() + (1) (1)) (5.9)
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(1-¢)C, @ =k VUTY — R, ((T) —(T)") (5.10)

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. 7, which is the volumetric interfacial heat transfer coefficient and it can
be defined as , =n _4,, where . (W /m 2K ) is the surface interfacial heat transfer
coefficientand 4, (m?/m?)is the volumetric heat transfer area. It is possible to write
the volumetric heat transfer area as 4, =&/, , where ,, is hydraulic diameter of the
fluid phase. It can be defined as ,, =y /AT where 4, is the interface heat transfer

area in the fluid volume of . Then, the Egs. (5.9) and (5.10) become as:

o)’ cr s b ; -
gcf.%:keﬂ.h,.v 27/ +h;_h"’"(<r> () (5.11)

S

aT B
(1-&)C, % — ki V(T) - 2E

(1) (1)) (5.12)
"
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.

a 0 f s s

@%Jﬂ (6)" +sp(e) - (6)") (5.13)
(o) SSYAY. s

Q é) = IV"2(6) - sp((6)' —(6) ) (5.14)

I, are the dimensionless thermal conductivity and thermal capacitance, respectively,

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

mathematically as

C(l-¢) C, Ky s ks hL’
0 == » Q.o =—, =22, r,="%L, S§p=—"to 5.15
C 4 Y&k I ek P k.n, ( )

e e e e
where 7, is the dimensionless time for porous media, C, and [, are the thermal

capacitance and thermal conductivity based on thermal equivalent properties. k. , / k,
and k- /k, arethe thermal conductivity ratios for the volume average domain of fluid

and solid phases with equivalent thermal conductivity. The parameter of (2 is the
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thermal capacitance ratio between fluid and solid with equivalent thermal capacitance.

The values of £, , and k, mustbe 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 77,77, ,€ ,€2, and Sp. It is possible to add two equations more and

reduces the number of the governing parameters to 3. These equations are,
1

1
L+l (5.17)

If the Egs. (5.13) and (5.14) are considered with Egs. (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 77, and (2, are written in terms of 7/ and (2 . Hence the

dimensionless governing parameters are /,, (2 and Sp while porosity is constant as

0.9. Furthermore, for the thermal equilibrium case, <6’>S and (0) , are close to each
other (<9> ~ <6’>S ~ <6’>j ), therefore Eqs. (5.13) and (5.14) take the following form,

o0)
oz,

e

=V (o) (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 Egs. (4.17-4.20).
47



Again if the equilibrium thermal diffusivity is used in those governing equations, the

above governing equation can be written in dimensionless form as follows,

%+(V N W =NP +M(0)Pr,VV +Ra,Pr,0,] (5.19)
o8, . _. ~ ow 1
AO)—L VN0, =11(0)y V73, -2 5.20
( )GFO r (0)y V-0, oF, Ste (5.20)
00 )
=y V0, 521
oF, v (5.21)

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

temperatures of solid and fluid phases are given by 6 ; and 0, respectively. £, Ra,
and Pr, are the Fourier number, Rayleigh number and Prandtl number based on the

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

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

parameters can be mathematically expressed as,

R VA ta, . 2 v
v -y g VL g—— =—L.p :iz, pr=-"_,
L' e L pay ay
(5.22)
T, —T.)I° T-T
Ral_max — pgﬁ( h c) , 6: c , l//: as

The values of functions of A7(9), Ac0)and 7¢6)change by temperature, they are the

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

as:

Cp(T
o)=Y, A(@):é’,L), rce)=*1) (5.23)
vy Py ky

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

exist.

P =Pr,—, Ra =

5.24
“.f O‘f (29

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 Egs. (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,

8<T>f o2 /7m\/ s s ow 2
eCHT) = —=ky ((TIV (T)" +h,((T)" —(T) )-ppe—-4H (5.25)
(1-¢)C; % = ko VT) —h,((T)" ~(T) ) (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. 5, which is the volumetric interfacial heat transfer

coefficient can be defined as », =h A4

S

,» where », (W /m?K) is the surface interfacial
heat transfer coefficient and 4, (m */m°) is the volumetric heat transfer area. It is
possible to write the volumetric heat transfer area as 4, =¢/r, A, where 5, 1s hydraulic
diameter of the fluid phase. It can be defined as r, =V, / 4,, 7 where 4, is the interface

heat transfer area in the fluid volume of v,.

Then, the Egs. (5.25) and (5.26) become as:

a(T) . h . :
gcf(T)%ﬁqﬁf(T)v?(T)er :hg((T> —<T>f)-pfgaa—at)AH (5.27)
o(T) <o B s
(J—g)cs%:kmv%w - rshg (1) (1)) (5.28)

The above equations can be non-dimensionalized based on the dimensionless parameters

of Eq. (5.31):

o(6) .. .
A(@)Qfé%:N(G)FfV 2(0Y + spc(0) —(0) )_ins?” (5.29)
0, a;? = ,V"2(0) - sp((0)° - ()" ) (5.30)

o
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I and Q2 are the dimensionless thermal conductivity and thermal capacitance,
respectively, and Sp is the Sparrow number. The employed dimensionless parameters

can be defined mathematically as

C,(1- C k., (0 kg s ko .
QS:M’ Q/: S , N(9)= Eﬁ‘,/(), F?:i’ F/:L’
C, C. ker.r ek, ek,
(5.31)
h L’
Sp =—
kerh

C, and [, are the equilibrium thermal capacitance and thermal conductivity and they

can be written as:
C,=(-¢)C, +eC, (5.32)
r,=r,+T, (5.33)
The values of A(@) and N(@) 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, &, PRl and C, P C, o hence
N(8)~1 and A(0)~1 leading Eq. (5-29) and (5-30) into:
Q 3fo)” =r,V2(0) +5p((6)° -(0) )- @ L o (5.34)
fer, ! Ste oF,
a 9 * = % s s
Q, §F> =,V"2(0)" - Sp((6) -(6)" ) (5.35)

Therefore, the dominant dimensionless parameters for the present study are 2., €2,

I, I, Ste and Sp. Our numerical experience shows that it is possible to combine
four coefficients as 2 , £ s I T by defining thermal diffusivity ratio as

L L/ (1= )ea, _a,
"I /Qp e(l-g)ap ag

(5.36)

Hence, the results of Egs. (5.34) and (5.35) are controlled by three parameters which are

a,, Ste and Sp.

5.3 Simplified dimensionless form of the equations for Problem 3
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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 Egs. (4.13-4.16). The above governing equations can be

written in the dimensionless form as follows,

o 70 (5.37)
ov*
aTJrV (V y* )= -V*p* +F(9)PV(V Vv )+RaPr6’f_] (5.38)
00, 1 ow
—L 4y V@ IoN"’g —— 9 .
OFo Vi )=1(6) ! Ste 6Fo (539
06 ~

s =/1V*249S (5.40)
oFo

— * . . . . .
where V*and P are the dimensionless velocity vector and pressure. The dimensionless

temperatures of solid and fluid phases are shown by ¢, and &, respectively. 77(9)

and 77(9) are the dimensionless functions for viscosity and thermal conductivity ratio

during the melting period and A is the thermal diffusivity ration between solid and
fluid, they are given as below,

D) gy MT), e (5.41)

I'(0)= i
Vy ! ay

These functions are discussed in the next section. The dimensionless governing

parameters are,

. T-T, gB(T, —T,)L° T,-T,
174 :E , 0= i Ra:pfgﬂ( n—T1;) , Stech,f(h i) ,
“r L =T asvy
v . 2 at 5.42
pr=r, pro Lt ~, Fo=—"- (5:42)
a L
! Pr&y

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).

o Joa\S
' -<V > N (5.43)
ot

é <aF(>) +gi2<17*>f§*' <I7*>f =-V'P’ +éf(6)Prf v, <I7*>f

_F(H)PD_Z<I7*>1 B \/C;_a <I7*>f <I7*>f +Raf Prf gfj (544)

s

£ aéi?o +<I7*>f§*.<¢9>f =N(0)§*2<0>.f' +]Vuv(<9>s _<0>/~)§2 _gi% (5.45)
(1- )%z&vﬁ*z(ey _Qﬁuv(<9>s _<9>f)§2 (5.46)

¢ is the ratio between the characteristic length of a representative cell and porous media.

The dimensionless parameters of n (9), ¥ and Q are defined as,

ko (7). .2 Q:(Pcp)f

ky oy (PC,)s

For the volume averaged equations, the effective thermal diffusivities for the fluid and

N(O)= (5.47)

solid phases, and Nusselt number are,

g*kf _(]—8*)ks = :M

L
ae = T Nuv s é:—
T,y T (eC, ), ky !

(5.48)

where [ 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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Solve flow equation for fluid
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convergence

Yes

Save results and go to
next time step

Stop

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

Egs. (5.13 and 5.14) requires to know the value of Sp (consequently, 4, 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
18,

Tg"(t)dA

— 1 A
h, = w 6.1
YA Ao (1Y (1)) e

"

q" 1s the heat flux between solid and fluid phases at any point of the interface and at any

instant such as 7, and 4,, is the total interfacial heat transfer area. A¢ is the required

time for the system to become steady state ((7)" —(T >j < 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.

1(6) (7 )dv (6’ (7 )dv
Foy2 Y 6\’ s
(O)u(®) I dv () (%) i dv (6.2)
vy Vs
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where <6’>£ (7) and <6’>fn (7) 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 ois defined as following:
s S
o= ‘<¢9>m(7 )= (Y (¢ )‘ (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,

_Tm

T
¢(T) = ¢S()lid +( AT

)( ¢_ﬂuid - ¢soh’d ) (6-4)

T, 1is the melting point and A7 is the phase change temperature range. In this study,

m

these values are 7, =273.15K and AT = 1K . 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., k- f,keﬁf,s ). 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., 8*) of the cell consisting of the solid and fluid phases are obtained.
Then, by using Eq. (4.12) the value of ¢ isfound and finally the valuesk o, f,kefﬁs are

calculated by using Eq. (4.11).
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1 —C— O

Insulated Aluminum frame

Hot surface
Cold surface

Insulated

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

‘<9>s ~(67)

<0.1 (6.5)

X502, Fy>0

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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Insulation

Hot surface
Cold surface

2 Insulation
Fig. 6.2.2 Temperature distribution in the representative cell for determination of & o

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 k. .k, , 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

59



determine volumetric interfacial heat transfer coefficient. The local and instant interfacial

heat transfer coefficient can be defined as,

. ; 1d'(1)d
t)=——=
7y A1) (1)) (6.6)

where A 1is the total interfacial area in the studied cell and V is the volume of the cell.
(T)"and (T)” are the volume average solid and fluid temperatures of the cell. g"(7)is

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

t). The average of 4, (t), calculated for all cells in the domain, yields the average instant

interfacial heat transfer coefficient:
h(t)=— )
125 n=1 (6.7)
The time average of the instant interfacial heat transfer coefficient yields the average

interfacial heat transfer coefficient of the porous media.
1 -
h, =—1h,(t)dt 6.8
L= () (68)

where Aris 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

Nu,(Fo) =

h,(t)I*

Nu,(Fo) =
ky (6.9)

where / 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.
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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 0.9/ W /mK , and the thermal-
conductivity value of air is 0.0255 W /mK . On the right-hand side of the brick, a
boundary temperature of 293./5 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 / per cent absolute

difference) exits between their results and our study.

323.15 Temperature, K 293.15
T —
Antoniadis ef al. Presnet study

04
035
03

0.25

kcff 0.2 |
0.15

0.1

0.05 |

0

—— Presentstudy

« Antoniadis ef al.

0 02040608 1 1214
kS
(b)
Fig. 6.3.1 (a) Temperature distribution (b)Effective thermal conductivity changing by

solid thermal conductivity

61



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.

T(x, t) R
T, Insulation

x(¢) Insulation

TI Fluid phase
(melted)

X —> o
Fig. 6.3.2 Illustration of melting in a semi—infinite slab with initial temperature of

T,

m

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

T(x,1)-T, _erf(x/2\at) (6.10)

L, =T, erf(f)

where ¢, is the thermal diffusivity of fluid phase and the value of g can be found from

following relation,

ﬂeﬁeerf(ﬂF% (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 =900 and ¢=2000 sec. A good
agreement between our computational study and analytical results is perfect for 1D

melting problem.
1 +

1 4 « Analytical solution « Analytical solution
0.8 4 — Present study 0.8 - — Present study
0.6 - 0.6 -

f 7}
0.4 - 0.4 -
0.2 - 0.2 -
n L L L T L) 0 ) bl T L T
0 0.2 04 06 0.8 1 0 02 04 06 08 1
X/H X/H
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))

62



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 7, and 7, 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.

L T 1 -
Adiabatic L B s T =0366
NN NN by il & F T =071
777N 0.8 1% T 109
Solid/Liq/uid ' T =182
- Zone P - 0.6 1 e T =3657
/ ; T =5486
H i T =7314
| Me_ll/ Solig 0.4
/Reyn Region — Beckrmann and
Al Viskanta
y / 0'2 ¢ Present study
0

0 02 04 06 08 1
X/H

Adiabatic

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 T
and the initial temperature is equal to melting temperature 7, , 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).

1, Insulation

Fluid phase
I P

X —> 00 x(¢) Insulation ‘
I l 1

Fig. 6.3.6 Illustration of melting in a semi—infinite slab with initial temperature of 7
(T,<T,,)
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.

X(t)=24Ja,t (6.12)

X
erf
[2 aftJ (6.13)
)2, 0<x< X, t>0
erf(1)

m

T (x.t)=T, - (T, -
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erfc[Z\/a_St J (6.14)

T,(x,2)=T,, +(T, —Tm)w, x>X, t>0

where X(¢) is the location of the solid-fluid interface, and y 1is the square root of
thermal diffusivity ratio of fluid and solid phases (i.e., y =./a,/a ). The value of A

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

Ste, 3 Ste, B
exp(iz )erf (1) )/exp(yz A2 )erfc(y/i) =Ax (6.15)

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

:Cpf(T}z_Tm) :Cps(Tm_Tz"n)

Ste ' , Ste

: 5 (6.16)

Cp, and Cp, 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 Egs. (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.

1 x/1=0.0125
0 8 i x/1=0.025
' x/1=0.05
0'6 x/1=0.075
e  Numerical
_4 Analytical
0 Fluid region = — — Melting temperature
0.2 Ppohret— 0,

Solid region
1 | ]

0 2 4 6 8
Fo

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 7,, =0 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

Fo=04

-

Fo=02 Fo=04 Fo=0.8
Fig. 6.3.8 Comparison between the present numerical results and the reported results in

literature (Li et al. (2017)) when Ste =0.4,Ra =2.5x10 " ,Pr=10
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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 r=0.0016 and Ra, ,, =10, &£=0.9 is shown. The

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

number of mesh

’ 14640
20640
0.8 27440
48240
- 61440
e
0.4
0.2
0 P .
0 0.2 0.4 0.6 0.8 1

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

number of mesh with 7=0.00/6 and Ra, ,, =10°, £=0.9

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 (¥* =0.5) for the cavity with
=09, Ra,=1 0° and Ste=1 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 £=0.9, Raf:103and Ste =1

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 £=0.9, Ra, =1 0°and Ste = 0.6 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.

1.0
c
008 ¢+
I3
E 0_ 6 Number of mesh elements
L 268725

420625

g.’ 0.4 891850
T 2492220
=
@ 0.2
=

0-0 1 ] ]

0.00 0.02 0.04 0.06 0.08
F

]

Fig. 6.4.3 A sample of grid independency for the melting fraction with &=0.9,
Ra, =10°and Ste=0.6
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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 (7, @, 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

Q. =001, I,=1,Sp=50250and 1000. 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.,0) 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 Sp = 7000, the maximum temperature difference between the solid and
liquid is 0.016 showing almost an equilibrium state, while the maximum value of o for

Sp = 50 1s 0.13 indicating a local thermal non-equilibrium state.
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Fig. 7.1.1 The change of dimensionless mean temperatures of solid and fluid and the

difference between them with dimensionless time when 7~ =7, @, =0.01 ()

Sp=50 (b) Sp=250 (¢) Sp=1000 (d) o value for
Sp=50,100,250, and 1000

The parameter values of Fig. 7.1.2 are the same with Fig. 7.1.1 except the solid
dimensionless thermal conductivity 77 =0.5. The values of a: (i.e., o, =I,/0,) and
a; (ie., o) =r,/0,) canbe calculated by using Egs. (5.15-5.17). By decreasing the solid
dimensionless thermal conductivity from 7 to 0.5, the value of « /o 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 /00, and from 700 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 I, on the local thermal

N

equilibrium condition. By decreasing the value of I, from / to 0.5, the difference

between the solid and fluid temperatures decreases.

Sp =50 Sp = 250

(b)
0.3
Sp = 50,100,250, 1000
0.2
o)
01
- 0
1 0.001 0.01 0.1
T
© (@

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

phases and the difference between them with dimensionless time when 7~ =o0.5,
2, =001 (@) Sp=50 (b) Sp=250 (c) Sp=1000 (d) o value for
Sp =250,100,250, and 1000

The change of solid and fluid phases temperature for further decrease of I, from 0.5 to
0.01 is shown in Fig. 7.1.3. Further decrease in /|, from 0.5 to 0.0] causes the value of
a. / a; decreases from 9/ to /. 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 ( Sp = 50, 250, 1000 ),
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 7.

N

Sp =50,250,1000

0.001 0.01 0.1 1
T

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

phases with dimensionless time when 7~ =0.07, @, =0.01 for

Sp = 50, 250 and 1000 (two curves overlap)

A parametric study on the various values of I',, 2 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 Sp = 50, 100 and 500 . The x axis of Fig. 7.1.4(a) shows
«2_while the y axis refers to . It is assumed that a local thermal equilibrium for the

heat transfer in the closed cell porous media exits if o <(0.05. 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 & /o] for the
studied case of Fig. 7.1.4(a). For the studied cases of Fig. 7.1.4(a), the value of «; /]

changes from the large value of 997 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 o]/ a; =], 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 o) / a; (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 @ =0.07 and r; =7 due the large
difference in heat propagation of solid and fluid (Faster heat prorogation exists in the
solid ,a; /oy = 991).

In addition to «2_ and [, 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 qgs. (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 Sp = 7001s more
than Sp =50, or number of unfilled markers for Sp =500 is greater than
Sp=100.

For Sp =500, all markers are unfilled showing considerable heat transfer between

the solid and fluid phases despite of extremely high or low values of «; /o] (such

as 991 or 0.001).

It seems that o, / a; 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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Fig. 7.1.4 Occurrence of local thermal equilibrium for the studied cases (a) local
thermal equilibrium map according to @2, and 7, (assumption for the local thermal

equilibrium is & <0.05) (b) the variation of thermal diffusivity ratio (e, / ;) with

respectto Q. and 7

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 Q =0.068,7,=1.06,Sp=46.7and Ra r=1 0°, as given
in Table 7. 1. The value of Sparrow number is calculated from the pore scale results when
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Ra, =10°. The values of fluid thermal capacitance and thermal conductivity are found as
0Q,=0.068 and I,=1.06, and the thermal diffusivity ratio is calculated as 300 (i.e.
a,/ a;f- =300). This value of a; /«; is considerably larger than / and furthermore the

Sparrow number is low ( Sp=46.7 ). 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 (Wim K) 0.61 0.026
P (kg/m?) 996 1.177
C,(J/kgK) 4180 1005
M (Pa.s) 8.544e-4 1.86e-5
kyy , (W/im K) 0.58 0.025
Pr, 5.85 0.71
Ra, 10°,10° 10°,10°
Pr, 0.30 0.34
Ra, 5.066, 5065.9 48, 47996.1
28.88 1.82
a, 15.60 0.98
0, 0.068 1.11
a 0.053 0.50
Q, 1.04 0.0048
5 46.75 forRa, =10’ 1.91 forRa, =10
39.28 forRa, =10’ | 1.74 forRa, =10°

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 (7 =0.032). By
increasing the timeto 7=0./6 and 7 =0.32, 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

(<9>fn , <¢9>:1 ) obtained from the pore scale and volume averaged analysis for Ra , =10’

and 707, respectively.

I T T T 0

Pore Scale Analysis

Volume averaged Analysis

Volume averaged temperature for fluid phase

1 11

Volume averaged temperature for solid phase

1T

Fig. 7.1.5 The temperature and Veloc1ty distributions of the water in the cells of

domain with Ra, =7¢° and the same domain for volume averaged when 2, =0.068,
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I,=106 and Sp=46.7 for three different time steps (a) 7 =0.0320 (b) z=0.1602

(c) 7=0.3205

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 ¢ /a; (i.e. 300) and weak heat exchange

between the solid and fluid phases causes a local thermal non-equilibrium exist.

— Pore scale — Pore scale
05 « Volume averaged 0.5 - © e+ Volume averaged
04 | L
Solid phase 0.3 | Solid phase
0 0.3 :
0.2 .
02 Fluid phase Fluid phase
0.1 0.1
o 1 1 ) 0 1 1 3
0.001 0.01 0.1 1 0.001 0.01 0.1 1
i & T

(@) (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 Q, =0.068,

[,=106 (a) Sp=39.2 (for Ra,=10%) (b) Sp=467(for Ra, =10°)

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 @ =1.11,7,=1.08,Sp=1.91 and Ra, =10’, as

given in Table 7.1. The value of thermal conductivity ratio («; /) is calculated as 2.09.

The value of thermal diffusivity ratio takes the attention since it is around /. 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 (<0>fn ,<¢9>£ ) for Ra, =1 0°and 10’ 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 2  and - 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 (2, =7.77,1,=1.08,Sp =1.91) and for the
case of water (2, =0.068,1, =1.06, Sp =48.6 ). 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 o /o =2.09 referring to almost identical heat propagation in

solid and fluid in spite of low value of Sparrow number ( Sp = 7.97). 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 (¢, /o = 300).

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., Ra,) refers to the entire cavity Rayleigh number.
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Fig. 7.2.1 (a) shows the temperature and velocity distributions of the studied domain for

£=0.9 and Ra,=10’at F,=0.67.

I T T T

Pore Scale Analysis

Volume averaged Analysis

Volume averaged temperature for fluid phase 0

11110

Volume averaged temperature for solid phase

i

Fig. 7.1.7 The temperature and Ve1001ty distributions of air in the cells of domain with

Ra, =1 0° and for the same domain for volume averaged when @ =1.11/,I,=1.08 and

Sp =1.91 for three different time steps (a) 7=0.0510 (b) z=0.1275 (c)
7=0.2550
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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 Q =111, I,=1.08

(a) Sp=1.74 (for Ra, =10") (b) Sp=1.91 (for Ra, =10

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 Ra, =0, 10, I 0°, 10°, 10" 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 70 . 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 ¢=0.9 and
Ste=1 for the pore scale analysis and Sp =35, «, =668, and Ste=1 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 F, =0.13, F, =0.34
and F, =0.67. 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 F, =0.13, F, =0.34. 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 (¥~ = 0.5) 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.

T - o 0

1

Ra_=0
08 | Ra =10
06 L Raczlﬂl
0 Ra_ =10’
04 Ra, =10*

0.2
0 1 1 AA_

0 02 04 06 08 1
x/L
(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 Ra, =70’ in cavity with

g =0.9. (b) The temperature profile in the center line of the second row of cavity for

four different values of Ra number at F =0.67
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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 & =0.7. The values of the Sparrow
number and thermal diffusivity ratio for the volume average equations are /7 and 6638,
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.

i

F,=0.13 F, =0.34 F,=0.67

Pore scale

fluid phase

solid phase

Volume Average
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Fig. 7.2.2 The comparisons of the pore scale and volume average temperatures of

solid and fluid phases at different time steps with £ =0.9 and Ste=1 for the pore

scale equations and Sp =35, «, =668 and Ste=1 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 & =0.7 has more metal

amount compared to the porous media with ¢ =0.9.
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Fig. 7.2.3 The comparisons of the pore scale and volume average temperatures of
solid and fluid phases at different time steps for £=0.7 and Ste=1 for pore scale

equations, and Sp =177, «, =668 and Ste=1 for the volume average equations

However for the Fig. 7.2.4(b), the curves overlap each other since the value of o, =668
and Ste=1 are the same for three cases and the values of Sp are close to each other

for three cases (Sp=17,Sp=22,Sp = 35).
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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 £=0.7,0.8,0.9 when Ste=1

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 4 ; /k, =0.0093 for the cavity

with no melted PCM and £ ,/k, =0.0026 for the cavity with melted PCM. There is
small differences between keﬁ and &° of melted PCM (water) and no melted PCM (ice)

cavities. The value of keﬁ decreases with the increase of porosity due to the decreasing

of metal amount while the value of £* increases. It should be mentioned that ; o and

k., are calculated in terms of keﬁ and ¢ by using Eqgs (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 £=0.9, Ste=/and «, =668 for five different columns

of the pore scale cavity is drawn.
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Fig. 7.2.6 The change of local heat transfer coefficient and Sparrow number for five

different columns of the pore scale cavity when Ste=1 and «, =668

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 h, isalmost constant, slurry region in which the value of h, 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 h, refers to the single phase pure convective heat transfer

and the value of /1, is constant. Furthermore, the change rate of h, not only depends

on time but also varies with the location of cells. For the closest cell to the hot wall, the

value of 7, rapidly increases and decreases while for the last cell the increase or
decrease rate of hv is the slower. The change trend of hv with time is almost the same

for all cells however a time lag exists between different columns. The increase of hv 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 hv is very close to each

other after the melting process in the entire PCM referring to the value of hv for the

pure convective heat transfer.

As it can be seen, the change of hv with dimensionless time is complicated to be

formulized, however in this study the time and space average value of h, 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 hv 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 &,., Ste and Sp on the local thermal equilibrium state.
The volume average equations (Egs. 5.29 and 5.30) are solved for different values of three
dimensionless parameters in the range of 7/<ea, <500 , I1<Sp<500 and
Ste=0.3 and 1.

Fig. 7.2.7 shows the change of the volume average temperatures for the solid and fluid

phases with «, =500 and Sp=1,10,100 500 when Ste=1. Fig. 7.2.7 (a)
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shows the volume average solid and fluid temperature profiles at y* = 0.5 when

o, =500 and Sp =1 for different time steps as F, =0.67,1.68 and 2.08. In this

study a parameter as O (0 = <0>s —<9>j ) is defined to show the level of local thermal

equilibrium. As it can be seen, there is big difference between (6)°and <0>" showing an
obvious local thermal non-equilibrium condition. In the same Figure (Fig. 7.2.7 (a)), the

change of 0 for three different time is shown. The maximum difference between <6?>S

and <0>" belongs to the initial stage ( 7, = 0.6 7). 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 ( «,. = 500 ) and the convection thermal resistance between the solid
and fluid phases due to low value of Sparrow number ( Sp = 7 ). The same diagram of Fig.
7.2.7 (a) is plotted for the same value of «, (ie., «,. = 500) and Sp=10 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 (6)"and <6’>’ exist,
however the values of 0 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 (¢)
and 7.2.7 (d) show the change between (6)° and <6>1 and also O in three different time
steps of the same thermal diffusivity ratio when Sp =700 and 500, respectively. By
increasing the value of Sparrow number, the maximum value of 0 becomes the smaller

and its value is 0.3 for Sp =300 when F,=0.27 and 0. for Sp= 500 when

F, =0.07. As it can be seen from Fig. 7.2.7, a perfect local thermal equilibrium can be
observed for Sp = 500 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 «, 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 Sfe = 1. This chart clearly shows the effects of

thermal diffusivity ratio and sparrow number.
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Fig. 7.2.7 The change of the solid and fluid volume average temperatures and o for

different values of Sparrow number when «, = 500and Ste=1

By decreasing of the value of ¢, 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 Sp = 500.

NE: Local thermal non-equilibrium

500 NE NFS% NE E: Local thermal equilibrium
300 - NE NE NE K cose
ﬁ:CaseZ

10 - NE NE E
1.7 - NE E E

1 10 100 300 500
Sp

Fig. 7.2.8 Local thermal equilibrium condition in terms of different values of Sparrow

E
E
0,100 - NE NE E E
E
E

number and thermal diffusivity ratio when Ste =1

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 %, are calculated as 53917 W/m K and 180226 W /m’K

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 Sp = 367 and
Sp = 18, respectively. Furthermore, the values of thermal diffusivity ratio for the Case
1 and Case 2 are «, =22 and ¢, = 499 .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

Y  =0.5 for Case 1 at F =0./5and Fig. 7.2.9 (b) shows the same temperature
distribution and temperature profiles at y* = 0.5 for the Case 2 at F, =0.36 . 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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Fig. 7.2.9 Temperature distribution and temperature profileat y* =0.5,
(@Casel, £, =0.15 (b)Case2, FF, =0.36

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 ¢=0.9 at different time step
when Rgq = /. 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
k(W/mK) 7.6 177
plkgm °) 4420 2780
C,(J/ kgK) | 537 875

Koy (W/mK) | ().779 87.69

C (/' m’ K) | 2373540 2432500
r 0.659 1.98

0 0.068 0.72
a(m?/s) 9.61 2.74

g 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 (Y" =0.5, Zz" =0.5, 0<Xx" <1) 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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Fig. 7.3.1 The comparison of temperature distributions between the pore scale and

volume average results when Rq =/ 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 MF = 0.75.

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 10°. 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 zu=70¢ . 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 MF = 0.5 and MF = 0.75. 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.

\ — Volume average — Volume average — Volume average
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°
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MF = 0.25(Fo=0.0052) MF = 0.5(Fo=0.017) MF = 0.75(Fo=0.033)

Fig. 7.3.2 The comparison of temperature profile between the pore scale and volume

average approachesat ¥ =0.5, Zz" =0.5, 0<x" <1 when Ra=1

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 (y" =0.5, z* =0.5,
0<x"<I)andtopline (YY" =0.9, z" =0.5, 0<Xx" <1) of the cavities are plotted and
presented in Figs. 7.3.4 and 7.3.5.

Pore scale

-

e

Volume average (Solid Frame)
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Fig. 7.3.3 The pore scale velocity and temperature distributions of the cavity with

Ra=10° 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., MF =0.6 and MF =0.75), 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.

| — Volume average S — Volume average \q — Volume average
0.8 ® Pore scale 0.8 F\3. = Porescale 0.8 |\e:. * Porescale
° Y ) ..
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MF =0.25(Fo=0.0054)  MF = 0.6 (Fo=0.025) MF = 0.75(Fo=0.035)

Fig. 7.3.4 The comparison of temperature profiles between the pore scale and volume

average when prq-70° atthe center line of cavity (Y " =0.5, Zz" =0.5, 0<X"<1I)

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 MF =025 forboth 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 Rs = 1) and
Figs. 7.3.4 and 7.3.5 (for ra = 10°) 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.

1 1 1
— Volume average — Volume average — Volume average
0.8 R\ * Pore scale 0.8 F ° e Pore scale 0.8 | N * Pore scale
3 ‘\ .
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0 LIPSt DT ) e \é‘--‘_-:_ ) ) a \.-‘;_—
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MF = 025(Fo=0.0054)  MF = 0.5(Fo=0.017) MF = 0.6 (Fo=0.025)

Fig. 7.3.5 The comparison of temperature distributions between pore scale and

volume average when gq=70° at the top row of cavity (Y =0.9, z" =0.5,

0<X"<1)

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 5.73x70”7m’ and 0.0246 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.
Re < 100) , hence the Forchheimer term is not included into the volume average

momentum equation.
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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 /% , =107.7 and also for the pure water with x_,« ;= 388.5- 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 ko /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 2.34W /mK and 0.65W /mK
by using Egs. (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
Ra =1.
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Fig. 7.3.7 The change of /%, 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 A~ ¢ Fo ) 1s 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 70°. 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 <T>S - <T>j 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.

99



400

i'
—~ 300 §
=

T 200 f#
Phase qhange Phase change H
8 region : completed 0.32 |Z 100 _"
II 0.24 ‘

7 0.16 = 0 - : r =

0.08 & 0 0.02 0.04 0.06 0.08

0.00 Fo
_2$ 50 100 150 2&0_0_08
t(s)

(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 Rq =1, a) volume average temperature difference and heat transfer rate assisted

with temperature distributions in the center cell, b) local instant interfacial Nusselt

number

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 A~ (7o ) with time as seen in Fig. 7.3.9 (b). The same

changes of (T)* —<T>j and A~ ¢ Fo ) werealso observed for the cells  in the top region

for high Rayleigh number.

100



1 —— ()

e

Phase change c Phase change
region K] completed
8 r - :
1 £
o 1
—_ YGRS 1 2 1
X4 F 3 g1 1 02
T ¢ I 0 1 —_
= b & 3
S : } e = 0.02 004 006008
=0 i W L 0.0 —100
50 |\ 200 : 150 200 Fo
! 1
4 -0.2
t(s)
(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 rq =70°, a) volume average temperature difference and heat transfer

rate assisted with temperature distributions in the center cell, b) local instant

interfacial Nusselt number

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
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between 226 <70 and 628 x10° for the cavity with Ra=1 and 277 x70
and 3.07 for the cavity with gs=70°. 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 gq = 70°) since they limited the validation of their correlationto Re=1.

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 Ra=1. As it

can be seen, the value of A~ (7o )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 N (¢ 7o )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,

Nu,( Fo )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

pf Vu2 +V2df

Zhukauskas (1972) Rey =
157 f
(Improved by Calmidi and
Mahjan (2000)) 0. 76Reg'4 Pr0'37 kf /df, I<Rej <40

h 0.5 5.0.37 3
Sf = 0.52Re ;= Pr"" kg /dy, 40<Req<I0

0.6

0.26Red

Pr0‘37 kf /df, 103 <Reg 32x105

3
Churchill and Chu (1975) e, = $PAT
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102



i
ky 0.387Ray’
hsf =—10.6+
dy s
) 9 |27
I+( -599j16
Pr
ATd
ApVy
Churchill and  Chu ;
1975 k ‘
(1975) hy =1 0,364 0.518Ra, :
4 97
(0.599}16
1+
Pr
Re:p”indﬁ /,Uj
Yao et al. (2018) 76.99-152.016+75.046°, 0<Rey<0.1

Nu,,_
(1. 72+1.715-3.465° JReO'Z 6 pr0-28 0. 1<Rey<I

convection exists in the cell. The same behavior can also be seen for the cavity with
Ra=10°. In addition to the big difference in the initial stage, the discontinuity of
Nu, ( Fo )1s another difference that cannot be observed by the correlation suggested in
literature.

The volume average equations (Eqgs.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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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)

Ra=1,b) Ra=10°

It shows the temperature profile at the center line of the cavity from the hot to the end
wall (Y™ =0.5, Zz"=0.5, 0<x"<1) for two different Rayleigh numbers. The pore
scale results are also shown in this figure. For Ra = I, 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

Ra=10°. Good agreement between our results and the results based on correlation of

Churchill and Chu (1975) can be observed.
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Fig. 7.3.11 The comparison of temperature profile between our results and correlation
results at the middle row of cavity (Y™ =0.5, Z* =0.5, 0<X <1),a) Ra=1,Db)

Ra=10°
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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

Sp=1000 referring to the higher convection in the pores compared to heat
conduction through the porous media while low values (Sp =50 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 (a: / a; =300 and small Sparrow number (Sp = 38 .
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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 (a: / Ot; =2.

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 Sp=17 and high values of thermal diffusivity ratio (such as
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o, =500 .

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 (/< Ra<10° , 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.
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