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The Finite Volume method has been used to analyse the behaviour of a medium-scale latent
heat thermal storage system. The shell-and-tube storage system is filled with phase change
material (RT2100) in the shell and heat transfer fluid flows through the tube of the storage
system. Normally, Organic PCM has low thermal conductivity. Numerous studies from the
literature have been reviewed which discuss the enhancement of thermal conductivity of the
PCM. The addition of graphite in the PCM is considered an effective way of improving the
thermal conductivity of PCM. In this thesis, the major focus is to analyse the performance
of the storage system with variation in the volumetric content of graphite in RT100. The four
cases of a storage system having 0 %, 7,5 %, 15 %, and 30 % volumetric content of graphite
in RT100 was investigated. The purpose of designing the graphite-paraffin-based LHTS was
to transfer the heat from district heating to the building heating network. The
solidification/melting fraction and variation of the temperature inside PCM and fluid at
different time-period have been presented. The heat transfer rate and total heat extracted by
fluid from the PCM have been calculated. The results show that the heat transfer rate
becomes many folds of the pure PCM with increasing the amount of graphite in the PCM.
The timewise variation of outlet heat transfer fluid has been shown for different Reynolds

numbers and Stefan number.
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CHAPTER: 1 INTRODUCTION

Energy plays a vital role in our daily life. Nowadays, energy demand has surged because of
the enormous requirements of energy in various fields like the manufacturing industry,
power generation, household, etc. Fossil fuels have fulfilled the energy requirements for a
long era at the cost of substantial environmental damage. At the same time, fossil fuel cost
Is increasing, and it is going to increase further as the energy demand is increasing, and fossil
fuel reserve is decreasing.

Recent studies of the EU have shown that energy consumption of the building sector is going
to increase by up to 40 % of total consumption by 2040 [1]. Besides, the increase in the
usage of fossil fuels will create a negative effect on the environment. Therefore, the energy
industry needs to focus on the sustainable generation of energy and decreasing emissions.
Renewable energies like wind, solar, biogas, etc. are playing an essential role in maintaining
the equilibrium between natural resources and energy demand. Nevertheless, most
renewable energy, especially wind and solar, have very little energy density, and they are
available during an irregular period. However, the requirement of energy at the industry,
home, and workplace has a different phase than the availability of renewable energy.
Therefore, to solve this problem, the energy storage system should be integrated into the
energy system. During the last few decades, energy storage has been developed significantly.
It is helping the world fulling the energy requirements of the industry, building heating and
cooling aerospace power and household more efficiently and sustainably. The following are
the benefits of storage.

Reduction in the energy cost

Reduction of energy consumption.

Improvement in the maintenance.

Enhancement in the flexibility of operation

A decrement in equipment size.

Effective and efficient utilization of the energy system

Pollution reduction.

Since ancient times TES has been used by people by storing energy in the form of ice and
use it in the future. Thermal energy can be stored by a sensible heat storage system (SHS)

or latent heat storage system (LHS). The heat-storing capacity of LHS is greater than SHS
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system, therefore, PCM based storage system has been utilized in the various field like solar
power plants, waste heat recovery, spacecraft, medical applications, heat pump storage,
thermal comfort in vehicles, PCM based storage system have been used for turbine inlet
chilling, etc.

The pure phase change material (PCM) material has low thermal conductivity, which limits
the charging and discharging rate of the storage system, hence the overall performance of
the storage system decreases. There are several methods of improving the thermal
conductivity of storage systems such as the use of composites of paraffin and graphite,
extended fins, PCM encapsulation many more. The details of heat enhancement are
discussed in chapter 2.

The current study was dedicated to analyze the performance of shell-and-tube LHTS which
uses organic paraffin (RT100) PCM which store and release a large amount of thermal
energy nearly at a constant temperature with any supercooling. The finite volume method
was used for the modeling and investigation of different parameters that affect the
performance of the storage system. This storage system can be utilized to transfer the heat
from district heating to the heating networks of the buildings. The storage system gets
charged during the night when the thermal requirement is low and it gets discharged in the

morning when thermal demand is high.
1.1 Integration of renewable energy sources with storage system

Integration of storage systems with renewable power generation would improve the
environmental conditions, world economy, and diversity of energy. Energy storage is widely
used in various fields such as automotive, district heating, etc. Distributed generation is
described as the generation of electricity near the load and generation of distributed power
is almost equivalent to load. In this section, we will discuss the different storage
technologies and their integration with various renewable sources of energy. Electricity
production from solar and wind are carbon-free but they are highly dependent on climatic
conditions. Incorporating storage systems with renewable sources can reduce the
fluctuations of power production and provide better power quality. The bulk energy storage
system is defined as a power rating in the range of 10-1000 MW and electricity storage
capacity in the range of 10-8000 MWh. The bulk energy storage system provides

opportunities to feed the produced electricity during peak generation [2].
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Table 1.1: Application Category [2]

Application Discharge Power Stored Energy Typical
Rating Capacity Applications
Power Quality 0.1-2 MW 0.00028-0.01667 End-use power
quality and
reliability
Distributed 0.1-2MW 0.050-8 MWh Peak Shaving
Generation transmission
deferral
Bulk Energy 10-1000 MW 10-8000 MWh Load leveling load
Storage

reserve for peak
power

1.1.1 Energy Storage Technologies

Energy is storage the process of storing excess energy and delivering it when required in the
future. There are various ways of storing energy shown in Figure 1.1.

—
==

Lithium-lon Battery Compressed Air Hydrogen Sensible Heat
Energy Storage Storage
1 1 1 ]
Sodium Sulfur Pumped Hydro Methane Latent Heat
Battery Energy Storage Storage
! 1
Lead Acid Battery Thermo-Chemical
Energy Storage
1
Redox Flow Battery

Figure 1.1: Methods of energy storage
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1.1.2 Electrical Energy Storage

When the production of electricity is greater than the demand it can be stored by using
technologies like batteries, super-capacitor, superconductive magnetic energy storage
systems. During the period of high demand for electricity and lower production, it can be
released back to the grid. For example, the power demand is low during the night, and
electricity production from wind farms is more due to the higher speed of the wind. An
electrical energy storage system can be utilized to shift power output to a period of high

demand.

1.1.2.1 Batteries

Batteries are classified into primary and secondary batteries. Primary batteries are non-
rechargeable, whereas secondary batteries are rechargeable. The modern car battery is an
example of a lead-acid battery. Rechargeable batteries have the potential to be utilized for

large-scale storage systems.

1.1.2.2 Super-Capacitor

A supercapacitor is used to store the electrical energy in the static electric field between the
electrodes and ions in the electrolyte. The supercapacitor has a high-power density; hence,

it is used in the short term.

1.1.2.3 Superconductive magnetic energy storage System (SMEYS)

SMEs are used to store energy in the magnetic field, which is produced by current flow
through the superconductor. It has a low time delay at the time of charging and discharging.
It can be used to provide instant power for the short period.

1.1.3 Mechanical energy storage

In mechanical energy storage, the kinetic energy of the moving body is converted into
electrical energy. Hydro pumped storage, compressed air storage and flywheel are

technologies used for mechanical energy.
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1.1.3.1 Pumped hydro energy storage (PHES)

A hydro pump has a pair of interconnected reservoirs of water at different heights. The pump
is used to fed water from the lower reservoir to a higher reservoir for charging, and the
turbine is rotated by falling water during discharging. The energy storage depends upon the
height of the waterfall and the mass of water. PHES have high power capacity and power
density. This technology requires high differences and a huge amount of water therefore it

has geographical restrictions.

1.1.3.2 Compressed air storage (CAES)

In CAES, the air is compressed by a compressor which is driven by a motor. Air is heated
up during compression, and radiators are used to remove the heat. Fuel is used to burn in the
combustion chamber, and the turbine generates power. CAES has low storage density

therefore it requires large storages. It has a large storage capacity and quick start-up times.

1.1.3.3 Flywheel Storage

Flywheel energy storage consists of a rotating mass. When the rotating mass rotates, it stores
energy in the form of kinetic energy, the rotational speed of the flywheel decreases when the
energy is extracted from the flywheel. Flywheel has a high life cycle and power density but
a high self-discharge rate.

1.1.4 Thermal energy storage (TES)

Thermal Energy storage is stored by heating or cooling of storage medium up to a certain
temperature. Thermal energy can play an important role in storing solar energy coming from
the sun. The thermal energy can be stored in the form of sensible and latent heat of material
which is also called as internal energy of the material. Thermal energy can be utilized to
optimize the performance of combined heat and power plants by storing the heat energy

when the demand is low and it can deliver when the thermal request is high.
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The appropriate selection of storage system depends on several parameters such as the

capacity of the storage system, power rating, energy conversion efficiency, etc. Table 1.2

shows a comparison of various energy storage technologies.

Table 1.2: Comparison of various energy storage [2]

Storage Mechanism Efficiency
Technologies

Flow Battery lon charge 60-85 %
Reversible Fuel Hydrogen 80-90 %
Cell
Superconducting Electromagnetic 95 %
Magnetic Field
Energy Storage
Flywheels Mechanical 70-95 %
Inertia
Compressed Air Compressed 40-70 %
Energy Storage Energy
Pumped Hydro Potential 70-80 %
Storage Energy

Thermal Energy Internal Energy 80-90 %
Storage

Discharge
Time

Hours

Days

Seconds
/Minutes

Minutes

Days

Months

Hours/Days

Potential
Application

Power

Quality,
Distributed
Generation

Distributed
Generation

Power
Quality

Power
Quality

Bulk
Energy
Storage

Bulk
Energy
Storage

Bulk
Energy
Storage

Life
Cycle

5
years

Years

30
Years

30
Years

30
years

40
years

40
years

The most important advantage of thermal storage over other storage technology is

independent of geographical location. The thermal energy storage can be established at a

very lower price.(2.1
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CHAPTER: 2
THERMAL ENERGY STORAGE

The increase in the demand for energy consumption in commercial buildings and the
depletion of fossil fuels have forced the world to realize the importance of renewable energy.
Energy from solar has been widely used as renewable energy but due to its odd and even
availability thermal storage can play a very important role to ensure the continuity of energy.
Thermal energy storage can be easily adopted with other sources of renewable energy and it
improves the overall performance of the power plant. Employment of thermal energy storage
with renewable sources of energy can displace the traditional methods of production of hot
and cold and reduce the emission of toxic gases. Thermal energy storage gives many benefits
to the district heating and cooling for instance it reduces the peak demand and enhances the
overall efficiency of the system. Thermal energy storage works on the principle of storing
excess energy and used it for the future when energy is required. The storage can be achieved
in three steps these are charging, holding, and discharging. The thermal energy can be stored
in three distinct ways sensible, latent, and chemical energy storage. The classification of
thermal energy storage is shown in Figure 2.1. The variation in the different methods of

thermal storage depends on the material, working temperature range, etc.

Thermal energy storage

Thermal Chemical

Thermal chemical pipe line
Sensible heat Latent heat Head ofsesction
Heat pump
| | 1

Liquids Solids Solid-Liquid || Liquid-Gas Solid-Solid

Figure 2.1: Classification of thermal energy storage [3]
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2.1.1 Sensible Heat Storage

In sensible heat storage, energy is reserved by varying the temperature of storage media

such as water, air, soil, rock beds, sand, or soil. It can be calculated by

Q=m.Cp.(T,—Ty) (2.1)

Q is thermal energy stored in the form of sensible heat (kJ), T; is the initial temperature (°
C), T, isthe final temperature in (°C), Cp is the specific heat of material, and m is the mass
of the material used. From equation (2.1) , it is clear that the amount of stored heat is directly
proportional to the mass of material, change in temperature, and specific heat of the material.

Some of the common TES material and their property is listed in

Table 2.1.

Table 2.1: Thermal energy storage material and properties [4]

Material Density (Kg / m?) Specific Heat Volumetric
Thermal Capacity

(I’kg K) (10 J/m3 K)
Clay 1458 879 1.28
Sandstone 1800 837 151
Wood 2200 712 1.57
Concrete 2000 880 1.76
Glass 2710 837 2.27
Aluminium 2710 896 2.43
Iron 7900 452 3.75
Steel 7840 465 3.68
Gravelly earth 2050 1840 3.77
Magnetite 5177 752 3.89

Water 988 4182 4.17
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2.1.2 Latent heat storage (LHS)

In LHS, heat transfer occurs during the phase transfer from one phase to another. When heat
is added to the material, the internal energy increases as a result of that phase change occurs.
The rate of heat transfer during LHS is much higher than sensible heat transfer for a given
medium. Morrison and Abdel-Khalik [5] and Ghoneim the LHS has high thermal storage
density as compare to SES for a small temperature gap. The comparison has been shown in
Figure 2.2. The amount of energy stored is given by [6].

T Ty (2.2)

T; Tm

Q is the amount of heat stored or released (kJ), m is the mass of the material (kg), and Cp is
the specific heat capacity J/(Kg ° C), f is the melt fraction, and L is the latent heat of fusion

(J/kg) , Tm is melting temperature, Tris final temperature and T is initial temperature.

Temperature sensible

>Iarge temperature
difference

I
]
I
]
||
I
]
|}
]
]
+ difference
|

'
'
" : small temperature
/ y latent - Y |

Stored heat
Figure 2.2: Comparison of LHS and SHS [3]
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The materials used to store the thermal energy during the phase change are called Phase

change material. They can melt at a wide range of temperature ranges. The desirable

characteristics of PCMs are shown in Table 2.2 [3].
Table 2.2: Desired characteristics of PCM [3]

Thermal
Properties

Melting
temperature in
the desired
range

Latent heat of
fusion per unit
volume is high

High specific
heat

High thermal
conductivity of
both the phases

Physical
Properties

Small Vapour
pressure at
operating
temperature

Small volume
variation of
phase change

High Density

Kinetic
Properties

Little or no
supercooling
during freezing

High nucleation
rate to avoid
super cooling

Adequate rate of
cyclization

Chemical
Properties

Chemical
Stability

Complete
reversible
melting/
freezing

Compatibility
with content
material.
No toxic

No flammable
material

2.1.1 Classification of Phase Change of Material

Economics

Abundant

Large scale
availability

Cost-effective

PCM can be classified as organic, inorganic, and eutectic. The below figure shows the

categorization of PCM.
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Non- Parafﬁn
Compounds

Salt Hydrates
Inorganic <

Metallics

Paraffin
Compounds
Organic

Phase Change
Material

Inorganic-
Organic
Inorganic
Organic-
Organic

Figure 2.3: Classification of phase change materials [3]

2.1.1.1 Organic PCM

Organic PCM can melt and solidify without phase isolation and reduction of latent heat of
fusion [7]. Organic PCM is further classified into paraffin and non-paraffin. Some of the
commonly used organic materials are waxes, ester, alcohols, etc.

1) Paraffin Wax

It consists of several chains of alkenes (—CH3). As the chain of alkenes increases, the
melting point and latent heat of fusion increases. Paraffin is available in an extensive range
of (5 °C -80 °C) temperatures. Paraffin wax is cheap, secure, chemically inert, and stable
below 500 ° C. The paraffin wax is soft and comes from petroleum, coal, etc, therefore they
are different from other PCM.

il)Non-paraffin

There is several non-paraffin PCM available. Each of these PCM has different properties
from each other. A survey conducted by Abhat et. al [3] and Sawhney [4] to find out the
number of esters, fatty acids, alcohols, and glycols capable of storing energy. Fatty acid
frizzes without subcooling and it has high great heat of fusion as compared to paraffin. The

main limitation of fatty acid is the cost which is almost 2.5 times the technical paraffin[7].
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2.1.1.2 Inorganics PCM

Inorganic PCM are classified into salt hydrate and metallics. Inorganic PCM's heat of fusion
does not decrease with cycling [7]. Inorganic PCMs are used for high-temperature
applications. The major disadvantages of inorganic PCM are that it freezes at lower
temperatures and it is hard to manage at higher temperatures.

1) Salt hydrates

The general formula of salt hydrate is AB.nH,,. It is the mixture of inorganic salt and water
in crystalline form when it solidifies. At phase transformation, dehydration of salt takes
place, and it results in a salt hydrate of fewer molecules or anhydrous form. Salt hydrate
melting is further classified as congruent, incongruent, and semi congruent. Congruent
melting occurs when salt is soluble in water, when salt is partly soluble in water then it is
called incongruent melting temperature and during phase transformation when solid and
liquid are in equilibrium then semi-congruent takes place. Salt hydrates are the best storage
so far because of tremendous latent heat per unit volume, high thermal conductivity, low
corrosiveness, and compatibility with plastics. Glauber salt is having 44% of Na,SO4 and 56
% H.0 by weight, and it is the cheap and best material that can be used for the storage of
thermal energy [8].

i) Metallic

Metallic PCMS are the group of low melting point metals and alloys. Metallic PCM has a
high heat of fusion per unit volume and high thermal conductivity. Due to high thermal
conductivity metallics have high charging and discharging rates. Kenisarin [9] has shown
the two most essential properties of PCM, i.e., melting temperature and fusion heat. Figure
2.4 shows the plot of melting temperature and fusion heat. This plot can be used to select the
best PCM material for the design of TES. Figure 2.4 illustrates that aluminum and silicon as
the best PCM having the heat of fusion 560 J/s and melting temperature around 576 ° C [7].
A study done by Li [8] suggests aluminum-silicon alloys as relatively stable for multiple

heating and cooling cycles.
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Figure 2.4: Latent heat and melting temperature of metallic PCM[3]

iii) Eutectics

Eutectics are a mixture of two or more than two PCM materials having low melting point
materials with similar congruent melting and freezing points. Eutectics have high thermal
conductivities and densities. During the changing phase, segregation doesn’t take place. The
weight ratio of materials can be varied to get the desired melting points of the eutectic
mixture [7]. PCM is selected based on various properties, but the temperature range is one
of the main properties. Figure 2.5 shows the classification of PCM based on their melting
point [10].
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Water gel

Hydrated Salts

Organic

Polymer Material

Medium Temperature PCMs =i

Htgh Temperature PCMs Metal Alloy

Figure 2.5: PCM Classification based on melting Point [3]

2.1.2 Improvement of performance of TES

Low thermal conductivity of PCM is the main drawback of phase change material. There are
various methods to improve TES performance. Each method depends on the application,
medium, and type of storage system. Some of the common methods of increasing the thermal
conductivity of PCM are paraffin encapsulation, preparing the mixture of paraffin with
extended graphite, extended metal surface, and inserting metal matrix with paraffin. The
extended surface is the most popular technique used for increasing thermal energy storage
[1]. The improvement in heat transfer can be achieved by increasing the heat transfer area or
improving thermal conductivity. Figure 2.6 shows the different methods of improving the
thermal storage system.



24

Composite
material with
increased
thermal
conductivity

Intermediate
e heat tansfer
Multiple PCMs N medium
( High Temperature PCM A
Storage systems-
Thermal Performance
Enhancement Methods

- Fins

Extended heat
transfer
surface: )

-Capsules

Figure 2.6: Methods to enhance the thermal performance of TES [3]

2.1.2.1 Composite material with increased thermal conductivity

The heat transfer of TES can be improved by mixing PCM with the material having good
thermal conductivity for instance metal and carbon. Due to the greater density of metal, it
gets to settle down at the bottom PCM container. Carbon fiber can be a better option to use
to enhance the conductivity as it has lower densities than metal but thermal conductivity is
almost equal to metal. Porous material can be embodied with PCM material to increase the
thermal conductivity as porous material have high thermal conductivity. Researchers have
found that with increasing the mass content of extended graphite in the PCM material the

thermal conductivity increases up to many folds of pure PCM.

2.1.2.2 Extended metal surface and fins

Enhancing the heat transfer area is one of the most popular ways of improving heat transfer.
It can be done by the addition of extended metal surfaces such as fins. Fins can be added

axially and radially. The thermal conductivity, density, cost, and corrosion decide the
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material of fins. Table 2.3 shows the different materials and their thermal conductivity,
density, and estimated cost.

Table 2.3: Properties of common fin materials [4]

Property Graphite  Aluminum Stainless Carbon Copper
Foil Steel Steel
Thermal 150 200 20 30 350
Conductivity
(W/m k)
Density 1000 2700 7800 7800 8800
(Kg/m?®)
Estimated 9000 7000 19000 14000 35000
Volume
Specific Cost
($/m?3)

Investigation work by Erek [11] results showed that when the radius of fin increases in the
radial direction the stored energy increases. The stored energy also increases when the space
between the fin got reduced. Zhao and Tan [12] have concluded in their studies that an
increase in inlet temperature of HTF mass flow rate and height of fins results in an
improvement in the PCM heat charging rate and a decrease of the charging time. TTHX (
Triplex-tube heat exchanger) consists of three concentric tubes; this arrangement has a larger
surface area as compared to other heat exchangers which enhances heat transfer. Mahdi et.al
have done numerical simulations of PCM melting in TTHX with fins at different locations,
and they found an increase in the convective heat transfer into the PCM and faster melting
of PCM. This result suggested that TTHX has the potential to be utilized as an alternative to

nanoparticles [3].
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Figure 2.7: Tube in tube heat exchanger having fins in longitudinal and annular fins[3]

2.1.2.3 Heat pipes

Heat pipes provide a high rate of heat transfer across a smaller temperature gradient
therefore, it acts as thermal superconductors. It works on the thermosiphons principle which
operates on the gravity and transfer of heat takes from the lower to the upper end of the pipe.
The heat pipe in which the transfer of heat takes place from both sides is called wickless.
The transfer pipe can be made in various shapes and sizes. The most common shape of the
heat pipe is shell and tube. Nityananda and Pitchuman [13] suggest the best configuration in
which PCM placed inside the tube and HTF passed through the shell in the first case and
PCM was placed outside the tube, and the tube is filled with HTF in the second case. Khalifa
et.al have investigated the performance of the HP storage system with and without fins. The
results of their investigations showed enhancement in the energy extraction from the PCM
and HP effectiveness by 86 % and 24 %, respectively [14].

2.1.2.4 Multiple PCM

Multiple PCM are used in cascade storage systems. Figure 2.8 shows the cascade storage
system with three PCMs having different melting temperatures. PCM 1 has the lowest
melting temperature, and it gets heated from t; temp to t2, PCM 2 has a medium melting
temperature that gets heats from t> to t3, and PCM 3 has the highest melting temperature
which gets heated from t3 to maximum temperature. By using the cascade system, the stored
energy of LHS becomes 2.5 times of SHS.
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Figure 2.9: Multiple PCM in shell-and-tube heat exchanger [3].

The idea of utilizing multiple PCMs was to get the constant temperature difference between

HTF and PCM at the time of melting and solidification cycles. When different PCMs having

different melting temperatures are arranged in t

he decreasing order of their melting point in

the shell-and-tube latent heat storage system almost constant temperature can be achieved

during the melting process even though the temperature of HTF decreases across the flow

direction (Figure 2.9). When heat transfer fluid flow direction is reversed and PCM are

arranged in the increasing order of the melting temperature almost constant heat flux is

achieved from phase change material to the heat transfer fluid. The melting temperature

difference between the different PCM used in the cascade storage systems is very important

to be considered. [6]
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2.1.2.5 Encapsulation

Encapsulation is the process of increasing the heat transfer rate by confining the core and
covering it with a shell of a different material. The encapsulation can be classified based on
the size of capsules, i.e macro-encapsulation (1-1000 um) and nano-encapsulation (<1
um). In macro encapsulation number of PCM are encapsulated in the discrete unit.
Following are the features of macro encapsulation. Macro-encapsulation provides structural
stability to the PCM, improvement of heat transfer rate due to the increase in the area. Macro
encapsulation can be designed in different geometries depending upon the application. The
most common geometries are cylindrical and spherical shapes. Encapsulation in spherical
shape provides compatibility to the storage system, and it improves the mixing of the HTF
and enhances the heat transfer coefficient than the cylindrical [3]. In micro-encapsulation
small particles of PCM are either coated or embedded into a matrix to give better properties.
Micro-encapsulation is widely used in the thermal energy storage of building. Encapsulation
increases the surface area of heat transfer, thermal conductivity, and compatibility of PCM

with the storage system. It also decreases the corrosion [3].
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CHAPTER: 3
LITERATURE REVIEW

In this chapter number of literature based on latent heat thermal energy storage (LHTES)
have been reviewed. Most of the research discussed numerical modelling of LHTES and
their charging and discharging behaviour. The various geometry of the storage system and
different methods of improving the thermal conductivity have been reviewed. There is plenty
of research work dedicated to shell-and-tube due to its simplicity. The effect of various
parameters such as mass flow rate, fluid inlet temperature, etc has been reviewed to perform

the parametric study of the storage system.

According to Yang, the mass flow rate of fluid, the inlet temperature of the fluid, and the
geometry of the storage systems highly affect the storage capacity of latent heat thermal
energy storage [16]. The charging and discharging behavior of solar-based storage systems
were analysed by using different PCM. The investigation reveals that fluid outlet
temperature depends upon the type of PCM used for the storage system [17]. Mosaffa [18]
has investigated the latent heat storage of two different geometries, cylindrical, and
rectangular in which both have the same volume and heat transfer area. The rate of
solidification inside the cylinder was found quite good as compared to the rectangular
storage system. During charging and, discharging thermal conductivity was a hurdle in the
heat transfer as it is very low in the studied PCM materials.

Chan and Kim [19] studied the heat transfer performance of the tube without fins and with
circular fins by using magnesium chloride hexahydrate (MgCl. .6H20) as phase change
material with a melting temperature of 116.7°. They concluded the following.

1) The temperature gradient in the finned tube is very even as compared to the storage system
with no fins.

ii) The experimental heat transfer coefficient h higher than the theoretical in the case of the
tube without fins due to the dendritic shape of the crystal structure.

1ii) The heat transfer coefficient of the finned tube is almost 3.5 times the unfinned- tube.
An experiment has been performed using Erythritol, which is a medium temperature phase
change material having a melting point of 117.7 ° C. There were three setups for the

experiment the first one was a control system without any enhancement while the other two
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were designed with circular and longitudinal fins. The longitudinal heat transfer method is
considered as best for charging and discharging of Erythritol in a shell and tube PCM due
to a better charging process with very small subcooling during the discharge [14]. Using
fluent code triplex tube heat exchanger having internal and external fins were studied to find
the various parameters which affect the melting rate of PCM. It was found that the length of
the fins had a larger influence than the number of fins and thickness of fins [20].

Hasan [21] investigated the transition time, temperature range, and solid-liquid interface
front using palmitic acid as a phase change material. The experiment illustrates that
convective heat transfer in the liquid phase plays a vivid role during the melting process, and
the melting front propagates in radial as well as the axial direction. It also proved that
placement of a tube in the horizontal directions decreases the time required for charging and
discharging of the storage.

The thermal performance and steadiness of phase change material (Stearic Acid ) have been
investigated by Sari et al. [22]. They have studied the transition times, solid-liquid interface
propagation, and influence of heat flow rate on the stability of stearic acid as phase change
material. The results show the sudden increment of the temperature of PCM at the beginning
of the melting period, while the temperature remains almost the same while melting of stearic
acid. Similar action was observed during the solidification of PCM. The required time for
solidification is smaller than melting due to the high heat transfer rate. The temperature
variation takes place due to heat transfer gain inside the PCM and absorbed sensible heat
during melting.

There are numerous of work have been done by many researchers in the field of modeling
of PCM based thermal energy storage. The literature studies show that modeling of phase
change material is a bit challenging due to the complexity and coupling of physical
phenomena. The heat transfer phenomena in PCM are highly non-linear, and the solid-liquid
interface is continuously moving; therefore, the heat transfer fluid temperature is
continuously changing and never reach a stagnant point. Besides, heat transfer fluid through
the pipe never gets fully developed due to the entrance effect, and it makes useless
employment of empirical correlations for the evaluation of heat transfer. More details of
modelling of the storage system can be found in [23].

Ismail and Abugderah [24] studied the transient phase change in vertical tubes using a fixed

grid numerical model. The control volume finite difference approach was used to solve the
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equations of the thermal storage system. The temperature distribution in the radial direction,
solid-liquid interface position, accumulation of sensible and latent heat along the axial length
have been shown for different Reynolds numbers, Stefan number, phase change temperature
range, and time-period. To model the phase change material geometrical parameters such as
system length, the diameter of fusion for the tube is essential to describe. The other
parameters, such as Reynolds number, Stefan number, and Prandtl number, play a crucial
role in the modeling. Reynolds number depends upon the velocity of heat transfer fluid,
density, and viscosity which also define as the ratio of inertia force to viscous force. Stefan
number described as a function of a temperature difference between phase change material
melting temperature and heat transfer fluid inlet temperature.

Gou and Zhang studied the new technology of heat transfer enhancement using aluminum
foil. They made a comparison between storage with and without foil on the same tube
diameter and PCM. The results showed a significant advancement in the discharge process
by the addition of aluminum foil. Additionally, they investigated how the discharge time was
affected by changes in the geometry of aluminum foil, the diameter of the tube, boundary
condition, and thermal conductivity of the PCM [25].

Adine and Qarnia [26] have done numerical Analysis on shell and tube heat transfer storage
systems where the shell is filled with P116 and n-octadecane PCM material with different
melting temperatures 50 ° C and 27.7 ° C, respectively. They made a comparison of the
thermal performance of latent storage using single-phase material and double-phase
material. They ran the simulation several times to predict the effects of operating and
geometric parameters. The low mass flow rate had high thermal efficiency with double PCM.
At a moderate mass flow rate, the thermal efficiency was more efficient for lower inlet
temperature for dual-phase storage systems.

Colella et al. [27] used CFD to design and analyse the performance of medium-scale latent
heat thermal storage for district heating networks. They have also described the enhancement
of thermal conductivity of PCM by employing graphite in the composition. 15 % volumetric
graphite in the PCM composition is considered to be best for the application of storing heat
from the district heating network to the building. They have compared the PCM based
storage system with traditional water-based district heating.

This thesis concentrates on the analysis of the effect of graphite in PCM composition for

district heating. A similar design to Colella et al. is modeled using Ansys and parametric
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studies have been carried out such as effect mass flow rate, inlet temp of fluid, and total
energy has been calculated in each case. Colella et al. have not discussed the nature of pure
RT100 for the application in district heating therefore four cases have been discussed. The
first case of storage system uses RT100 with 15 % volumetric of graphite and its results have
been validated with Colella results. The second case, third, and fourth case has 0 %,7.5 %,
and 30 % graphite content. The results show that on increasing the volumetric percentage of
graphite in the PCM composition the rate of heat transfer increases up to a certain point then
it starts decreases and another hand latent heat thermal storage time availability also
decreases with increasing the graphite content.
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CHAPTER: 4
MATHEMATICAL MODELING

4.1 Numerical simulation of PCM

The mathematical equations of phase change material can be solved analytically or
numerically. The PCM domain consists of fixed boundaries but the process of phase change
consists of moving boundaries which are also called as Stefan Boundary Condition [3]. Due
to continuous moving boundary conditions, non-linear front face, and complex geometry,
limited numbers of studies are available on 1D (one dimension) simple geometries with
standard boundary conditions [28].

During the solidification, process PCM releases the heat and changes its phase from liquid
to mushy zone and from mushy zone to solid. At the time melting reverse process takes
place. The transformation of heat from one phase to another can take place by conduction,
convection, or both simultaneously. Transfer of heat during phase change can be numerically

solved by either temperature-based or enthalpy-based equations.

Solid-liquid PCMs can be investigated by using either temperature or enthalpy-based
methods. In the temperature-based method, except for the temperature every other parameter

is constant. The equations of the temperature-based are written below [27].

(0Ts/On)K, = (8T,/on)K, + pLKV, (4.1)

Where, Ts is the temperature of the solid phase
T, is liquid phase temperature
K, and K; are the thermal conductivity in the solid and liquid phase,
1}, represents the velocity in normal components of interface velocity

L indicates the latent heat of freezing

The mathematical formulation based on enthalpy is widely used due to the following
reasons.
i) Governing equations do not change during phase change.

i) 1t does not require explicit treatment of the solid-liquid interface.
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Iii) Easy to solve.
The equation for enthalpy based formulation is written in equation (4.2) [28].

%(pH) + V.(pHv) = V.(kAT) + S (4.2)

Where T is temperature, k is thermal conductivity, p is the density of PCM, v is the fluid
velocity H is the enthalpy, and S is the source term

Though there is plenty of software are available to solve the melting and solidification
problems, but Ansys is widely accepted by researchers over other software like COMSOL,
C++, Matlab, etc.

4.2 Fluent program

Fluent package of Ansys is a widely used Computational Fluid Dynamics (CFD) program
for simulation of varieties of engineering problems, for example, melting and solidification.
To start with fluent simulation, the geometry of the problem is drawn, and by using the
workbench, Design Modular, Gambit software which is available in Ansys. On the
completion of the geometry of the storage system, the meshing is performed. After finishing
the mesh generation boundary layer and type of zones are defined and then mesh exported
to Fluent software.

4.3 The mathematical formulation for fluent

Enthalpy- porosity method uses mathematical equations to solve the solidification and
melting problem. A liquid fraction represents how large a fraction of each cell is in the liquid
phase. The liquid fraction is calculated every time steps using the enthalpy balance. The
location where phase transformation takes place or both solid and liquid phases are in the
transient condition is called a mushy zone. Mushy zones are defined in the range of 0 to 1.
The mushy zone is also defined in the terms of porosity that means when the material
completely solidifies the porosity of the material is 0 and before the starting of solidification
porosity of the material is 1. When material completely solidifies at a particular cell the
velocity of material decreases to zero. The deep theory description of solidification is given
by Voller and Prakash [29].
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The whole set of equations is

Continuity d.p + V(pU;) = 0 (4.3)
Momentum 9,(pU;) + V(pU;U;) = uV?U; — VP + pg + S; (4.4)
Energy 9d,(ph) + V(pvH) = V(KVT) + S (4.5)

Where p is the density of the fluid, U is the velocity of the fluid, u is dynamic viscosity, p is
pressure S momentum source h, is specific enthalpy T is temperature. The sensible enthalpy
can be expressed as

h = hyes + fTTref CpdT + yL (4.6)

where h,..; is enthalpy value at a reference temperature T,.r and y is a liquid fraction.
Further, y can be described as

Yy =0when T < Tsopqus

y =1whenT> Tjiguigus 4.7)

- (1-v?
(v3+e)

Amushin when Tsolidus <TK< Tliquidus

The momentum source in enthalpy-porosity can be written as

_ (1-v?
Si = (v3+e)

(4.8)

mushy Ui

where £ = 0 .003 small number to avoid division by zero and A,,,sn, is @ mushy zone
constant, which describes velocity characteristics reducing to zero at the solidification of the

material. The mushy zone constant varies between 10* to 108 kg/m®/s.
4.4 Fluent solver

Fluent has two solvers, pressure and density-based, but pressure-based is used to solve the
phase change problem. The pressure equation is derived by solving continuity and
momentum equations. These equations are coupled with each other and the process of
solving the equations is repeated several times to achieve convergence. There are several
interpolation methods available to solve the convection term in fluent, for example, first-
order upwind scheme, power-law scheme, second-order upwind scheme, central

differencing scheme, and quadratic upwind interpolation scheme. To solve the solidification
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problem, the first-order upwind scheme, the power-law scheme, the second-order scheme is
usually used. Power law and second-order upwind gives better results than others. [28]
Thermal conductivity, specific heat, and viscosity are the temperature-dependent properties
of the material which can be modeled by piece-wise linear, piecewise polynomial, and
polynomial function. Sometimes these properties dependency may be user-defined, constant,
or written in a specific programming language (UDF, user-defined function). Density,
thermal conductivity, viscosity are the physical properties of the material, which are either
temperature-dependent or composition-dependent. The temperature dependency is based on
a piecewise-linear or piecewise polynomial function. The thermophysical properties of phase
change material (PCM), such as density, and viscosity changes by temperature, can be
determined by [28].

p = P1 (4.9)
BT-TH+1)

y = exp((A(;)B) (4.10)

Where p, is the density of PCM material at T, temperature, £ is the coefficient

of thermal expansion, A and B are constant coefficients.
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CHAPTER: 5
CASE STUDY: NUMERICAL ANALYSIS OF A MEDIUM SCALE
PCM STORAGE FOR DISTRICT HEATING

The Colella et al [27] model of LHTS for medium scale is replicated for validation and
study of the parametric effects of the storage. In the current work major focus was to analyze
the effect of the addition of graphite in the PCM-based storage system. In the first case, PCM
composite has 15 % of the volumetric content of the graphite. The results of the first case
were compared with Colella results and then three different cases in which PCM having a
different volumetric percentage of graphite was analyzed. The second case of storage system
consists of 0 % graphite (pure PCM), third and fourth case consists of 7.5 % and 30 %
graphite respectively. The shell and tube heat transfer storage system utilizes RT100 (organic
PCM) which has a 99 ° C melting point. This storage system can be utilized to transfer

charging heat from the district heat network and discharging to residential buildings.
5.1 System description

The geometry of the latent heat thermal energy storage system is a shell-and-tube. The shell
is filled with PCM material, while heat transfer fluid (water) is passing through the pipe,
which exchanges the heat with PCM materials. The internal diameter of the pipe is 12.5 mm,
the length is 2.9 m, wall thickness is Imm. Organic Paraffin (RT100) is used as a phase
change material for the storage system. To enhance the thermal conductivity, the properties
of PCM material have been modified by the addition of material having high thermal
conductivity. The physical properties of PCM have been taken from the manufacturer as

shown in Table 5.1 [27]. Figure 5.1 shows the systematic view of the heat transfer unit.
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Figure 5.1: Schematic geometry of the storage system

Table 5.1: Thermo-physical properties of the PCM (RT100) and paraffin-graphite

composite.
Paraffin- Paraffin- Paraffin- Paraffin-
Graphite Graphite Graphite Graphite
(®=0 %) (®= 7.5 %) (®=15 %) (@ =30 %)
Melting 363-385 363-385 363-385 363-385
Temperature
[K] (typically 373)  (typically 373)  (typically 373)  (typically 373)
Latent Heat 124 102 87 58.27
Capacity
[kJ/kg]
Thermal 0.2 7.6 15.0 30.00
Conductivity
[WImK]
Specific 2.1 1.8 1.6 1.36
Heat[kJ/kg/K]
Density [kg/m?] 855 960 1064 1273.5

Methods by Khodadadi et.al [30] is used to evaluate the thermo-physical properties. Density,

heat capacity, latent heat, and thermal conductivity are calculated as

pc =1 —Pppcm +¢ Py (5.1)
(Cp)c =1 —=P)(pCp)pcu +P(p Cp)yg (5.2)

(pL)c = (1 = P)(PL)pcm (5.3)
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where p is density, and Cp is the specific heat, L is latent heat, and ¢ represents composite
material, PCM represents pure PCM material, 4 is thermal conductivity and g represents
extended natural graphite. For the pure graphite 2250 kg/m? density and 709, J/kg/K specific
are used.

LHTES stores the heat coming from the district heating network which usually works in the
(120-60 ° C) temperature range. The storage system gets charged during the night period
when the thermal request is low. When the thermal request is high PCM material gets
discharged by transferring heat to the heat transfer fluid (HTF). At the beginning of the
discharge, process PCM is in the liquid form and it starts solidifying while releasing the heat
energy to HTF. The experiment has been conducted on several operating parameters, but
current modeling is based on a maximum thermal request, which is the mass flow of 0.02
kg/s and Reynolds number of 2000. Ideally, the discharge should start at the highest
temperature of liquid PCM, which is 120 °C.

5.2 Modeling

In this section, the utilized model is presented. Due to continuous changes in the phase and
nonlinear phenomena the storage system has been a model using a numerical method. Ansys

fluent is used for modeling and analyzing the storage system.

5.2.1 Geometry

Space Claim is used to design the 2-dimensional geometry in Ansys 2020 R2. Space Claim
has unique features of accelerating the geometry preparation for the simulation process.

Figure 5.2, shows the 2-dimensional geometry of the storage system.
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Figure 5.2: Geometry of the storage system

5.2.2 Mesh generation

Mesh is the built-in part of the engineering simulation process in which complicated
geometries get divided into simple elements that are used as discrete local approximations
of a larger domain. Mesh influences the accuracy, convergence, and speed of the simulation.
The selection of mesh size and method plays a significant role. The structured meshing
approach is used to produce the mesh. After the generation of the base mesh, it has been
refined to get a grid-independent solution. The refining of mesh was continued several times
to ensure that further changes occur in a local field and integral values. The mesh dependency
test is shown in Figure 5.4. The part of the meshed region is shown in Figure 5.3, consists
of 351326 nodes and 170706 elements.

ANSYS

20z{R2
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Figure 5.3: Part of the mesh of the storage system.
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Figure 5.4: Mesh Dependency Test

5.2.3 Setup and solution

The ANSY'S Fluent 2020 R2 was used to simulate the LHTES. Transient analysis has been
done to solve the Navier — Stokes equations for the PCM and heat transfer fluid. The 2D
axisymmetric approach has been used to study the shell and tube configuration. PCM and
HTF were the two-fluid zones, and the flow regime of PCM and HTF were considered to be
laminar. A pressure-based solver has been used to solve the governing equation. To solve
momentum and energy equations, a quick upwind discretization scheme has been used. The
PCM region has been modeled using an enthalpy-porosity approach as it doesn’t require
precise tracking of the solid-liquid interface. The required set of equations from (4.3) to (4.8)

have been used.

The properties of PCM material, fluid flowing through the pipe, and wall material are
assumed to be not dependent on temperature. Velocity boundary condition has been used at
the inlet of heat transfer fluid, and the temperature is also assumed to be known. The pressure
outlet boundary condition has been used at the outlet of the pipe. At the beginning of the
discharge process conduction heat transfer is dominated and convection occurs for short
period in the liquid phase therefore natural connection has been ignored [27]. Iterative time-

advancement has been used to solve the set of the equation at each time step in a segregated

=3 mm Mesh
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fashion until the convergence criteria are met. The relaxation factor for velocity components
is 0.75, pressure correction is 0.75, and for density, energy, and liquid fraction are 1, 1, and

0.9, respectively.
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CHAPTER: 6
RESULTS AND CALCULATION

In this section, the results of various parametric studies have been represented. The contours
of solidification of PCM and temperature variation of PCM and fluid concerning time have
been shown. The behaviour of LHTES has been analysed for a fluid having a different mass
flow rate and Stefan number. The effect of graphite content in the PCM material has been
studied and their results are also presented. The total heat energy extracted by fluid in all

four cases has been calculated.

6.1 Validation

The validation of the model is performed by comparing predicted liquid fraction to the
results of Colella et.al. Figure 6.1 shows the validation plot of current work and Colella et
al. The validation was carried out to ensure correct results of discharge behavior of current
storage system. The variation of the liquid fraction of current results and Colella et al. have
almost the same nature throughout the solidification process. Colella's storage system took
around 5000 s but the current case took 5150 s for complete solidification. Initially, when
the storage system starts discharging the PCM was at 120 ° C and fully charged but with time
solidification front propagate in the radial as well as the axial direction. The reason for the
variation of time required for complete solidification might be due to the simplicity of the

current case and variation in the number of the grid.
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Figure 6.1: Validation of the model by comparing the liquid fraction of the current thesis

work with Colella et.al.
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6.2 Contour plotting

In this section temperature and liquid, fraction contours have been presented to describe the
time-wise variation of the temperature inside the PCM and fluid flowing through the pipe

and to investigate how much solidification has taken place at a different time interval.

6.2.1 Temperature contour

Figure 6.2 represents the temperature profile inside the PCM and HTF. The temperature
contour is plotted for Reynolds number 2000 and Stefan number 1. The extreme left side of
the pipe is the inlet while the extreme right is an outlet of the pipe. At the beginning of the
discharge process phase, change material is in the liquid phase at 120 ° C temperature and
HTF is at 60 ° C temperature at the inlet of the pipe. Due to the high-temperature difference
at the beginning of the discharge process large amount of heat transfer takes place from PCM
to the HTF. After 1000 s from the starting of the discharge process of the storage system the
PCM material at the inlet has reached the temperature of around 90 ° C and at the outlet,
PCM temperature is around 108 ° C while after 4000 s the temperature of PCM is around 60
°C at the inlet and 90 ° C the at the outlet. The heat transfer fluid has not reached steady
conditions due to the continuous heat transfer from PCM to the HTF.

Temperature
Contour 1
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~ 108.000
- 102.000
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|
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Figure 6.2: Temperature of heat transfer fluid and PCM mass flow rate 0.02 kg/s; Re = 2000,
St =1.
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6.2.2 Mass fraction / Liquid fraction contour

Figure 6.3 represents the contour of the liquid fraction of the PCM. The liquid fraction
contour is plotted for Reynolds number 2000 and Stefan number 1. The process of
solidification starts from the exterior side of the pipe, and it spreads towards the outlet
following the pattern of the temperature profile. The solidification front propagates in radial
as well as axial directions. The process of solidification is almost completed after 5150

seconds, starting from the discharge process.
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Figure 6.3: Mass fraction of heat transfer fluid and PCM. Mass flow rate = 0.02 kg/s, Re =
2000, St =1.

6.3 Parametric studies

This section represents the study of the performance of the storage system with different

Reynolds numbers, Stefan, and volumetric graphite content in the PCM.

6.3.1 Effects of Reynolds number

Reynolds number is defined based on properties of fluid such as density, viscosity, the
velocity of fluid, and characteristics length of the pipe. The Reynolds number can be

calculated by using equation (6.1).

_ Inertia force _ p.V.D (6.1)

€ =
Viscous force U
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Where, p is the density of fluid, V fluid velocity D diameter of the pipe and u is the viscosity
of the fluid. In the current work, we have investigated laminar flow. The experiment has
been carried out for different mass flow rates 0.02 kg/s and 0.01 kg/s and at constant Stefan
number 1. When the Reynolds number decreased from 2000 to 1000 the process of
solidification also decreases. The same observation has been described by several
researchers[27]. The variation of required time for solidification is presented in Figure 6.3,
which shows that with decreasing Re number, the time required for complete solidification

significantly increases.

1.2 5550
- = 5500
o @ 5450
B 08 £ 5400
© = 5350
L 0.6 Re 2000 § 5300
S 04 Re1000 § 5250
g & 5200
= 02 B 5150

0 8 5100
0 5000 10000 1000 1500 2000 2500

Flow Time [s] Reynolds Number

Figure 6.3: left side shows the effect of the Re number on the temporal evolution of liquid
fraction for the mass flow rate of 0.02 kg/s (Re = 2000) and mass flow rate of 0.01 kg/s (Re
=1000). The right side shows the variation of solidification time for different Reynolds

numbers.

6.3.2 Effect of Stefan number

The Stefan number describes the relation between the sensible and latent heat capacity of

the storage system. The Stefan number can be calculated by the given formula Equation 6.2

_ senisble heat ~ m.C,. (Ty — Tin) (6.2)
~ latent heat capacity L
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where Ty, is inlet temperature, T,,, = melting temperature, L is the latent heat capacity of the

PCM material, and St is Stefan's number.

The variation in liquid fraction and the solidification time with respect to Stefan numbers
are shown in Figure 6.4. The experiment is done to study the effect of Stefan number by
keeping constant Re number equal to 2000 and varying the Stefan number in the range from
1 to 1.2, which corresponds to HTF having inlet temperature 60 ° C and 70 ° C respectively.
Storage systems having St =1 and St =1.2 can be utilized for the transfer of heat from district
heating as district heating also works in the temperature between 120 °C to 80 °C. The left
side of Figure 6.4 shows that when the fluid inlet temperature increases the time required for
complete solidification of the storage system decreases. When the Stefan number increase
from 1 to 1.2, there is a 1000 s decrement in the solidification time which can be seen in
Figure 6.4. The right side illustrates that with an increment in the Stefan number,
solidification times decrease, which means the rate of heat transfer also increases and it also

suggests the improvement in the thermal performance of the system.
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: . =
0 3 0
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Figure 6.4: Right side shows the effect of Stefan's number on the temporal evolution of
liquid fraction for the HTF inlet temp 50 °C (St = 1.2) and 60 °C (St= 1). The left side
shows the time required to solidify with a variation of Stefan's number.
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6.3.3 Variation of HTF outlet temperature for different Reynolds
numbers and Stefan number.

The fluid outlet temperature also plays a very significant role in the storage system. When
the mass flow rate of fluid increases from 0.01 kg/s to 0.02 kg/s there is a significant
decrement of fluid outlet temperature which is also shown in Figure 6.5. It also indicates that
storage time decreases with the increase of the mass flow rate. The right-side plot shows the
time-wise variation of HTF at the outlet temperature for different inlet temperatures. When
fluid inlet temperature increases from 60 ° C to 70 ° C the fluid temperature at the outlet

decreases hence the storage system was improved.

Outlet Temp [degree C]

100 90
95
90 fe 2000 80
85 ¢ 3 Stefan
Re 1000 oo Number 1

80 D 70
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75 g— Number 1.2
70 60

2
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60 550

0 2000 4000 6000 8000 o 0 5000 10000
Flow Time [s] Flow Time [s]

Figure 6.5: Left side shows the variation of heat transfer fluid outlet temperature with
different Reynolds numbers. The right side shows fluid outlet temperature variation with

respect to flow time for different Stefan number.

6.4 Effects of graphite

In this part, we discussed the effect of graphite content on the overall performance of the
storage system. The first case has 15 % volumetric content of graphite and the second, third,

and fourth have 0 %, 7.5 %, and 30 % of graphite content respectively.
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6.4.1 Effects of graphite on liquid fraction and solidification time

From Table 5.1, we can see that when the percentage of graphite content increases in the
PCM the latent heat capacity of storage capacity and specific heat decreases whereas the
thermal conductivity of material keeps on increasing. Figure 6.6, represents that with
increasing the graphite content in the PCM material. The time required for complete
solidification of the pure PCM was 35000 s which decreases to almost 7 times with the
addition of 7.5 % of graphite in the PCM material. When the graphite content further
increases from 7.5 % to 15 % the variation in the solidification time was very small as
compared to the time variation in the solidification time of pure PCM to PCM with 7.5 %
graphite. The PCM with 30 % graphite content gets solidified after 4100 s. The variation in

the solidification time for the different cases is shown in Figure 6.6.
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Figure 6.6: Left side shows the variation of liquid fraction for different graphite content
and the right side shows the changes of solidification time with the change in graphite

content.

6.4.2 Effect of graphite on fluid outlet temperature

As we have discussed the outlet fluid temperature is a very important factor that affects the

overall performance of the thermal storage system. Figure 6.7, shows the time-wise variation
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of fluid outlet temperature for the PCM having different graphite content. It was assumed
that the minimum allowable required outlet temperature of PCM would be 70 °C as it is the
required temperature inside the buildings. When the temperature goes down below the
threshold temperature, it would be no more useful for providing heat energy to the building
heating network. In the case of pure PCM, the LHTS availability is 257 s which increases
with the increment of graphite percentage in the PCM material. When the graphite content
is 7.5 % in the PCM material LHTS time availability is 5277 s and for 15 % and 30 %
graphite content LHTS time availability is 5000 s and 4150 s respectively. It can be seen
from the graph that heat transfer takes place in three stages. At the starting point of the
discharge process, the heat sensible heat is being absorbed by the HTF and then the transfer
of latent heat takes place till the complete solidification of the PCM. After complete
solidification, there is a certain amount of sensible heat available in the PCM which gets

transferred during the third stage.
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Figure 6.7: Timewise fluid outlet temperature variation with respect to flow time for

different graphite content.
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6.5 Analysis
6.5.1 Heat Transfer Rate

The average heat transfer rate has been calculated by using the equation (6.3).

where m is the mass flow rate of fluid, Cp is the specific heat of fluid Tt is the HTF
temperature at the outlet. Tiis the initial temperature of the fluid flowing through the tube at
the inlet. Table 6.1 represents that the average heat transfer rate is just 491 J/s for pure
paraffin and it becomes more than five times when graphite content increases from 0 % to
7.5 %. The heat transfer rate increases with increasing the graphite content from 7.5 % to 15
% but it decreases with further increment in the volumetric graphite content which can be

easily seen in Figure 6.8.
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Figure 6.8: Heat transfer rate for different graphite content
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Table 6.1; Heat transfer rate and total heat extracted for a different case.

Graphite % LHTS Average Total Heat
Time Availability Heat Transfer Extracted
[s] Rate Q [J/s] [MJ]
0 257 491 13
7.5 5277 1530 8.0
15 5000 1702 8.5
30 4150 1625 6.7

6.5.2 Total Heat Extracted

The total heat extracted in each case can be calculated by using equation (6.4). The heat
extracted in each case has been calculated and presented in Table 6.1. Total heat extracted
by heat transfer fluid is calculated till the point when outlet temperature is 70 ° C because
below this point HTF outlet temperature does not meet the requirement of residential
buildings. Latent heat thermal storage (LHTS) time availability is the time-period from the
beginning of the discharge process to the point when HTF outlet temperature decreases
below the threshold temperature. From Table 6.1, we can see the total heat extracted in each
case. The total heat extracted by HTF in the case of pure paraffin is 0.13 MJ and it increases
with increasing the graphite content up to 15 % of graphite and later with 30 % volumetric
content of graphite it decreases to 6.7 MJ. In the case of 30 %, graphite content the time
availability for LHTS is 4150 s which is around 850 seconds before 15 % graphite content.
When the volumetric graphite content is 30 % the heat transfer rate also decreases to 1625
J/s which is around 1702 J/s in the case of 15 % graphite content. The decrement in the
extraction of total heat energy by HTF due to reducing heat transfer rate and LHTS time

availability. The total heat extracted by HTF is plotted in Figure 6.9.

H = Q=xt (6.4)

Where H, is total heat energy extracted by HTF, Q is the average heat transfer rate, t is latent
heat thermal storage time availability.
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CHAPTER: 7 CONCLUSION

In the current work, different methods of the storage system are compared and latent heat
thermal storage is explained in detail. The different methods of improving the performance
of LHTS is also discussed. The application of CFD has been utilized to analyse the
performance of shell and tube LHTS. The storage system can be adapted for heat transfer
from district heating to buildings heating network. The storage system gets fully charged
during the night when the thermal demand of heat is low and it can be discharged during the
early morning when thermal requirements increases. In the current storage system, RT100
organic paraffin is used with extended graphite. The time-wise variation of the liquid fraction
of PCM and HTF outlet temperature has been plotted concerning flow time. The parametric
studies such as the effect of Reynolds number and Stefan number were also studied.

The four different cases of the storage system are analysed. The first case contains 0 %
volumetric graphite content while the second, third, and fourth have 7.5 %, 15 %, and 30 %
graphite content. The heat transfer rate in the case is calculated and the plot is represented.
We can conclude from current work that heat transfer rate increases with the addition of
graphite in the PCM material up to a certain % (percentage) of volumetric graphite content
then it starts decreasing. The performance of the storage system has been analysed by
calculating the total heat extracted by heat transfer fluid in each case. The storage system

with 15 % of volumetric graphite content has a better heat transfer rate and LHTES.
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Porous Zone

Reference Frame Mesh Motion Porous Zone 3D Fan Zone Embedded LES Reaction Source Terms Fixed Values Multiphase

m |cancel| [Help|




Properties of pcm

Density (kg/m3) constant

1064

Cp (Specific Heat) (j/kg-k) constant

1650

Thermal Conductivity (w/m-k) constant

15

1

67

Edit...

Edit...

Edit...

Viscosity (kg/m-s)[ constant

| Edit...

1000

Pure Solvent Melting Heat (j/kg) constant

124000

Solidus Temperature (k) constant
363
Liquidus Temperature (k) constant

385

Edit...

Edit...

* || Edit...

Boundary Conditions

AXis
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n Axis X
Zone Name
axis
m [Cancel] [Help]
Inlet
B Mass-Flow Inlet X
Zone Name
inlet
Momentum Thermal Radiation Species DPM Multiphase Potential uDs
Reference Frame Absolute -
Mass Flow Specification Method Mass Flow Rate -
Mass Flow Rate (kg/s) 0.02 v
Supersonic/Initial Gauge Pressure (pascal) 0 v

Direction Specification Method Normal to Boundary

m |cancel | [Help|
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n Mass-Flow Inlet X
Zone Name
inlet
Momentum Thermal Radiation Species DPM Multiphase Potential uDS
Total Temperature (k) 333.15 i
m [Cancel] [Help]
Outlet
n Pressure Outlet X
Zone Name
outlet
Momentum Thermal Radiation Species DPM Multiphase Potential ups
Backflow Reference Frame Absolute -
Gauge Pressure (pascal) 0 -
Pressure Profile Multiplier 1 -
Backflow Direction Specification Method  Normal to Boundary hd
-

Backflow Pressure Specification Total Pressure
Prevent Reverse Flow
Average Pressure Specification

Target Mass Flow Rate

m |cancel| Help|




n Pressure Qutlet

Zone Name
outlet

Momentum Thermal Radiation Species DPM

Backflow Total Temperature (k) 300

Multiphase

Potential

70

uDs

m [Cancel] [Help]

Wall
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B wall

Zone Name
pipe_wall
Adjacent Cell Zone
wax

Shadow Face Zone
pipe_wall-shadow

Momentum Thermal Radiation Species DPM Multiphase

Wall Motion Motion
@ Stationary Wall = ¥ Relative to Adjacent Cell Zone
O Moving Wall

Shear Condition
® No Slip
© Specified Shear
O Specularity Coefficient
© Marangoni Stress

Wall Roughness
Roughness Height (m)|0

Roughness Constant|0.5

ubs

Wall Film

Potential

Structure

™ (cancel| [Help]
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Bl wal

Zone Name
pipe_wall

Adjacent Cell Zone
wax

Shadow Face Zone
pipe_wall-shadow

Momentum Thermal Radiation Species DPM Multiphase UDS

Thermal Conditions
Wall Thickness (m) 0.001

Heat Flux
Temperature Heat Generation Rate (w/m3) 0
® Coupled Contact Resistance (m2-k/w) 0

Material Name

comper -

m |cancel] [Help|

Pipe wall shadow

Wall Film

Potential

Structure
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B wal

Zone Name
pipe_wall-shadow
Adjacent Cell Zone
water

Shadow Face Zone

pipe_wall
Momentum Thermal Radiation Species DPM Multiphase
Wall Motion Motion

@ Stationary Wall = ¥ Relative to Adjacent Cell Zone
© Moving Wall

Shear Condition
@® No Slip
O Specified Shear
O Specularity Coefficient
O Marangoni Stress

Wall Roughness
Roughness Height (m)|0

Roughness Constant|0.5

ups

Wall Film

Patential

Structure

m |cancel | [Help |
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B wal

Zone Name
pipe_wall-shadow
Adjacent Cell Zone
water

Shadow Face Zone
| pipe_wall

Momentum Thermal Radiation Species DPM Multiphase uDs

Thermal Conditions

Heat Flux Wall Thickness (m) 0.001
Temperature Heat Generation Rate (w/m3) 0
® Coupled Contact Resistance (m2-k/w) 0

Material Name

comper -

m ‘Cancel’ ‘Help’

Wall 2

Wall Film

Potential Structure
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B wall X

Zone Name
wall_2

Adjacent Cell Zone
wax

Momentum Thermal Radiation Species DPM Multiphase uDS Wall Film Potential Structure

Wall Motion Motion
® Stationary Wall | ¥ Relative to Adjacent Cell Zone
© Moving Wall

Shear Condition
® No Slip
© Specified Shear
O Specularity Coefficient
© Marangoni Stress

Wall Roughness
Roughness Height (m)|0 d

Roughness Constant|0.5 d

m |cancel | |Help]




B wal

Zone Name
wall_2

Adjacent Cell Zone
wax

Momentum Thermal Radiation Species DPM Multiphase uDs Wall Film

Thermal Conditions

® Heat Flux Heat Flux (w/m2) 0
© Temperature Wall Thickness (m) 0

© Convection Heat Generation Rate (w/m3) 0
© Radiation

Contact Resistance (m2-k/w) 0
O Mixed

© via System Coupling
O via Mapped Interface

Material Name

aluminum -

76

Patential Structure

m |cance [ Help|

Solution Method




Solution Methods

Pressure-Velocity Coupling
Scheme

Coupled

Spatial Discretization
Gradient

Least Squares Cell Based

Pressure
Second Order

Momentum
QUICK

Energy
QUICK

Transient Formulation

Bounded Second Order Implicit *

Non-Iterative Time Advancement

Frozen Flux Formulation

Warped-Face Gradient Correction

7

High Order Term Relaxation

| Nafanlt |



Solution Control
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Solution Controls

Flow Courant Number
200
Explicit Relaxation Factors

Momentum 0.75

Pressure 0.75

Under-Relaxation Factors
Density

1

Body Forces
1

Liquid Fraction Update
0.9

Energy
1

| Default I

Solution Initialization

79
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Solution Initialization

Initialization Methods
® Hybrid Initialization
) Standard Initialization

[More Settings...] [Initialize]

Patch...

Reset DPM Sources Reset LWF Reset Statistics

Patching
n Patch X
Reference Frame Value (k) — =
® Relative to Cell Zone 393.15 A0 Lot [FlE o E]
O
Absolute Use Field Function :water :
iwax
ratichic Field Function
Pressure
Axial Velocity — —
Radial Velocity Registers to Patch [0/0] E] T
Temperature

Axial Pull Velacity
Radial Pull Velocity

Calculation Run



Run Calculation

81

Check Case... Preview Mesh Motion...

Time Advancement

Type Method
Fixed - User-Specified
Parameters
Number of Time Steps Time Step Size (s)
10000 - 0.001
Max Iterations/Time Step Reporting Interval
100 v |10
Profile Update Interval
1 -
Options
Extrapolate Variables

Report Simulation Status

Solution Processing
Statistics

Data Sampling for Time Statistics

L

[ Data File Quantities...

Solution Advancement

[ Calculate




